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Editorial 

 

This is the next book in the scientific book series entitled „Advances in biomedical 

research". This book series is the result of the meetings and work of scientists from 

various universities and institutes in Poland. In this monograph we present the topics in 

Biomedical Research from 2021. All presented articles have passed the peer-review 

process positively. The articles come from various fields of biomedicine with the maim 

focus on cancer research.  

 

Wishing you enjoyable and productive reading.  

 

Editors,  

Izabela Młynarczuk-Biały MD, PhD 

Łukasz Biały MD, PhD  
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ABSTRACT 

Several gold(I) and gold(III) compounds described so far have significant antiproliferative effects in vitro 

against selected tumor cell lines. Gold (III) has the same electronic configuration as platinum(II); moreover, 

some gold(III) complexes have the same square-planar structure as cisplatin. In addition, the compounds 

are water-soluble and display low toxicity. The disadvantage of gold(III) derivatives is low stability in 

physiological conditions that reduces their applications. Thus, an invention of novel gold complexes and 
characterization of their mechanisms of action is extremely urgent. Here, we invented and synthetized 

a library of innovative gold(III)-based drug-candidates. Those metallodrugs were synthetized according to 

the following formula: [Au (CN)n]m (m-p)n ·(ClO4)rn, where: "m" is a number from 3 to 6, "n" is from 1 to 

10, "p" is from 1 to 3 and "r" is from 0.1 to 2. Initial physicochemical studies showed that novel gold(III) 

complexes were stable in water, blood and lymph. Within this work, our team aimed to critically discuss 
the mechanisms of action of new gold(III) complexes in cancer treatment , in particular the complex 

TGS121: [Au(CN)4]2 (ClO2)Na, based on the structure of the new compound and available experimental 

evidence. Great antiproliferative properties were observed against Ha-Ras-transfected malignant fibroblasts. 

The IC50 values for parental normal fibroblasts were significantly lower than in transfected cells. TGS121 

turned out to be high selective for malignant cells in comparison to normal cells. The analysis of the mole-
cular structure suggested that TGS121 could produce a biological effect through a variety of molecular me-

chanisms. These results make the novel gold(III) complex attractive for further evaluation as an anticancer 

agent.  

Keywords: bioorganometallics; biphenyl; cancer; gold chelates; gold (III) complexes, TGS121 

INTRODUCTION 

Inorganic chemistry parallel to organic chemistry is beginning to have an increasing 
impact on medicine. Cisplatin, a platinum(II) complex, was the first metal-based agent 
to enter into worldwide clinical use for the treatment of cancer. The discovery of the 
anticancer effects of cisplatin, around 1965 (Rosenberg, 1985), suggested that platinum 
and non-platinum metal-based compounds might complement the role of organic anti-
cancer drugs (Galluzzi, 2014). This successful platinum-based complex is effective at 
inhibiting the activity of cancer cells by producing a direct lesion on DNA. This non-
selective, DNA-targeting mechanism produces several side effects, such as cardio-
toxicity, nephrotoxicity and neurotoxicity (Rezaee 2017; Wang, 2013; Altoum, 2017). 
Currently other anti-tumor, metal-based complexes are studied, like ruthenium, gold 
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and titanium (Muhammad, 2014). Amongst them, complexes of gold in oxidation 
states +I and +III have attracted particular attention. Several studies highlighted that the 
binding affinity of gold complexes for the DNA was relatively low, indicating that gold 
compounds have a different mechanism of action than cisplatin (Casini. 2008; Casini, 
2010; Mirabelli, 1986). In 1985, auranofin, a gold(I) complex, was approved by the 
U.S. Food and Drug Administration (FDA) as a therapeutic agent to treat rheumatoid 
arthritis. Moreover, auranofin demonstrated promising results for the treatment of various 
malignancies including: leukemia, lung, ovarian, gastric and pancreas cancer 9 (Furst, 
1983; Fiskus, 2014; Park, 2014; Zou, 2015; Rios Perez, 2019; Xiaobo, 2016). Concur-
rently, gold(III) compounds, due to the same square-planar structure to cisplatin and 
the fact that gold in oxidation states +III is isoelectronic to platinum in +II, have been 
qualified as excellent candidates for potential anticancer drugs. The oxidation state +III 
typically bears a pronounced oxidizing character, unless the gold(III) center is stabilized 
by an appropriate set of ligands (Gabbiani, 2011). Thus, clinical usefulness of gold(III) 
compounds was found to be limited, because Au(III) was reduced to Au(I) or even 
Au(0) under physiological conditions. This disadvantage slowed down the investi-
gation of gold(III) derivatives in anti-cancer treatment. In mid-1990, Parish et al. (Parish, 
1996) invented the first gold(III) complexes with acceptable solution stability and with 
encouraging results of in vitro cytotoxicity toward selected human tumor cell lines. 
Subsequently, several other classes of cytotoxic gold(III) compounds were developed 
in many laboratories all over the world, but none of them have been approved for 
clinical use (Casini, 2009).  

Some initial indications concerning the possible mechanisms of action of gold(III) com-
pounds were obtained. As mentioned above, it seems unlikely that all gold compounds 
work analogously to cisplatin. In fact, interactions with proteins may play key roles in 
the mechanism of action and in the toxic effects of these antitumor metal complexes 
(Mirabelli, 1986; Gabbiani, 2011). Nevertheless, the molecular targets of antiprolife-
rative gold compounds are still largely unknown and a subject of intense research and 
debate. Casini et al. (Casini, 2009) evaluated the anticancer properties of a group of 
gold(III) derivatives against a panel of 36 human tumor cell lines using a systematic 
screening strategy. It was observed that the antiproliferative properties essentially rely 
on a variety of distinct molecular mechanisms. In particular, possible targets for the 
investigated gold compounds were proposed, e.g., thioredoxin reductase, protein kinase 
C, histone deacetylase, and proteasome. On the other hand, Barnard et al. (Barnard, 
2007) advanced a hypothesis that cytotoxic gold compounds, in particular gold(I) 
compounds, produce their biological effects mainly through a direct antimitochondrial 
mechanism. No doubt, the same mechanism cannot be excluded for gold in oxidation 
states +III.  

Analysis of the state of the art in the area of metallodrugs in anticancer treatment, 
particularly based on gold, clearly shows that there is still room for improvement and 
strongly encourages further exploration of the field. An ideal gold-based chemothera-
peutic agent should be well-soluble in water, stable in the blood and lymph and efficient 
at a relatively low dose. The biggest disadvantage in the clinical application of currently 
available gold complexes is their breakdown in the blood and lymph, decreasing the 
therapeutic efficacy. This adverse appearance leads to the requirement of the use of 
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much higher doses, which in turn causes increased risk of gold accumulation in selected 
organs and side effects. Consequently, four new, innovative gold(III)-based drugs were 
synthesized by the following formula: [Au (CN)n]m 

(m-p)n
 ·(ClO4)rn, where: "m" is 

a number from 3 to 6, "n" is from 1 to 10, "p" is from 1 to 3 and "r" is from 0.1 to 2.  
Here, we describe the composition and properties of one compound, termed TGS121, 
synthetized using innovative mono ion technology. This novel method results in 
elevated bioavailability through the prevention of formation of large water-soluble gold 
clusters. These clusters are characterized by the presence of a metal-metal bond (Au-
Au) and have the structure of crystallographic lattices that are not able to freely pass 
through the cell membrane. The novel gold(III) complex has no Au – Au bonds, which 
provides better delivery and can reduce the compound dosage in biological applica-
tions. Initial physicochemical studies showed that the novel gold(III) complex was 
highly water-soluble, stable in water, blood and lymph, and impervious to sunlight. 
Furthermore, TGS121 was tested for anti-inflammatory properties in vitro and in vivo 
(Krajewska, 2021). The obtained results showed significant anti-inflammatory activity 
in colitis and gave a very solid basis for further pre-clinical investigations of this 
gold(III) complex. 

Our distant goal is to examine the anti-cancer potential of new gold(III) derivatives. In 
this study – as an introduction to the consecutive investigation – we attempted to define 
the most probable molecular targets for the novel gold(III) complex TGS121. We 
propose that this compound may be a good candidate for further assessment of its 
safety and utility as a potential antitumor drug. 

MATERIALS AND METHODS 

SYNTHESIS OF TGS121 

The chlorite-cyanide complex of monoionic gold (III) was prepared as described by 
Krajewska et al. (Krajewska, 2021). Briefly:  

Pure metallic gold was dissolved in a mixture of concentrated hydrochloric and nitric 
acid in a molar ratio of 3:1 Next step was: heating with concentrated HCl, followed by 
removing liquid acids from the gold (III) salt until the dry gold salt was obtained. The 
product was dissolved in aqua regia – in order to obtain clusters of gold (III) chloride 
smaller than 11-atom. Then, small gold clusters were treated once again with 6M HCl – 
to obtain an orange-red salt of gold (III) chloride, the analysis of which showed the 
presence of practically pure Au2Cl6. The product was treated with NaCl in a presence 
of water that lead to formation of a compound with the formula Na2Au2Cl8. Next, the 
salt was treated with 6N HCl to obtain a solution of HAuCl2*H2O monatomic gold salt 
with a pH of approximately 1.0. In the next step, the solution was neutralized by NaOH 
to pH 4-5 followed by the addition of NaClO2 until a stable complex of gold (III) with 
chlorine dioxide and sodium chloride was obtained, with the formula: NaAuCl4* 
ClO2*(NaCl)z, where z is a number over 30. 

The last step after neutralization with NaOH to pH 7.8, comprised of treatment with 
alcoholic sodium cyanide solution until end product was obtained. Recently, well-
soluble in water complexes of mono-ionic gold (III) were neutralized to pH 7.4 with 
0.1M NaOH. Next, redistilled water was added to the volume of 1 dm

3
.  
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The subject of synthesis was termed TGS121 and was diluted tenfold with saline 
(9 g/dm

3
 NaCl) The chemical formula of TGS121: [Au(CN)4]2*(ClO2)Na and a diagram 

illustrating the composition of the molecule is shown in figure 1. 

CELL CULTURE 

For experiments we used parental normal fibroblasts NIH3T3 (ATCC) and their variant 
with Ha-Ras mutation – named Ras-3T3. The NIH3T3 cell line is a nonmalignant 
murine fibroblast cell line derived from NIH Swiss mouse embryo culture. The Ras-
3T3 cell line was provided by Dr. H. Maruta (Ludwig Institute for Cancer Research, 
Victoria, Australia). The Ras-3T3 cells were obtained as described previously (Maruta, 
1991). Briefly, normal NIH-3T3 fibroblasts were transfected with the v-Ha-ras oncogene 
inserted into the mammalian retroviral vector pMV7, leading to tumorigenic Ras-3T3 
cell line. 

Fibroblast cell lines were cultured in Dulbeco (Biochrom, Berlin, Germany) supple-
mented with 10% heat-inactivated FCS, penicillin (100 U/ml), and streptomycin (100 
µg/ml) (all from Sigma-Aldrich). Cells were kept in 25 cm

2
 tissue flasks (Greiner, 

Berlin, Germany) in a humidified atmosphere containing 5% CO2 and passaged every 
2-3 days. 

VIABILITY ASSAYS  

Cells were treated for 24 or 48 h with increasing concentrations of TGS121. Relative 
cell viability was achieved by means of PrestoBlue Assay (Promega Corporation 
Madison WI) according to manufacturer’s instructions. Absorbance of the experi-
mental solution was measured directly in plates using OmegaStar Fluorescence reader 
at 550 nM.  

The cytotoxic/cytostatic effects of novel compounds on culture cells were examined in 
vitro using PrestoBlue assay (Invitrogen, Carlsbad, CA), as previously described (Strus, 
2021). Briefly, cells (5 x 10

3
 cells/well) were seeded in 96-well microtiter plates (BD, 

Biosciences, San Jose, California, USA) and incubated with serial dilutions of TGS121. 
TGS121 was added in quadruplicate to a final volume of 200 µL. Appropriate volumes 
of culture medium were added as controls. After an incubation period of 24 or 48 
hours, cells were stained with 25µl PrestoBlue ready solution for 20 min, according to 
manufacturer’s instructions. Fluorescence of experimental solution was measured 
directly in plates using OmegaStar Fluorescence reader (BMG LABTECH, Ortenberg, 
Germany) at 560/590 nm excitation/emission, respectively. Cytostatic/cytotoxic effect 
was expressed as relative viability of treated cells (% of control cells incubated with 
medium only) and was calculated as follows: relative viability = (Ae - Ab) x 100/(Ac - 
Ab), where Ab is background absorbance, Ae is experimental absorbance and Ac is the 
absorbance of untreated controls. 

RESULTS 

THE STRUCTURE OF NOVEL GOLD COMPLEX TGS121 AND ITS POSSIBLE 

INTERACTIONS 

The obtained gold(III) complex with the formula [Au(CN)4]2 (ClO2)Na is a sodium salt 
of chloride dioxide associated with gold(III)-cyanide group complex (fig. 1). Particular 
chemical groups and molecules comprising the TGS121 complex ale displayed in 
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figure 1. The figure also contains marking of the most evident relations between com-
pound’s composition and possible chemical interactions with cellular targets. Relatively 
low molecular mass (692.5 g/mol) and the form of sodium salt make this compound 
well water soluble and stable in physiological fluids like a serum. Moreover, such 
a molecule can bind to albumins and in this way it can be also transported in living 
organisms. Chloride dioxide is a free radical containing one electron at incompletely-
filled antibonding orbital. The presence of such unpaired electron makes this free 
radical actively interacting with various biologically active molecules, especially with 
thioredoxin complex. Eight cyanide groups can interact with thioredoxin, as well as 
with oxygene chain (complex). The presence of two Au molecules can result in 
interaction with DNA and with active places of some kinases, like MEK/ERK, PKC.  

 

Figure 1. Molecular elements comprising the novel TGS121 complex. Arrows indicate elements possibly 

interacting with molecular targets in cells 

TGS121 SELECTIVELY INDUCES DEATH OF RAS-3T3 TRANSFECTED FIBROBLASTS  

The perfect anticancer drug should kill malignant cells selectively and leave non-tumor 
cells without damage. To check if TGS121 represents that case, we examined parental 
normal fibroblasts and its malignant variant with Ha-Ras oncogene hyperactivated. In 
Ras-3T3 neoplastic cells, the compound TGS121 induced concentration- and time-
dependent effect with IC50 at 87.5 ug/L and 160 ug/L, for 24h and 48h, respectively. For 
non-malignant NIH3T3 cells, respective IC50 values were considerably higher (tab. 1).  

Table 1. Inhibitory Concentrations of 50% (IC50) for TGS121 in malignant and non-malignant mouse 
fibroblasts indicate that higher TGS121 concentrations are needed for non-malignant NIH3T3 cells to inhibit 

cell growth of 50% 

 Cell line Time of incubation (h) 

24 48 

IC50 (µg/L) for gold(III) 

complex TGS121 

Ras-3T3 87.5 160 

NIH3T3 350 3500 

Au

Au

CN

CN
CN

CN

CN

CN
CN

CN

Na

Cl

Possilbe
interaction with
DNA, kinase
acitve place 

Possilbe
interaction with 
thioredoxin and 
mitochondrial
oxygene chain

The form of
sodium salt
makes the 
molecule
good water
soluble and 
stable in 
physiological
fluids

Chloride dioxide is a free radical that
can interact with various cellular
targets including thioredoxin
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Consequently, we calculated the selectivity index for both incubation times. Our 
calculations showed that the novel gold complex is selective for Ha-Ras transfected 
malignant cells (tab. 2).  

Table 2. The tumor-selectivity index (TS) was calculated by the following equation: TS = mean IC50  

in normal cells/mean IC50 in malignant cells 

 Compound Time of incubation (h) 

24 48 

Selectivity index TGS121 4 21.9 

DISCUSSION 

POSSIBLE APPLICATIONS OF TGS121  

We obtained novel gold(III) complex TGS121 and studied its antitumor activity in Ha-
Ras transfected fibroblasts in comparison to the parental non-malignant NIH-3T3 
fibroblasts. The novel TGS121 compound turned out to be active against malignant 
cells at low doses (ng/mL), its effect was time- and dose-dependent. Low effective doses 
of the drug may mean low toxicity to healthy cells. TGS121 was not only active for 
Ha-Ras transfected malignant cells, but also was less toxic for non-malignant fibro-
blasts. The selectivity index was 21 at 48h (tab. 2) indicating twenty times less toxicity 
for normal cells. It may be surprising that the selectivity index after 24 hours is only 4.  
But this short-time effect on normal cells may be only cytostatic effect. Normal cells 
may overcome cell death by transient cell cycle arrest, that is impossible for unhampe-
red dividing malignant cells that are destinated for death due to accumulation of errors. 
Such protective effect was recently shown for podophyllotoxin complex in context of 
normal human keratinocytes (Strus 2021).  

Because deregulated RAS/RAF/MEK pathway drives uncontrolled divisions of tumor 
cells, drugs selectively targeting cells with Ras hyperactivation can be widely used in 
cancer treatment (Khojasteh, 2021; Sugiura, 2021; Feleszko, 2000). 

In particular three isoforms of Ras protein are recognized: Ha-Ras, N-Ras, Ki-Ras. The 
protein sequence is 80% identical between them, however, oncogenic mutations of the 
different isoforms predominate in different tumors. For example, Ha-Ras mutations are 
found in carcinomas of the bladder, kidney, and thyroid; N-Ras mutations are found in 
myeloid and lymphoid disorders, liver carcinoma, and melanoma; whereas Ki-Ras 
mutations predominate in colon and pancreatic carcinoma (Zhang, 1997). 

Such oncogenic Ras mutations have been found in about 40% of human cancers and 
are thought to be a critical factor in the proliferation of these tumors. Thus, TGS121 is 
promising drug candidate for cancer treatment. Moreover, its physico-pharmacological 
properties also confirm the possibility of using it directly as a drug. Notably, TGS121 
complex is water soluble, its solution is stable in neutral pH, is stable at room tempe-
rature, the solution is clear and don’t form any debris even if stored for several months, 
we can assume this compound can be given systemically in a form of intravenous 
infusion. For proper indication of novel TGS121 more studies are needed, extended 
cell studies, followed by preclinical and clinical ones. Especially there is needed analysis 
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of TGS121 activity in human tumors with known Ha-Ras mutations (like bladder, 
kidney and thyroid cancer), but also in malignancies with other Ras mutations, since all 
Ras isoforms share 80% of identity.  

POSSIBLE MECHANISMS OF ACTION OF TGS121 IN COMPARISON TO OTHER 

GOLD(III) COMPLEXES 

DIRECT DNA DAMAGE 

The model anticancer metallodrug is represented by various platinum complexes, like 
cisplatin or oxaliplatin, which target DNA (Dasari, 2014). Due to the isoelectronicity 
and isostructurality of gold(III) compounds to cisplatin, many scientists proposed DNA 
as the first target of these metallodrugs (Crooke, 1981). Hadjiliadis et al. (Hadjiliadis, 
1981) proved that HAuCl4, a gold(III) complex, can react with nucleosides. Another 
study showed that a number of gold(III) complexes may interact with DNA, although 
by a different chemical mechanism than cisplatin, while some were shown to exhibit an 
analogous to cisplatin mode of action, but significantly weaker (Mirabelli, 1986). In the 
same study, investigators established that coordination ligands are a defining factor of 
gold-DNA reactivity and it was revealed that only gold complexes containing halogen 
or pseudohalogen ligands interact with DNA. Based on these results researchers 
suggested increased lability of the gold-halogen to gold-carbon bonds (Mirabelli, 1986).  

DNA binding affinity studies performed on several gold(III) porphyrins using purified 
calf-thymus DNA indicated that the DNA and gold(III) porphyrin interaction appeared 
to be noncovalent and reversible (Kang, 2005). Wang et al. (Wang, 2007) determined 
the nature of the reaction between gold(III) porphyrin 1a and DNA. Their results showed 
that the investigated agent causes fragmentation of DNA in vivo, rather than a connec-
tion of two purine bases on the same strand of DNA, like cisplatin. In case of gold 
porphyrins, the biological activity strongly depended on the nature of the ligand. The 
porphyrin ligand significantly reduced the redox reactivity and stabilized the gold(III) 
center (Che, 2003).  

A cisplatin-like, DNA cross-linking mechanism was observed in gold(III) dithiocar-
bamate derivatives (Ronconi, 2006). Importantly, the cytotoxicity of the investigated 
potential drugs was higher than cisplatin, even if the long term stability of gold(III) – 
DNA adducts seemed to be low. Moreover, DNA cross-links were repaired less effi-
ciently compared to those induced by cisplatin. According to the obtained results, despite 
some similarities, the mechanism of action is different from that of cisplatin.  

For other gold(III) complexes, weak and reversible interactions with calf-thymus DNA 
were observed in mononuclear bipyridyl gold(III) complexes (Marcon, 2002), polyamine 
complexes (Messori, 2001), and dinuclear oxo gold(III) complexes bearing bipyridyl 
ligands (Casini, 2006), whereas tight bonds to DNA were reported in chloroglycyl-
histidine gold(III) compounds (Carotti, 2000). 

The novel TGS121 compound – due to the presence of a gold(III) atom that is surro-
unded by small cyano groups can fit into the DNA groove and associate with DNA, 
with subsequent DNA damage by a free electron donated by the chloride dioxide group 
(fig. 1). 
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THIOREDOXIN REDUCTASE (TRXR) 

Multiple cellular processes involve redox-sensitive signaling factors. The thioredoxin 
system is an essential component in many redox-regulated pathways. It consists of 
thioredoxin (Trx) and thioredoxin reductase (TrxR). Both proteins have two isoforms, 
namely cytosolic (Trx1; TrxR1) and mitochondrial (Trx2; TrxR2) (Holmgren, 1985). 
Thioredoxin reductase is a selenoprotein with a selenocysteine-containing active site (–
Gly–Cys–Sec–Gly). Its main function is to maintain Trx in the reduced state and allow 
donation of electrons to disulfides in proteins (Arnér, 1989). Among Trx substrates, 
ribonucle-otide reductase (RR) (Holmgren, 1989), NF-kB, AP-1, p53 (Qin, 1995; 
Abate, 1990; Ueno, 1999), glucocorticoid receptor (Grippo, 1983), ASK1 (Saitoh, 
1998), protein kinases C (Watson, 1999) and tumor suppressor PTEN (Meuillet, 2004) 
have been distinguished. 

Gold(III) compounds are known to strongly and selectively target thiol, imidazole and 
selenol groups of proteins (Casini, 2008). TrxR has a selenol group within the active site, 
thus it was considered as a good target for gold(III) derivatives. This view is supported 
by Gromer et al. (Gromer, 1998) who showed that glutathione reductase, an enzyme 
structurally and functionally similar to TrxR, but devoid of selenium, is significantly 
less sensitive to inhibition by gold complexes (Gromer, 1998). An increased level of 
Trx and TrxR has been observed in a number of human tumors, including colorectal 
cancer (Raffel, 2003). The same authors showed a positive correlation between ele-
vated Trx and TrxR levels and increased cell proliferation, implying that the thiore-
doxin system may play a crucial role in tumor progression (Grogan, 2000). Therefore, 
TrxR could be considered as a possible target for gold(III) complexes, similarly to aura-
nofin and some auranofin-like gold(I) compounds (Rigobello, 2004; Marzano, 2007).  

Coronnello et al. described a series of organogold(III) compounds with excellent anti-
proliferative properties on the A2780 ovarian carcinoma cell line. Notably, the examined 
agents selectively inhibited TrxR. The observed pro-apoptotic potential of organo-
gold(III) compounds most likely resulted from direct interference with mitochondrial 
functions. 

In search of the properties of gold(III)-based TrxR inhibitors, Engman et al. (Engman, 
2006) evaluated the effect of the number of carbon-gold bonds in these complexes on 
their toxicity. Among complexes with none, one, two or three such bonds, complexes 
with up to two carbon-gold bonds were the most potent TrxR inhibitors. The inhibitory 
concentration of the studied compounds was insufficient to kill cells.  

Summarizing, the optimal structure of gold(III) compound, as an inhibitor of TrxR, 
consists of two carbon-gold bonds and one exchangeable group that could interact with 
ligands (Engman, 2006). 

Similarly, the novel gold(III) complex TGS121 contains eight cyano groups, which can 
form at least two carbon-gold bonds; the other cyano groups interact with thioredoxins 
as ligands.  
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PROTEIN KINASE C (PKC) 

Protein kinase C (PKC) is a protein kinase involved in cellular proliferation, cell cycle 
control, differentiation, migration, and survival. Aberrant PKC expression, activity or 
localization has been observed in various malignant processes. Thus, inhibition of PKC 
can be a potential therapeutic strategy in cancer treatment. The PKC family, which 
consists of 15 isoforms, is subdivided into three groups: classical (conventional), novel 
and atypical. The difference between particular isoforms of PKC depends on their secon-
dary messenger requirements. Therapeutic targets have been developed for several 
PKC isoenzymes and some have been examined in clinical trials. For instance, the 
atypical protein kinase C iota (PKCi), unlike other PKCs, does not depend on calcium, 
diacylglycerol and phospholipid, but may be regulated by 3-phosphoinositides or 
through other specific protein-protein interactions. PKCi was found to be targeted by 
some gold derivatives and two compounds, aurothioglucose and aurothiomalate, were 
shown to inhibit its activation. These compounds were found to inhibit the proliferation 
of cancer cells, including non-small cell lung carcinoma (NSCLC) (Nobili, 1986). 

The formation of gold – PKC kinase adducts is also possible for the TGS121 complex. 
Moreover, the gold atom in the TGS121 can specifically target the active site of PKC 
or the free electron of the chloride dioxide moiety can affect signal transduction to 
downstream elements.  

MAPK – ERK PATHWAY 

The extracellular signal-regulated kinase (ERK1/2) pathway is an important signaling 
component of the cell. This protein cascade regulates many cellular processes, including 
proliferation and differentiation. Stably activated Ras/Raf/MEK/ERK pathway is respon-
sible for progression in most human cancers. Surprisingly, there also exist data sug-
gesting that ERK plays a crucial role in the regulation of apoptosis. The transient ERK 
activation stimulates cell proliferation, while long-term ERK activation rather induces 
apoptosis. Thus, prolonged ERK activation may induce cell death through the intrinsic 
or extrinsic apoptotic pathway. The proposed mitochondrial-dependent mechanisms 
include the up-regulation of Bax and p53, as well as the suppression of survival signa-
ling associated with Akt (Zhuang, 2006). The main differentiating factor in this signaling 
pathway, producing either cell proliferation or programmed cell death, is the duration 
of ERK activation. Prolonged activation of ERK can lead to programmed cell death 
through FADD-independent caspase 8 activation (Cagnol, 2006).  

Yamagishi et al. confirmed that ERK plays a crucial role in the execution phase of 
apoptosis. Moreover, they described the possible mechanism of ERK activation by the 
ASK1-p38 MAPK pathway (Yamagishi, 2005). Hsieh and Papaconstantinou (Hsieh, 
2006) suggested that the ASK1-p38 MAPK pathway is regulated through the level of 
reactive oxygen species (ROS). Reduced thioredoxin has the ability to bind ASK1 and 
inhibit the function of this protein. However, after Trx oxidation, ASK1 is released in 
the active form. When the level of ROS is increased, ASK1 is not inhibited by Trx and 
can activate p38 MAPK, which leads to apoptosis. 

Therefore, there is increasing research regarding the influence of gold-based agents on 
the ERK pathway. Some gold(III) complexes were shown to activate ERK in a pro-
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longed manner, as long as cells were incubated with the examined gold complex. This 
mechanism was found for gold(III)-dithiocarbamato complexes, which have been 
shown to increase the level of phosphorylated ERK1/2 in HeLa cells (Saggioro, 2007). 
Results of this study suggested that the investigated complexes can inhibit TrxR, which 
leads to an increased concentration of oxidized Trx. A consequence of this phenomenon 
is accumulation of hydrogen peroxide. As mentioned in the paragraph above, the lack 
of reduced Trx does not inhibit the ASK–p38MAPK–ERK1/2 cascade, which promotes 
apoptosis (fig. 2). Also, hydrogen peroxide accumulation has been shown to cause 
ERK1/2 phosphorylation, thereby enhancing the apoptotic effect (McCubrey, 2006). 

There is also an opposite hypothesis about ERK involvement in apoptosis that is induced 
by gold complexes. Park et al. (Park, 2006) reported that gold(I) compounds lead to 
apoptosis by activation of p38MAPK, whereas activation of ERK is independent of the 
concentration of the agent. Moreover, gold(III) porphyrin 1a was shown to cause cell 
cycle arrest at the G2-M and G0-G1 phases, as well as increase accumulation of p53 
(Wang, 2007). Subsequent results proved that phosphorylation of p38MAPK, induced 
by the gold compound, was involved in the cell death process (Wang, 2008).  

  

Figure 2. A proposed model for the role of ERK in apoptosis induced by the gold(III) complex 

PROTEASOME 

As the ubiquitin–proteasome pathway is essential for cell cycle regulation, apoptosis, 
angiogenesis and differentiation, it has recently been investigated as an intracellular 
target for gold(III) compound–induced cytotoxicity. Some gold complexes like the 
gold(III) dithiocarbamate compound were shown to inhibit proteasome activity and 
induce accumulation of polyubiquitin complexes, both in vitro in tumor cell lines, as 
well as in xenografts resected from experimental animals (Arsenijević, 2012).  
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These data suggest that proteasomes may be a target for gold(III) complexes and 
confirm that inhibition of the proteasomal activity could be one of the mechanisms of 
action of these compounds, including TGS121. 

CONCLUSIONS 

The novel compound TGS121 can exert multimodal effects in cells. These effects arise 
from the structure of TGS121, as it is a water soluble, relatively small molecule, 
containing various active groups. Thus, this molecule has the potential to become an 
anticancer drug, in particular since it is selective for Ha-Ras-transformed malignant 
cells in comparison to parental non-malignant cells.  
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ABSTRACT 

Protein kinase CK2 has been considered as an attractive drug target for anticancer therapy. CK2 belongs to 

a serine/threonine kinase family and phosphorylates numerous proteins associated with the regulation of 

many signal pathways involved in cell cycle regulation, cell proliferation, and apoptosis . The purpose of 

our work was to test the anticancer effect of simultaneous inhibition of protein kinase CK2 and thymidylate 

synthase (TS) or FAK (focal adhesion kinase). The combination effect of 5-fluorouracil (5-FU) with either 
a new inhibitor of protein kinase CK2, namely  3-(4,5,6,7-Tetrabromo-2-methyl-1H-benzimidazol-1-

yl)propyl octanoate (6c) or FAK inhibitor 14 on the viability of MCF-7 breast cancer cell line was studied. 

Combination index (CI) values were determined using MTT-based assay and the Chou-Talalay model. The 

effect of the tested drug combinations on pro-apoptotic properties and cell cycle progression was examined 

using flow cytometry. CK2-mediated phosphorylation of NF-κB p65 after the combined treatment were 
evaluated by the western blot method. Our results showed that a synergistic effect  (CI < 1) occurred in 

MCF-7 after treatment with both combinations of 5-FU with 6c or inhibitor 14. We conclude that the 

synergistic interactions observed for both tested combinations correlated with a significant decrease of 

CK2-mediated phosphorylation of NF-κB p65 after the combined treatment. We also detected prolongation 

of S-phase of cell cycle, and increase of apoptosis in cells treated with 6c/5-FU combination. The obtained 
results support the recent observation that CK2 inhibitors can improve 5-FU-based anticancer therapy and 

FAK kinase can be an attractive molecular target in breast cancer therapy. 

INTRODUCTION 

Breast cancer is the most prevalent malignancy in females and the second most com-
mon cause of death in women after lung cancer (Bray, 2018). Surgical treatment as well 
as chemo-, hormone-, or antibodies-based therapies are currently used, depending on the 
type of breast cancer. Based on the presence of endocrine receptors such as estrogen 
receptors (ER), progesterone (PR) and epidermal growth factor 2 (HER2), there are 
several biological types of breast cancer that differ in their sensitivity/ resistance 
towards the applied therapy (Waks, 2019).  

Protein kinase CK2 is an enzyme, which catalyzes phosphorylation of a huge number 
of substrates, and thus is involved in the regulation of many processes such as trans-
cription (Cabrejos, 2004), translation (Borgo, 2015) control of protein stability (Niechi, 
2015) and degradation (Shen, 2001), cell cycle progression (Homma, 2008), cell 
survival (Ahmed, 2002) as well as circadian rhythms (Tsuchiya, 2009). The role of this 
conserved constitutively active serine-threonine kinase in the cell regulatory network is 
highly complex, and the extensive interplay between CK2-mediated phosphorylation 
and other post-translational modifications has been suggested (Nunez de Villavicencio-
Diaz, 2017). The analysis of phosphoproteomic data typically suggests that CK2 could 
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be responsible for more than 10% of the phosphoproteome (Salvi, 2009). Most of the 
CK2 substrates play important roles in regulation of metabolic processes, cell signaling 
and apoptosis (Nuñez de Villavicencio-Diaz, 2017). Moreover, an increased level/activity 
of CK2 kinase has been observed in several tumor types (Lian, 2019; Trembley, 2009) 
including breast cancer, where overexpression of CK2 results in the dysregulation of 
key cellular signaling pathways that control transcription factors of mammary epithelium 
(Landesman-Bollag, 2001). Increased catalytic activity of CK2 has also been linked to 
Her-2/neu oncogene, which is overexpressed in 30% of breast cancers (Way, 2004). 
Furthermore, the elevated CK2 activity is a key factor in the promotion of the Her-2/neu 
survival pathways leading to higher tumor growth rates in vivo (Romieu-Mourez, 
2002). Many studies demonstrated that inhibition of CK2 by small ATP-competitive 
inhibitors, such as 4,5,6,7-tetrabromo-1H-benzimidazole (TBBi) and its derivatives, or 
by silmitasertib (code name: CX-4945) is responsible for a range of phenotypic changes 
in breast cancer cell lines, including decreased viability, cell cycle arrest, apoptosis, 
and loss of migratory capacity (Gray, 2014).  

The studies conducted by us so far have shown the application potential of combina-
tions of drugs that simultaneously inhibit protein kinase CK2 and thymidylate synthase 
(TS) in breast cancer therapy. TS is a key enzyme of the thymidylate biosynthesis 
pathway that catalyzes the cell's only de novo reaction of dTMP formation from dUMP. 
The cofactor for this reaction, N5,10-methylenetetrahydrofolate is regenerated by two 
other enzymes of the thymidylate synthesis cycle, dihydrofolate reductase (DHFR) and 
serine hydroxymethyltransferase (SHMT). The levels of enzymes involved in dTMP 
synthesis are significantly elevated in rapidly dividing cells, including cancer cells. 
Since inhibition of thymidylate synthesis, which is essential for DNA replication and 
repair, results in so-called thymineless cell death ("thymineless death"), TS and DHFR 
are obvious molecular targets for anticancer therapy. 5-fluorouracil (5-FU) is one of the 
most commonly used drugs in combination with other cytostatic agents in cancer 
therapy. 5-FU is converted inside the cell to 5-fluoro-dUMP (F-dUMP), which forms 
a stable complex with TS (tight-binding inhibition) and thus inhibits dTMP production. 
Other cytotoxic effects of 5-FU involve its incorporation into RNA and DNA in place 
of uracil and thymine, resulting in double strand breaks (DSBs) and DNA destruction. 
Our previous results revealed that simultaneous treatment of hormone-dependent breast 
cancer cells (MCF-7) with a combination of 5-FU and CX-4945 reduces cell viability 
in a synergistic manner, probably by blocking DNA damage repair (Wińska, 2018). 
Our most recent studies demonstrated that 5-FU combined with CX-4945 or with 
a novel tetrabromobenzimidazole (TBBi) derivative, 14B (3-(4,5,6,7-tetrabromo-2-
methyl-1H-benzimidazol-1-yl)propyl-1-amine (Chojnacki, 2018) indicated an antitumor 
synergistic effect (CI<1) in MDA-MB-231 line (Wińska, 2020), representing triple-
negative breast cancer type (lacking endocrine factor receptors). Molecular basis of the 
observed synergistic effect correlates, among others, with inhibition of another protein 
kinase activity, i.e. focal adhesion kinase (FAK). FAK is a non-receptor tyrosine kinase 
that is a key regulator of integrin binding to FAs (focal adhesions) and shows increased 
expression in malignant breast cancer. This kinase plays a key role in processes such as 
proliferation, migration, survival, cell apoptosis, regulates cell adhesion and affects the 
cytoskeleton by acting on integrins (Martínez, 2020). Recently, a growing number of 
studies have shown that the simul-taneous use of drugs that modulate the interaction of 
cells with the extracellular matrix (ECM) together with classical chemotherapeutics can 
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significantly improve the efficacy of chemotherapy (Mohanty, 2020). Recent studies in 
gastric cancer cells have shown that inhibition of FAK increases the sensi-tivity of 
gastric cancer to 5-fluoro-uracil (5-FU) through a signaling pathway associated with an 
important tumor suppressor factor, the p53 protein (Hou, 2020). This protein is a trans-
cription factor that is stabilized in the cell when DNA damage occurs. It is responsible 
for cell cycle arrest in G1 phase, activation of repair mechanisms and apoptosis of cells 
with damaged DNA. Mutations in the gene encoding p53 are found in a high percentage 
of breast cancers. Another study using the lung cancer cell line A549 showed that FAK 
kinase activation can be inhibited by using the protein kinase CK2 inhibitor, CX-4945 
(Kim, 2015), which inhibits TGF-β1 (tumor growth factor) induced cadherin switching 
and activation of key signaling proteins involved in pathways regulating cell adhesion, 
such as FAK, Src-paxillin, among others. In addition, recent studies show that FAK 
kinase, like CK2, regulates the AKT-mTOR pathway, important for breast cancer cell 
proliferation and metastasis (Paul, 2020).  

In view of the above-mentioned findings, we decided to investigate the combined effect 
of an effective intracellular inhibitor of protein kinase CK2, namely 6c (3-(4,5,6,7-
tetrabromo-2-methyl-1H-benzimidazol-1-yl)propyl octanoate) recently described by us 
(Chojnacki K., 2021) with either 5-FU or FAK inhibitor 14 (INH14) on the viability of 
hormone dependent breast cancer MCF-7. To evaluate the combination effect of simul-
taneous treatment of breast cancer cells with the tested combinations, we sought to 
determine combination index (CI) values, with Chou-Talalay model (Chou, 2006). To 
explain the molecular mechanism of the observed synergistic effect, the influence of 
the tested combinations on CK2-mediated phosphorylation of NF-ᴋBp65 as well as 
Akt1, cell cycle progression and apoptosis were examined in MCF-7 cells. 

MATERIALS AND METHODS 

REAGENTS AND ANTIBODIES 

Dimethyl sulphoxide (DMSO), Molecular Biology grade, used as a solvent for all 
stocks of the chemical agents, was obtained from Roth (Karlsruhe, Germany). RNase 
was obtained from GeneON, propidium iodide (PI) was from ThermoFisher. Other 
reagents used in flow cytometry analysis were purchased from BD Biosciences Phar-
mingen (San Diego, CA, USA). The following primary antibodies were used: anti-
GAPDH (Millipore, St. Louis, MO, USA; #MAB374, 1:1000, overnight, +4°C), anti-
p-p65 (Ser529) (Biorbyt Cambridge, UK; #orb14916, 1:500, overnight, +4°C), anti-p65 
total (Biorbyt Cambridge, UK; #orb214507, 1:500, +4°C), anti-p-Akt1 (Ser129) (Sigma-
Aldrich, St. Louis, MO, USA; #SAB4301414, 1:500, overnight, +4 °C), anti-Akt1 (BD 
Transduction Lab, San Diego, CA, USA; #610876, 1:500, overnight, +4°C). The 
following secondary antibodies were used: HRP-conjugated anti-mouse (Dako, Santa 
Clara, CA, USA); #P0447, 1:1000, 1 h, RT; and anti-rabbit IgG (Dako, Santa Clara, 
CA, USA); #P0448, 1:2000, 1h. Protease inhibitors were from Roche Applied Science 
(#11836153001, Mannheim, Germany). Nitrocellulose membrane was from GE 
Healthcare Life Sciences (Freiburg, Germany) ECL reagent was from BioRad (Her-
cules, CA, USA) and Millipore (St. Louis, MO, USA). Other solvents, reagents and 
chemicals were purchased from POCH (Avantor Performance Materials, Gliwice, Po-
land), Merck and Sigma-Aldrich Chemical Company (St. Louis, MO, USA).  
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CELL CULTURE AND AGENTS TREATMENT 

Human Caucasian breast adenocarcinoma cell line MCF-7 was purchased from ATCC 
(American Type Culture Collection, HTB-22). MCF-7 cells were cultured in high-
glucose Dulbecco’s modified Eagle medium (DMEM, Lonza, Basel, Switzerland) 
supplemented with 10% fetal bovine serum (FBS, EuroClone, Siziano, Italy), 2 mM  
L-glutamine, and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) (Sigma-
Aldrich Chemical Company (St. Louis, MO, USA). Cells were grown in 75-cm

2
 cell 

culture flasks (Sarstedt, Nümbrecht, Germany) in a humidified atmosphere of CO2/air 
(5%/95%) at 37°C. All the experiments were performed in exponentially growing 
cultures. Stock solutions of the test compounds were prepared in DMSO and stored in  
-80°C for a maximum of one month. For the cytotoxicity studies, stock solutions of the 
tested compounds were diluted 200-fold with the proper culture medium to obtain the 
final concentrations.  

3-(4,5-DIMETHYLTHIAZOL-2-YL)-2,5-DIPHENYLTETRAZOLIUM BROMIDE (MTT)-

BASED VIABILITY ASSAY 

After incubation with the tested compounds, an MTT test was performed as de-scribed 
previously (Wińska P., 2020). Optical densities were measured at 570 nm using BioTek 
micro-plate reader (Winooski, VT, USA). All measurements were carried out in 
a minimum of three biological replicates. 

WESTERN BLOTTING 

The MCF-7 cells growing exponentially were seeded at 4.8 × 10
5
 cells in 6-cm-diameter 

plates. Subsequently, compounds were added in a final concentration of 0.5% DMSO. 
After incubation, floating cells were collected and cell monolayer was washed three 
times in ice-cold PBS and the cells were scraped, combined with floating cells and lysed 
in RIPA buffer consisting of 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.2 mM sodium 
orthovanadate, and protease inhibitors cocktail. Subsequently, cells were sonicated (three 
times for 15 s), centrifuged at 20,000× g for 15 min at 4°C, and the supernatants were 
collected and stored at -80°C. The protein concentration was determined using Bradford 
assay. Then, supernatants were incubated with the Laemmli buffer for 5 min at 98°C. 
Equal amounts of total protein (10 to 20 μg) were analyzed by SDS-PAGE, and sub-
sequently, Western blotting was performed using primary antibodies in blocking buffer 
containing either 3% BSA (bovine serum albumin) or 3% milk in TBST (Tris-buffered 
saline (10 mM Tris-HCl (pH 8), 150 mM NaCl) containing 0.1% Tween 20) for 1 h. 
After overnight incubation at 4°C with the primary antibodies, the membranes were 
washed with TBST and probed with the respective secondary antibodies. The ECL 
substrate was used for detection and immunoblots were scanned using G Box Chemi 
(Syngene, Cambridge, UK) with GeneSys software (Syngene, Cambridge, UK).  

DENSITOMETRY 

For densitometry, immunoblots were quantified using the Fiji distribution of the ImageJ 
1.52a software (National Institutes of Health, Bethesda, MD, USA, and the University 
of Wisconsin, Madison, WI, USA). Phosphorylated protein densities were normalized 
to GAPDH densities, assuming 1 for untreated cells and then they were converted to 
a per-cent of the appropriate control. 
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DETECTION OF CELL CYCLE PROGRESSION BY FLOW CYTOMETRY 

MCF-7 cells were cultured in six-well plates and treated with the tested compounds for 
72 h. After exposure to the compounds, the cells were trypsinized, collected and washed 
with cold PBS and fixed at -20°C in 70% ethanol for at least 24 h. Subsequently, the 
cells were washed in PBS and stained with 50 μg/ml PI (propidium iodide) and 100 μg/ml 
RNase solution in PBS supplemented with 0.1% v/v Triton X-100 for 30 min in the 
dark at the RT. Cellular DNA con-tent was determined by flow cytometry employing 
FACSCanto II flow cytometer (BD Bio-sciences, San Jose, CA, USA) flow cytometer. 
The DNA histograms obtained were analyzed using MacCycle software (Phoenix Flow 
Systems, San Diego, CA, USA) for evaluation of the distribution of the cells in 
different phases of the cell cycle. 

EVALUATION OF APOPTOSIS BY FLOW CYTOMETRY 

MCF-7 cells were seeded in six-well plates at 1.5 × 10
5
 cells/well. After 24 h of incu-

bation, cells were treated with the tested compounds used in concentrations correspon-
ding to their EC50 values. Then, the plates were incubated for 24 h or 72 h. After 
exposure to the examined compounds, the floating cells were collected, and monolayer 
cell culture was trypsinized. The cells were centrifugated at 200× g at 4°C for 5 min, 
washed twice in cold phosphate-buffered saline (PBS), and subsequently suspended in 
binding buffer at 1 × 10

6
 cells/mL. Subsequently, 100-μL aliquots of the cell suspen-

sion were labeled according to the kit manufacturer’s instructions. Briefly, annexin  
V-fluorescein isothiocyanate and propidium iodide (BD Biosciences, Pharmingen, San 
Diego, CA, USA) were added to the cell suspension, and the mixture was vortexed and 
then incubated for 15 min at RT in the dark. A cold binding buffer (400 μL) was then 
added and the cells were vortexed again and kept on ice. Flow cytometric measu-
rements were performed within 1 h after labeling. Viable, necrotic, early, and late 
apoptotic cells were detected by flow cytometry using FACSCanto II flow cytometer 
(BD Biosciences, San Jose, CA, USA), and analyzed using the FACSDiva software. 

STATISTICAL EVALUATION 

Results are represented as mean ± s.e.m. of at least three independent experiments. 
Statistical analysis was performed using the GraphPad Prism 5.0 software (GraphPad 
Software Inc., San Diego, CA, USA). Significance was determined using a one-way 
ANOVA analysis. The statistical significance of differences was indicated in figures by 
asterisks as follows: * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 

RESULTS AND DISCUSSION 

Hormone-dependent MCF-7 were treated with the combinations of a newly obtained 
intracellular inhibitor of protein kinase CK2, namely 6c (3-(4,5,6,7-Tetrabromo-2-
methyl-1H-benzimidazol-1-yl)propyl octanoate) with either 5-FU or FAK inhibitor 14 
on the viability of hormone dependent breast cancer MCF-7. Among these compounds, 
5-FU is a well-known prodrug targeting TS, whereas 6c was recently synthesized in 
our department (Chojnacki K., 2021) as a new prodrug which efficiently induced inhi-
bition of CK2 in MCF-7 and demonstrated better anticancer properties against eMCF-7 
than its parent compound TBBi. An MTT-based assay and the combination indx (CI) 
method (Chou, 2006 ) were used to determine the type of interaction (i.e., whether it 
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could be synergistic, additive, or antagonistic) between CK2 inhibitor 6c and 5-FU 
(inhibition of TS by the 5-FU metabolite, F-dUMP) or FAK inhibitor 14. Additionally, 
the dose reduction index (DRI) was calculated on the basis of a drug interaction data 
analysis. This parameter is inversely associated with CI and represents the number of 
times each single drug dose may be reduced in a combination setting without compro-
mising the final therapeutic effect. 

COMPOUNDS’ INFLUENCE ON THE VIABILITY OF MCF-7 CELL LINES 

To optimize the ratio of the compounds used in the combination treatment, the influence 
on the cell viability of each compound when used alone was determined by obtaining 
Dm values, describing the drug potency. The results are summarized in table 1. Among 
the tested compounds, the lowest Dm value was obtained for FAK inhibitor with 6.87 
±1.39 µM (tab. 1). The ratio of the test compounds used in the combinations, specified 
by their Dm values and also by the preliminary results (data not shown) provided the 
fraction of not viable cells (Fa) in the range of 0-1. Six to seven concentrations of each 
compound, in the range from 0.125 × Dm to 6 × Dm in a constant ratio at 2-fold dilution 
series according to recommendations given by Chou (Chou, 2006) were used in 
combination experiments. Combination index (CI) values were generated in CalcuSyn 
Software at ED50, ED75, and ED90 after fitting Fa values obtained by the MTT-based 
assay (tab. 2). The representative examples of the graphs generated from the analysis of 
two compound combinations, demonstrating the synergistic effect of 6c in combi-
nation with 5-FU or FAK inhibitor 14 in MCF-7 cells, are shown in figure 1. 

Table 1. The drug potency (Dm) obtained after fitting the MTT-based assay data to the median effect equation 

using the CalcuSyn Software 

Compound Molecular target 
Dm * ± SD 

(µM) 

5-Fluorouracil (5-FU) 
Thymidylate 

synthase 
14.88 ±2.56  

3-(4,5,6,7-Tetrabromo-2-methyl-1H-benzimidazol-1-

yl)propyl octanoate (6c) 
Protein kinase CK2 14.85 ±2.14  

FAK inhibitor 14 (INH14) 
Focal Adhesion 
Kinase 

6.87 ±1.39  

 

The obtained CI values for MCF-7 were in the range of 0.52-0.69, thus indicating 
synergism. As it is important to reduce toxicity in clinical treatment and 5-FU is an 
essential component of chemotherapy in the breast cancer and is commonly used in 
consolidation therapy, dose reduction index (DRI) values were shown for this drug when 
tested in combination with 6c and additional for INH14. The obtained data indicated 
that the dose of 5-FU or INH14 when they are in a com-bination with the 6c derivative 
may be decreased by about 4-fold at 95% of affected MCF-7 cells. Considering that 
mucositis and diarrhea are common side effects of 5-FU-based anticancer regimens 
(Bowen, 2011), decreasing the effective dose of this antimetabolite is an extremely 
important for patients.  
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Table 2. Combination index (CI) calculated at effective doses ED50, ED75, and ED90, drug potency (Dm), and 

dose reduction index (DRI) for the tested drug combinations for MCF-7 cells after 72 h treatment. CI values 
were generated by the CalcuSyn software after fitting fraction affected (Fa) values obtained by the MTT-

based assay 

Drugs in 

combination 

Combination index at 

Dm 

DRI for 5-FU or 
INH14 

at Fa = 0.95 
ED50 ED75 ED90 

6c/5-FU 0.68 ±0.14 0.64 ±0.18 0.68 ±0.35 11.98 3.65 

6c/INH14 0.52 ±0.04 0.60 ±0.02 0.69 ±0.09 3.18 3.71 

 

Figure 1. Synergistic interaction of 6c with 5-fluorouracil (5-FU) or FAK inhibitor 14 (INH14) in inhibition of 

viability of MCF-7 cell line. (A,B) Representative CalcuSyn software-simulated isobolograms. (C,D) Fraction 
affected-combination index (Fa-CI) curves for the respect combinations of 6c with either 5-FU (C) or FAK 

inhibitor 14 (D) after 72 h of treatment, generated after fitting Fa obtained from the MTT assay 

THE EFFECT OF DRUG COMBINATIONS ON NF-ΚB-P65 AND AKT1 PATHWAYS  
IN MCF-7 CELLS 

In view of the observations that combinations of 6c with 5-FU or FAK inhibitor 14 
affect the viability of MCF-7 in a synergistic manner, we examined the influence of these 
compounds used either separately or in combinations on CK2-mediated phospho-
rylation of NF-κB-p65 and Akt1 in cellular extracts. Significantly decreased level of P-
Ser529-p65 was detected in cells treated with both tested combinations with the lowest 
relative level in cells treated with combination of 6 µM 6c and 12 µM 5-FU. The 
phosphorylation level of Akt1 on Ser129 was the lowest in MCF-7 treated with 6 µM 
6c and 1.2 µM FAK inhibitor 14 (fig. 2). Interestingly, the obtained results are in 
a good agreement with our previous findings demon-strating a significant decrease of 
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CK2-mediated phosphorylation of NF-κB-p65 in leukemic cells CCRF-CEM treated 
with a combination of 5-FU and another TBBi derivative, i.e. 4,5,6,7-tetrabromo-2-
methyl-1H-benzimidazol-1-yl)acetonitrile, cpd 2b (Wińska, 2018). 

 

Figure 2. The effect of 6c, 5-FU, INH14, 6c/5-FU and 6c/INH14 on the levels of p65 and Akt1 and their 

phosphorylated forms (p-Ser529 p65 and p-Ser129 Akt1, respectively) in MCF-7 cell line after 72-h 
treatment. GAPDH was used as a protein loading control for each sample. (A) Representative Western blot 

analysis (B) Densitometry analysis for p-Ser529 p65 and p-Ser129 Akt1. Untreated cells served as the 

reference point (one relative unit). Graphs represent mean values ± s.e.m. * p < 0.05,  

** p < 0.01, *** p < 0.001, **** p < 0.0001 relative to control; ns – not significant 

THE EFFECT OF DRUG COMBINATIONS ON CELL CYCLE PROGRESSION IN MCF-7 CELLS 

Considering our and others previous findings demonstrating the effect of CK2 
inhibitiors as well as 5-FU on cell cycle progression (Wińska, 2020, Johnston, 1992), 
we investigated the effect of combining 6c with either 5-FU or FAK inhibitor 14 on a 
cell cycle progression in MCF-7 cells. DNA histo-grams of MCF-7 cell line treated 
with compounds used separately and in combinations were shown in figure 3. Both 6c 
and 5-FU and consequently their combinations affected cells distribution versus control, 
but in a different way. 6c led to prolongation of G2/M and G1 phases with 7.9% and 
10.2% more cells, respectively than in control. The similar effect has been previously 
demonstrated for another CK2 inhibitor, i.e. CX-4945. It caused a dosedependent 
increase in the percentage of MCF-7 cells in G2/M phase with a concomitant decrease 
in the percentage of cells in G1 phase, thus indicating cell cycle arrest in G2/M phase 
after CK2 inhibition (Gray, 2014).Whereas 5-FU led to a significant S-phase arrest 
with 19.3% more cells than in control. The accumulation of cells in S-phase after 5-FU 
treatment indicated the activation of the repair mechanisms, induced by DNA damage 
(Longley, 2003). Interestingly, combination of these compounds induced S-phase arrest 
with the highest amount of cells in S-phase of cell cycle, i.e. 63.5% cells. The similar 
effect of S-phase prolongation was observed in MDA-MB-231 (triple negative breast 
cancer) cells after the com-bined treatment with 5-FU and CX-4945 (Wińska, 2020). 
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Figure 3. Cell cycle progression analysis of MCF-7 cells treated with 6 µM 6c, 12 µM 5-FU, 1.2 µM INH14 

and their combinations for 72 h, determined by FACSCanto II flow cytometer (BD Biosciences, San Jose, 

CA, USA). (A) Representative DNA histograms of MCF-7 cell line. (B) Distribution of MCF-7 cells in 

different phases of the cell cycle. The DNA histograms obtained were analyzed using MacCycle software 
(Phoenix Flow Systems, San Diego, CA, USA) for evaluation of the distribution of the cells in different 

phases of the cell cycle 

The obtained results can be partially correlated with DNA repair mechanisms as it was 
shown by others that inhibition of CK2 blocked the DNA repair response induced by 
gemcitabine and cisplatin in ovarian cancer cells (Siddiqui-Jain, 2012). It was demon-
strated that phosphorylation of MDC1, a key mediator of homologous recombination 
double-strand break (DSB) repair, by CK2 was necessary for the formation of a multi-
protein complex that is required for DSB repair signaling (Becherel, 2010). Taking into 
account that DNA damage is an essential mechanism of cytotoxicity of 5-FU in 
different cell lines, inhibition of CK2 leading to blockage of DNA repair after 5-FU 
treatment seems to be a very likely mechanism of a synergistic interaction between  
5-FU and 6c, similarly to the data obtained previously for MCF-7 cells (Wińska, 2018) 
and MDA-MB-231 cells (Wińska, 2020). 
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THE EFFECT OF DRUG COMBINATIONS ON APOPTOSIS IN MCF-7 CELLS 

In the next step of our investigation, we determined the apoptosis in MCF-7 cells with 
used annexin V and propidium iodide staining. The influence of simultaneous treatment 
of MCF-7 with 6c and either 5-FU or FAK inhibitor 14 combinations on apoptosis in 
MCF-7 was investigated after 72-h treatment. The most amount of apoptotic cells 
(36.5%) was detected after treatment with 5-FU and consequently after its combination 
with 6c (31.6%) (fig. 4). The obtained results correlates with the cell cycle progression 
analysis, demonstrating S-phase arrest in cells treated with 5-FU and its combination 
with 6c. However, the obtained data indicated that the molecular mechanism of the 
cytotoxic synergistic effect observed for combi-nations of 6c with 5-FU or INH14 does 
not correspond with apoptosis in MCF-7, and therefore it needs the further in depth 
studies. It should be taken into account that MCF-7 cells demonstrate the caspase-3 
deficiency thus consequently may undergo cell death that lacked typical apoptotic 
properties (Wang, 2016). 

 

Figure 4. Effect of compounds 6c, 5-FU, INH14, 6c/5-FU and 6c/INH14 on progression of apoptosis/necrosis 

in MCF-7 cells. (A) Percentage of viable, early and late apoptotic, and necrotic cells, after 72 h of treatment 

with the tested compounds used in the concentrations following concentrations: 6c – 6 µM; 5-FU – 12 µM; 
INH14 – 1.2 µM. (B) Percentage of apoptotic cells (sum of the percentage of cells in early and late apoptosis) 

after 72 h treatment with the tested compounds. Cells were stained with FITC-annexin V and PI (propidium 

iodide). The data were determined FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA). 

Graphs represent mean values ± s.e.m. * p < 0.05,  

** p < 0.01, *** p < 0.001 relative to control; ns – not significant 
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CONCLUSION 

The obtained results demonstrate that simultaneous treatment of MCF-7 cells with 6c 
and either 5-FU or FAK inhibitor 14 decreases their viability in a synergistic manner 
(CI < 1). This is a first study demonstrating that inhibitors of CK2 and FAK can act 
synergistically in decreasing the viability of breast cancer cells. We conclude that the 
effective dose of 5-FU or FAK inhibitor 14 can be decreased almost 4 times when used 
in a combination 6c. This can be extremely important as mucositis and diarrhea are 
common side effects of 5-FU-based anticancer regimens. The synergistic effect for 
both tested combinations correlates with a significant reduction in CK2-mediated p65 
phosphorylation, and for 6c/INH14 additionally with a reduction in CK2-induced Akt1 
phosphorylation. Treatment of MCF-7 cells with 6c and 5-FU, and consequently their 
combination, affects cell cycle progression but in a different manner. 6c induces 
prolongation of G2/M and G1 phases, whereas 5-FU leads to S phase arrest. Inte-
restingly, the combination of 6c with 5-FU induces S phase arrest even with the higher 
number of cells in S phase than after 5-FU used separately. This can be related to DNA 
repair mechanisms. Since the highest number of apoptotic cells was detected when  
5-FU was applied separately, the observed synergistic decrease in MCF-7 viability after 
the combined treatment depends on a mechanism other than apoptosis, which requires 
further investigation. 
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ABSTRACT 

Cytodiagnostic prophylaxis programs conducted in recent years have contributed to a significant decrease 

in the incidence of cervical cancer. Obtaining results in the form of effective screening required years of 

work, constant financial outlays, quality control of the actions taken, as well as systematicity and coope-

ration of multidisciplinary teams of doctors, midwives and many institutions. While the time before the 
outbreak of the COVID-19 pandemic brought positive effects of such actions, the pandemic caused a decrease 

in the number of tests performed and, consequently, an increase in the incidence of cervical cancer. The 

aim of this study is to present the scope of activities included in cervical cancer prevention programs in 

Poland before and during the COVID-19 pandemic and to show the relationship between the effectiveness 

of preventive activities and the incidence of cervical cancer among women. 
Keywords: prevention, cervical cancer, COVID-19 

INTRODUCTION 

Recent years in medicine have been a time when the huge role of preventive measures 
has been emphasised. Undoubtedly, the development of vaccines revolutionized the 
world and became a breakthrough in the prevention and treatment of many diseases. 
Cervical cancer fits perfectly into all concepts of prevention (Curyło-Sikora, 2016). 
A distinction is made between primary and secondary prophylaxis, and preventive exa-
minations have an impact on reducing mortality.  

The disease entity of cervical cancer is the first type of human cancer for which triggers 
and predisposing factors have been defined. Numerous studies have unequivocally 
demonstrated a link with infections, especially oncogenic strains of HPV (Human 
Papilloma Virus). It is believed that more than 99% of cervical cancers are linked to 
human papillomavirus infections, although 80% of all HPV infections are self-cured. 
This is because only about 20% of viruses have the ability to complete their replication 
cycle (Bręborowicz, 2016).  

Numerous studies indicate that cervical cancer develops in 3-5% of infected women. 
This process, untreated, progresses within 8-12 years to the so-called invasive stage, 
when cancer cells begin to penetrate the basement membrane of the epithelium and 
invade the cervical wall. They have the ability to form metastatic foci via lymphatic 
and blood vessels.  

It is well known that the sexually transmitted HPV virus often causes chronic infection 
with high-goncogenic types of this virus. It is both the main and the most important of 
all risk factors for cervical cancer. It often acts as a promoter. In contrast, other viruses, 
such as herpes virus and bacteria, only play a role in the process of carcinogenesis. In 
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addition, factors such as nicotinism, early initiation of sexual intercourse or a large 
number of sexual partners, low socioeconomic status, neglect of personal hygiene, 
long-term use of oral hormonal contraception, or hormone replacement therapy stand 
out among the factors that increase the likelihood of persistent infection (Faridi, 2016).  

As a response to the problem of high incidence and mortality of cervical cancer world-
wide, it became possible to introduce the HPV vaccine (primary prevention) into 
widespread use, aimed at reducing the aforementioned rates (Wójtowicz, 2016), and to 
develop cytological screening and HPV testing (secondary prevention). Very often 
cytological screening is performed in combination with HPV testing (Dębski, 2009).  

The overriding aim of prophylactic tests, which cover the entire healthy population, has 
become the earliest possible detection of cancer and the rapid initiation of appropriate, 
effective treatment. Cure, and thus lowering the mortality rate, has also become the top 
priority for prevention (Stępień, 2011). 

PROPHYLAXIS OF CERVICAL CANCER IN THE PERIOD BEFORE THE 

OUTBREAK OF THE COVID 19 PANDEMIC 

The cervical cancer prevention programme has been operating in Poland since 2006. It 
is aimed at women between 25 and 59 years of age who are insured in the National 
Health Fund (NFZ), including women who have not undergone such examinations 
within the last three years. The exceptions are women who were referred for an addi-
tional examination because of changes detected in the primary examination. It should 
be remembered that the available statistics do not include the number of tests performed 
outside the programme in private practices and clinics that do not cooperate with the 
NFZ. Women who undergo tests in such places are therefore not registered in the general 
database, which means that they are not fully monitored.  

Cytological examinations are carried out every three years and are supposed to reduce 
the number of infections by up to 90%. Cytological examinations are recommended to 
women who are at least 21 years old, but not later than in the third year from the 
beginning of sexual intercourse by a woman. However, due to the high percentage of 
false-positive results in younger women, i.e. 21-25 years of age, it is not recommended 
to carry out tests and implement deeper diagnostics, as this age group has a low risk of 
developing cancer. The upper limit in Poland for carrying out prophylactic cytological 
examinations is when a woman reaches the age of 60 (Stępień, 2011). 

Data from 2010, when the programme was in its early stages, shows that the enrolment 
of women for screening was very low. The rate depended on the place of residence. At 
that time the percentage of inhabitants of particular provinces who responded to 
personal invitations to cervical cancer screening was appallingly low and amounted to 
approximately 9%. Whereas, within the framework of the whole population screening 
for early detection of cervical cancer, the number of all examinations performed was 
only 25%.  

For the first time, in addition to the undoubted need and willingness to carry out mass 
and active screening programmes, financial resources were allocated for this purpose, 
making it possible, it would seem, to carry them out effectively. Numerous diagnostic 
bases have been created, operating on the basis of health programmes, particularly 
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active in the years 2014-2019. Citing the results of other countries, applying controlled 
cytodiagnosis covering at least 2/3 of the population of women examined, in which an 
80% decrease in the incidence of cervical cancer has been achieved, as well as, signifi-
cantly, a 70% decrease in mortality (Jemal, 2011) – cytological screening has also 
become in Poland a basic and necessary element of prevention and early detection of 
cervical cancer (Spaczyński, 2009).  

There has been considerable interest in prophylactic activities in Poland, though the 
reporting rates for prophylactic examinations and the number of examinations performed 
have not been satisfactory and have varied depending on the region of the country. In 
different parts of Poland, at different times, in addition to the implementation of the pro-
gramme, numerous promotional activities and educational meetings were held in 
hospitals, outpatient clinics and gynaecological surgeries, involving medical professio-
nals and local authorities. 

According to the data obtained from the implementation of the population-based pro-
gramme of cervical cancer prevention and early detection within the framework of the 
National Programme for Combating Cancer Diseases for the years 2007-2010, three 
provinces were characterised by the highest enrolment of women covered by the exa-
minations in 2007: namely Warmińsko-Mazurskie (41.58%) in first place, followed by 
Opolskie (32.15%) and Pomorskie (29.31%). The lowest notifiability was in Lubuskie 
(15.88%), Podkarpackie (12.04%) and finally Wielkopolskie (10.43%). The situation 
was similar in 2008, when Warmińsko-Mazurskie (33.59%) and Opolskie (30.97%) 
provinces also led in the reporting of the female population. The lowest percentage of 
notifications also occurred in the Wielkopolskie (18.73%), Łódzkie (19.04%) and 
Mazowieckie (18.12%) provinces. In subsequent years, the Warmińsko-Mazurskie 
(2009 – 33.88%, 2010 – 26.49%) and Opolskie (2009 – 32.38%, 2010 – 22.73%) 
provinces were also leaders in the implementation of the population-based prophylaxis 
of cervical cancer, although to a lesser extent. The worst results were obtained in 
Wielkopolskie province (2009 – 19.76%, 2010 – 12.56%). Thus, the highest 
percentage of women's participation in the programme in the years 2007-2010 was in 
the Warmińsko-Mazurskie, Zachodniopomorskie, Opolskie provinces, with the 
greatest differences in 2007. The lowest percentage of the examined population could 
be observed in the Wielkopolskie, Mazowieckie and Podkarpackie provinces 
(Spaczyński M., 2010). 

Effective cervical cancer prevention strategies were based on international experience 
and recommendations in the three most important areas. These concerned cytological 
examinations, vaccinations and educating the public on the dangers of cancer and HPV 
and the possibilities of effective prevention. In connection with primary prevention, 
which concerned vaccination, and secondary prevention concerning cytology, education 
played a special role. The assumption was to address it to as many addressees as possible 
and to conduct it as to build public awareness and to mobilise individuals to take part 
in examinations. It was considered to be the most important factor influencing the 
effectiveness of prevention.  

Actions taken in Poland as part of HPV prevention have been implemented by many 
institutions, which had not yet been fully compatible. That is why implementing 
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a coherent, common strategy was difficult. In Poland, among the three pillars of cervical 
cancer prevention, most attention has so far been paid to cytological examinations, 
while issues of vaccination have depended on the region of the country (imple-
mentation of local government programs). HPV vaccination, which has been on the list 
of recommended vaccinations since 2013, but unfortunately not publicly funded. Only 
some local government prevention programmes have carried out free HPV vaccination. 
An interesting form of program in the prevention of HPV papillomavirus infection, 
referring to international recommendations concerning prevention based on three pillars, 
was implemented by the Warmian-Masurian Voivodship, which for a number of years 
was leading among other voivodships in the prevention of cervical cancer. It was 
introduced under the name "Health Policy Programme of the Warmińsko-Mazurskie 
Voivodeship for 2017-2019 in the prevention of human papillomavirus (HPV) 
infections – in particular, these were educational activities and vaccination of girls aged 
11-13 years", to complement the national intervention. In the Warmińsko-Mazurskie 
Voivodship the incidence of cervical cancer in comparison to other voivodships 
remains at a moderate level. 

Worldwide, 530,000 new cases were reported in 2012, while over 270,000 women died 
of the disease during the year. The high proportion of patients with cervical cancer in 
advanced stages of the disease (stage II, III, IV), placed Poland on one of the first 
places in Europe in this respect. This situation was associated with the generally poor 
state of health and life of Polish society, as well as with ineffective prophylactic measures 
of the health service at that time in comparison with other European countries. As 
a result, only about 12% of women of reproductive age were covered by cytooncological 
prophylaxis. The lack of an appropriate lobby which could exert political and social 
pressure to change the global health care strategy and the low socio-economic status of 
the patient population were also reasons for this situation.  

According to data from the National Cancer Registry, in recent years in Poland, before 
the outbreak of the pandemic, there was a noticeable increase in the number of cases in 
women aged 35-44, as well as one of the lowest 5-year survival rates in Europe as 
a measure of the curability of this cancer. It was quite high at 48.3% against a European 
average of 62.1%. The cure rate, as previously mentioned, depends primarily on the 
stage of the cervical cancer at the time of diagnosis and the type of microscopic structure, 
the degree of maturity of the tumour and the depth of involvement of the uterine tissues, 
as well as the presence of lymph node metastases. According to the same registry, in 
2013, 2909 women developed cervical malignancies, and the percentage of incidence 
according to the statistics has decreased by about 30% over the last three decades, 
which did not change the fact that the rates still remained high and still represented 
a serious epidemiological problem.  

Subsequent years still brought new cases (about 3450 per year), despite the ongoing 
and widely available cytological prophylactic examinations and the increasing access 
to diagnostic tests. The problem was to a large extent caused by low social awareness, 
concerning the lack of the habit of prophylactic examinations and low knowledge about 
the possibilities of full cure of the disease in the case of early detection of cervical 
cancer (Stępień, 2011). That is why prophylactic programs and social campaigns aimed 
at raising public awareness and encouraging active prophylaxis are very important.  
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PREVENTION OF CERVICAL CANCER IN THE ERA OF COVID - 19 PANDEMIC 

The standardised death rate from cervical cancer has improved steadily in recent years. 
In 20 years, it has decreased from 8.74 (1990) to 5.57 (2018), highlighting the effects 
of the last five years, when a decrease of 13.8% was recorded [Wojciechowska, 2021]. 
Due to the possibility of using effective intervention methods to reduce mortality from 
cancer, including cervical cancer – the National Program for the Control of Cancer was 
announced in 2005. However, the main objectives, relating to increasing screening 
attendance and thus achieving average European treatment success rates, were not 
achieved [Wojtyniak, 2018]. Increasing screening attendance became the main objec-
tive of the National Cancer Strategy, adopted in February 2020, with the aim of achie-
ving rates of 60% in 2024. On the other hand, from March 2020, due to the epidemic 
situation, restrictions and limitations in social life and access to medical services began 
to be introduced. The development of the pandemic exposed the extremely difficult 
health situation of the population at that time in terms of the implementation of pre-
ventive programmes and chronically ill patients – including oncology patients, which 
are constantly increasing (Ramirez, 2020). Patients' fears of coronavirus infection and 
the suspension of preventive, diagnostic and treatment activities, associated with 
limited access to medical services, have contributed to this. For the past two years, the 
public attention of the entire world, has been drawn to the ever-increasing number of new 
cases of coronavirus infection, and the appeals of oncology specialists to ensure conti-
nuity of care for oncology patients have fallen by the wayside. Today, many researchers 
point out that the victims of the pandemic are not only the infected, but also people 
with other conditions and those who have been prevented or delayed from having 
preventive tests by the pandemic.  

According to the data, in 2020 there were 3862 new cases of cervical cancer in Poland 
and 2137 deaths (11/100 000). For comparison, this disease entity in Poland ranks 6

th
 

among malignant neoplasms, while in Europe it ranks 9
th
 in terms of incidence and 10

th
 

in terms of mortality (6.7/100 000) (Globocan, 2020). 

Given that vaccination and screening among vaccinated and unvaccinated women is 
considered the best and most effective strategy for cervical cancer prevention, the results 
show that the timing of the pandemic may have adversely affected the statistics. While 
a few years before the outbreak of the pandemic may have seen slow but positive 
changes in the improvement of statistics relating to incidence and screening rates, the 
timing of the pandemic had an adverse effect. Restrictions and restrictions have made it 
more difficult to access basic medical services, including the possibility of carrying out 
preventive tests. It turns out that it is precisely prophylaxis that is the most affected 
area of Polish oncology.  

The pandemic has affected oncological care in a heterogeneous way. The most signi-
ficant changes in comparison to previous years in terms of detection, diagnosis, medical 
services occurred at the level of primary care and AOS in the period from March to 
May 2020. During this period, intensive activities were carried out throughout Poland 
to prevent the rapid spread of the epidemic. In addition, during this period there was 
general confusion about the information on the spread of the virus and public fear of 
SARS-CoV-2 infection.  
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According to the 2021 Report on "The Impact Of the COVID-19 Pandemic On the 
Cancer Care System", the number of new cancer diagnoses during this time dropped by 
approximately 20% in 2020 compared to 2019. Similar values were reported in other 
European countries. This report was created based on the analysis of data obtained 
from three provinces: Warmińsko-Mazurskie, Mazowieckie and Śląskie for the periods 
of March, April, May 2019 and identical months in 2020. These regions differed 
significantly in the number of confirmed infections and cancer incidence. An analysis 
was made in terms of continuity of services in oncology, where, among other things, 
one of the elements examined, was preventive examinations for cervical cancer. Accor-
ding to the information obtained, the epidemiological situation caused the number of 
cytological examinations to decrease by 60% in all three voivodeships in the month of 
March 2020. In the following two months, this percentage increased respectively: 
Warmińsko-Mazurskie 85%, Mazowieckie 87% and to 90% in Śląskie. Comparing 
month to month in the period January-February 2020, at the time of the growing 
number of infections, the individual provinces recorded the following percentage 
decreases in the number of tests performed: Silesia -16.3%, Mazovia -12.6%, Warmia 
and Masuria -17.1%. In the period April-May 2020: Silesia -90.2%, Mazovia -87.0% 
and Warmia and Masuria -84.8%. This indicates a significant decrease in the number 
of completed surveys under the programme for all the analysed voivodeships.  

Table 1. Summary of cytological tests performed in 2019-2020 according to the Report "Oncology in the time 

of COVID-19" 

PAP SMEARS 2019 vs.2020 

 January February March April May 

Śląsk -22,7% -4,7% -61,0% -95,8% -84,8% 

Mazowsze -16,3% -9,1% -62,4% -94,8% -79,3% 

Warmia and Mazury -22,3% -11,8% -61,5% -91,1% -78,0% 

 January-February 

 

April-May 

Śląsk -13,6% -90,2% 

Mazowsze -12,6% -87,0% 

Warmia and Mazury -17,1% -84,8% 

It is worth mentioning that the analysis did not include examinations performed in 
private offices. Nevertheless, the statistics for this period are unsatisfactory and we still 
have to wait to learn about the long-term effects.  

 Preventive programmes against cervical cancer and other cancerous diseases are part 
of the WHO strategy "Health for All In the 21

st
 Century", which concerns the reduction 

of non-communicable diseases. This strategy assumes maximum reduction of morbidity, 
disability and premature mortality due to chronic diseases, among others due to cervical 
cancer, the mortality rate of which in Poland is still at a high level and in this respect is 
among the top ten countries. According to the recommendations of the Expert Panel of 
the Polish Gynecological Society (PTG), the cervical cancer prevention programme 
should be implemented based on the principle: mother – cytological screening, daughter – 
vaccination against HPV. Therefore, cervical cancer prevention should be interdiscipli-
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nary, involving education and social activation as well as vaccination, screening, treat-
ment and palliative care. Successive waves of the pandemic have evidently stopped or 
hindered education and research on cervical cancer prevention. This has placed new 
demands on medical professionals as well as on the country's health care system as 
a whole. 

CONCLUSIONS 

The onset of the pandemic is closely associated with a decrease in the number of cyto-
logical examinations performed in Poland. In the case of the individual voivodships of 
the country under discussion, there was a decrease in preventive measures at the same 
level. Therefore, this fact can certainly be associated with the consequences of the 
COVID-19 pandemic and the restrictions in place at the time. 

Preventive screenings are fundamental in the fight against cervical cancer. The reporting 
and performance of cytological examinations is closely linked to women's awareness 
of the benefits of regular examinations. The COVID-19 pandemic, the associated 
restrictions and the public's fear of contagion have had an impact on the reporting and 
performance of cytological examinations, which allows us to conclude that the number 
of preventive examinations for cervical cancer decreased during the pandemic period, 
which may affect the fate and prognosis of women when cancerous lesions are detected 
at an advanced stage of the disease. 
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ABSTRACT 

Glioblastoma multiforme is a malignant brain tumour characterized by extremely high mortality. For this 

reason, the attention of many scientists is focused on developing innovative therapies. Recent studies 
provide satisfactory data on the effectiveness of immunotherapy in some solid tumours, which raises hope 

also for glioblastoma treatment.  

The aim of this review is to present the current state of knowledge in the field of glioblastoma immuno-

therapy.  

The goal of immunotherapy is to change the immunosuppressive microenvironment of the tumour and to 
mobilize the patient's immune system, which leads to the eradication of tumour cells. One of the methods 

studied with glioblastoma is the use of cancer vaccines. It is based on direct exposure to antigens or stimu-

lation of the patient's antigen-presenting cells. Another method that may prove effective is the use of oncolytic 

viruses. The positive effect of the therapy is not only due to the destruction of the cancer cell itself, but above 

all is the result of the release of antigens from it which mobilize the immune system. Another approach to 
overcoming tumour immunosuppression is the use of immune checkpoint inhibitors which have been 

shown to be effective in other cancers. CAR-T cell therapy may also be a new potential treatment for gliobla-

stoma multiforme. It is based on genetic modification of  T cells taken from the patient to produce glioma-

specific surface antigens, which allows interaction with tumour cells leading to cell death. Apart from the 

use of monotherapy, the use of combined treatment methods is also of great interest. The possibilities of 
immunotherapy in glioblastoma are very limited, mainly due to its immunosuppressive microenvironment 

and the presence of multiple mechanisms of therapy resistance.  

Undoubtedly, research on immunotherapy of glioblastoma contributes to the development of new treatment 

regimens that may prove most effective in the case of a therapy combined with other treatments. 

INTRODUCTION  

Glioblastoma multiforme (GBM) is rare and one of the most lethal among malignant 
solid tumours. The incidence of this disease increases rapidly after the age of 54 years, 
reaching a median of 64 years (Alexander, 2017). Current standard therapy consists of 
maximal tumour resection, radiotherapy and chemotherapy with temozolomide followed 
by adjuvant temozolomide therapy (Alexander, 2017; Chen, 2018). Unfortunately, 
among patients diagnosed with the disease, the average survival time is less than 15 
months even with standard therapies (Chen, 2018). Given this grim prognosis, resear-
chers around the world are attempting to develop effective therapies.  

Early treatment failure has been attributed to many factors. The microenvironment of 
this cancer is incredibly diverse and also varies between patients (DeCordova, 2020). It 
also contains many non-cancerous cells, most notably immune cells. Much attention 
has been paid to tumour-associated macrophages which are associated with tumour 
progression, among other things (Chen, 2018). In the case of glioblastoma multiforme, 
a non-immunogenic "cold" environment is observed (Young, 2020). This is associated 
with many features of the tumour, such as decreased expression of MHC class I mole-
cules, impaired antigen presentation by APC cells, or an increase in immunosup-
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pressive cells (Saha, 2018). All of these features prevent the recognition of the tumour 
by the immune system and, consequently, the body's effective fight against cancer. 
Moreover, tumours escaping immune surveillance cause the immune system to not 
only fail to fight the tumour, but may also act in its favour (Chen, 2018).  

Immunotherapy is an innovative treatment method that involves modulating the immune 
system in a way that allows it to attack cancer cells. The regulation of the immune 
environment resulting from such therapy has been shown to be effective in the treat-
ment of several cancers. Combining immunotherapy with other treatments to enhance 
its effect seems particularly promising (Tan, 2020). Numerous data on the effectiveness 
of immunotherapy in cancer treatment provide hope for patients with glioblastoma 
multiforme. Despite numerous clinical trials, to date no immunotherapy has been 
approved by the Food and Drug Administration (FDA) for the treatment of glioblastoma 
multiforme (McGranahan, 2019). There are several factors that undoubtedly contribute 
to the low efficacy of this type of therapy. The first problem is the physical blood-brain 
and blood-tumour-brain barrier, which is an obstacle to therapeutic molecules (Young, 
2020). Another problem is the effects of therapies usually used in glioblastoma, namely 
temozolomide and radiation, which lead to lymphopenia. Glioblastoma patients are 
also given dexamethasone, a synthetic corticosteroid which relieves brain swelling but 
also leads to suppression of the immune system (McGranahan, 2019; Young, 2020). 
Immunosuppression within the tumour, mentioned earlier, and its high resistance to 
treatment resulting from, among other things, the high heterogeneity of the tumour, as 
well as its low tumour mutational burden, are also not without significance (Medi-
konda, 2021). 

The aim of this paper is to review recent studies on immunotherapy for glioblastoma 
multiforme, both as monotherapy but also in combination with other treatments. 

SEARCH STRATEGY AND S ELECTION CRITERIA 

The following article was compiled from both review and original scientific publications, 
including data obtained from clinical trials. The PubMed database was used primarily 
to search for sources. The entering terms was: glioblastoma multiforme immunothe-
rapy, glioblastoma therapy, CAR-T glioblastoma, glioblastoma vaccines, glioblastoma 
virotherapy, oncolytic viruses glioblastoma, immune checkpoint inhibitors glioblastoma 
and combined therapy glioblastoma. The cited articles were published between 2010 
and 2021 and, except for one, are all in English. The ClinicalTrials.gov database was 
also used in compiling this review. 

REVIEW  

CAR-T THERAPY FOR THE TREATMENT OF GLIOBLASTOMA MULTIFORME 

With the progress and development of genetic engineering, it has become possible to 
model and reprogram cells, including the patient's own immune cells, to fight a specific 
disease entity. Such therapy has been called adoptive immunotherapy. Chief among 
such forms of therapy is CAR-T therapy, or Chimeric Antigen Receptor T cells whose 
appropriately engineered receptors are capable of interacting with antigens of cancer 
cells, including potentially glioblastoma multiforme (Marei, 2021). The process of 
immunotherapy with the use of genetically modified CAR-T cells takes place in seve-
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ral stages starting from the collection of leukocytes from the patient's blood through 
their genetic modification with the use of viral vectors, and then administering them 
back to the patient's body from which they were isolated (Giotta Lucifero, 2021). This 
method is currently approved by the FDA for the treatment of mainly B-cell lymphomas 
and leukaemias in paediatric patients, but the potential of this therapy is also being 
explored for other cancers, including GBM (Marei, 2021). 

The structure of CAR molecules varies and, due to the number of costimulatory domains 
of the CAR receptor, a division into five generations has been made. Generation I 
contains a fragment of the CD3ζ chain, while II and III contain, in addition to the fixed 
CD3ζ fragment, successively one or two additional costimulatory doma ins, e.g. CD22, 
OX40 or 4- 1BB (Choi, 2019; Marei, 2021). In generation IV a cytokine domain is 
additionally present and in generation V, a cytokine receptor-binding domain is present 
(Feldman, 2021; Sterner, 2021; Yu, 2021). The overall structure of the CAR molecule 
consists of several elements, these are: the extracellular domain, whose function is to 
recognise and interact with the relevant antigen of tumour cells, connected by a hinge 
region to the second element, i.e. the endothelial domain which in turn is connected to 
several T-cell-derived intracellular chains. The function of the intracellular domain is 
to induce the T cell pathway. The only variable element in the structure of the CAR 
molecule is the antigen recognition domain, the appropriate selection of which influ-
ences the proper interactions with tumour cells (Choi, 2021; Giotta Lucifero, 2021; 
Marei, 2021; Sterner, 2021; Yu, 2021).  

In clinical trials for the potential use of CAR-T therapy in the treatment of gliobla-
stoma multiforme, specific receptors that are overexpressed in the majority of GBM 
patients have received much attention, these include, e.g. Interleukin-13 Receptor A2 
(IL-13Rα2), Human Epidermal Growth Factor Receptor 2 (HER2) and Epidermal 
Growth Factor Receptor variant III (EGFRvIII). As most of these are activated in the 
tumourigenic process they are excellent molecular targets for CAR-T treatment of 
GBM (Giotta Lucifero, 2021; Marei, 2021). 

One of the most important receptors, with tyrosine kinase activity, associated with this 
type of cancer is HER2 (Feldman, 2021). This factor is responsible for cell proliferation, 
adhesion and survival (Feldman, 2021). It is expressed in both healthy tissues and in 
approximately 80% of cases in GBM, therefore targeting this receptor can induce an 
immune response against healthy body tissues, as observed in a 2010 study (Feldman, 
2021; Morgan, 2010). Accordingly, in 2017, Ahmed et al. (Ahmed, 2017) conducted 
a study on a group of 17 individuals using CAR-T therapy containing a CD28 costi-
mulatory domain and an extracellular domain directed against the HER2 receptor in 
GBM with overexpression of this receptor. The results of this study showed that the 
use of infusions of CAR-T cells with an anti-HER2 domain could induce a partial 
tumour response within 6 months of administration. In addition, CAR-T cells were 
shown to persist in the body for 12 months with no toxicity, which carries much hope 
for the future safe use of CAR-T in GBM therapy (Giotta Lucifero, 2021; Marei, 2021; 
Sterner, 2021). 

The IL13Rα2 receptor, which is expressed only in tumour cells, is also promising for 
the treatment of glioblastoma multiforme (Marei, 2021). This factor is a major pro-
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gnostic indicator and is associated with poor prognosis and the possibility of metastasis 
and tumour growth through activation of the PI3K/AKT/mTOR pathway (Feldman, 
2021). It represents an accomplished molecular target as its expression is 75% correlated 
with glioblastoma multiforme. To date, two studies have been conducted using CAR-T 
cells directed against the IL13Rα2 antigen. The first study from 2015 by Brown et al. 
focused on the administration of first-generation CAR cells with an anti-IL13Rα2 
extracellular domain to three patients by intravenous infusion. On completion of the 
CAR-T cell therapy, they observed significantly reduced IL13Rα2 expression in tumour 
cells, which contributed to the expansion of the study to include the use of second-
generation CAR cells with a 4-1BB costimulatory domain. The results of the 2016 
study thus demonstrated that this treatment method using higher-generation CAR cells 
allows local tumour cell death at the site of administration. In addition, the increased 
induction of an immune response as well as the safety of such therapy has been proven 
(Choi, 2019; Feldman, 2021; Giotta Lucifero, 2021; Marei, 2021). 

In the case of cancer-related diseases, frequently depending on the location of the 
tumour, antigens that are specific to a particular type of cancer can be identified. In the 
case of glioblastoma multiforme, one such antigen is a mutated form of EGFRvIII 
(Choi, 2019). The mutation observed here relative to wild-type EGFR is the deletion of 
exons 2-7, resulting in the translocation of a glycine residue in the extracellular domain, 
making it impossible for the receptor to bind to its ligand. The hallmark of this form is 
its specific expression in glioblastoma multiforme cells and relatively low expression 
in normal body cells (Choi, 2019; Feldman, 2021). In 2017, O'Rourke et al. conducted 
a study on a group of 7 patients with glioblastoma multiforme with EGFRvIII over-
expression diagnosed and confirmed by next-generation sequencing. Second-gene-
ration modified CAR cells containing a CDζ domain and a 4-1BB costimulatory domain 
along with an anti-EGFRvIII extracellular domain were used for treatment. CAR-T cells 
were administered by intravenous infusion. Following therapy, patients underwent 
tumour surgery to assess the therapeutic potential. The study found significantly 
reduced levels of mutant EGFRvIII receptors within the tumour tissue and increased 
levels of molecules responsible for immunosuppressive processes, i.e. PD-L1, IL-10 
and Transforming Growth Factor β (TGF-β) (Choi, 2019; Feldman, 2021; Giotta 
Lucifero, 2021). Further clinical studies on the use of EGFRvIII-targeted CAR-T cells 
in GBM are currently underway. 

With CAR-T therapy, it is possible to conduct a targeted immune response by selecting 
the appropriate external domain depending on the disease entity. It should be noted that 
the majority of studies have shown no toxicity associated with the administration of 
CAR-T cells to the human body, which indicates that this therapy may prove effective 
in the treatment of other diseases besides cancer. Clinical trials are currently being 
conducted on CAR-T therapies targeting other antigens associated with GBM, such as 
B7-H3, CD147 or MMP2 (Maggs, 2021). 

CANCER VACCINES  

One type of immunotherapy of great interest to brain tumour researchers is cancer 
vaccines. It is postulated that such vaccines would promote an anti-tumour involving 
the adaptive immune system (Medikonda, 2021). If we talk about a vaccine in the 
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context of cancer therapy, it should be noted that its aim is to generate immunity against 
tumour antigens, which should ultimately lead to the destruction of tumour cells (Cuoco, 
2018). The aim of this action is therefore not to prevent the disease, as in the case of 
vaccines against infectious diseases, but to lead to the eradication of tumour cells 
(McGranahan, 2019). For the treatment of glioblastoma, a distinction is made between 
peptide or DNA vaccines, which result in direct exposure to tumour antigens. These 
antigens are used together with immune response stimulators. For glioblastoma, there 
are few tumour-specific antigens, so common tumour-associated antigens are often used 
in vaccines (McGranahan, 2019). Another type of vaccines are those "tailor-made" for 
individual patients, which are created by stimulating dendritic cells previously collected 
from the patient (McGranahan, 2019).  

As previously mentioned for glioblastoma, not many tumour-specific antigens are 
known, but one of them is the EGFRvIII variant, a constitutively activated epidermal 
growth factor mutation found in about 25-30% of patients (McGranahan, 2019; 
Medikonda, 2021). The use of EGFRvIII as a vaccine antigen results in its low 
toxicity, as this variant is not expressed outside the tumour environment. However, on 
the other hand, the fact that it is only present in the tumours of some patients makes this 
therapy likely to be effective only in a selected, limited group of patients (Medikonda, 
2021). Furthermore, in the case of tumour-specific antigens, their uneven expression 
inside the tumour is observed, which, if treated, results in the death of only a part of the 
tumour cells. This problem is even more serious as tumour cells may be able to promote 
the growth of cells not expressing a given antigen, which contributes to disease recur-
rence (Wilcox, 2018). An example of EGFRvIII antigen-based therapy is rindope-
pimut, a vaccine consisting of a 14 amino acid peptide combined with the immuno-
genic carrier protein keyhole limpet hemocyanin (KLH) (Wilcox, 2018). Patients 
undergoing total resection and chemotherapy were eligible for phase II clinical trials 
and an increase in median overall survival (mOS) to 24 months was noted (Medikonda, 
2021). Unfortunately, despite the promising results of phase II clinical trials, phase III 
trials were suspended because they did not yield the expected results (Daubon, 2020; 
Medikonda, 2021; Wilcox, 2018). In contrast, the results of a phase II study of the 
efficacy of the combination of rindopepimut with bevacizumab, in which an increase in 
patients' mOS was observed, appear promising (McGranahan, 2019; Medikonda, 2021; 
Muir, 2020). It is clear that rindopepimut has some pharmacological activity against 
GBM in a specific group of patients, but further studies are needed to develop specific 
treatment regimens, including but not limited to the addition of anti-angiogenic therapy 
and patient selection.  

The low number of tumour-specific antigens creates the need to develop vaccines based 
on tumour-associated antigens. An example of such a vaccine is SurVaxM containing 
a survivin mimic peptide conjugated to KLH (McGranahan, 2019). Survivin belongs to 
the family of inhibitors of apoptosis and its overexpression is observed in many types 
of cancer, including GBM (Cuoco, 2018; Winograd, 2016). Furthermore, its levels 
correlate with disease progression (Cuoco, 2018). Studies of this vaccine have shown 
no serious side effects, and patients have been observed to develop humoral and cell-
mediated immune responses. SurVaxM is currently being studied in combination with 
temozolomide treatment (Cuoco, 2018).  



 

New trends in glioblastoma multiforme immunotherapy 
 

49 

Another approach uses multipeptide vaccines which reduces the risk of immune tole-
rance and recurrence (Cuoco, 2018). An example is the IMA950 vaccine containing 
multiple tumour-associated peptides that are present in glioblastoma tissues. This inclu-
des the survivin discussed earlier, but also other antigens such as brevican (BCAN); 
chondroitin sulfate proteoglycan 4 (CSPG4); fatty acid-binding protein 7 (FABP7); 
IGF-2 mRNA-binding protein 3 (IGF2BP3); neuroligin 4, X-linked (NLGN4X); 
neuronal cell adhesion molecule (NRCAM); protein tyrosine phosphatase, receptor-
type, Z polypeptide 1 (PTPRZ1); tenascin C (TNC); Met proto-oncogene (MET) (Cuoco, 
2018; Winograd, 2016). Phase I trials of this vaccine provided satisfactory results, with 
90% of patients observed to produce a single immune response, and 50% observed to 
respond to multiple, or at least two, antigens (Cuoco, 2018; Winograd, 2016). Another 
multipeptide vaccine being tested in glioma is SL701. It is based on short synthetic 
peptides targeting IL-13Rα2, ephrin A2 and survivin. The study observed a CD8 
response, which was associated with prolonged patient survival (McGranahan, 2019). 
Analysis of SL701 in combination with bevacizumab showed that the vaccine is well 
tolerated and has anti-tumour activity (Cuoco, 2018).  

Vaccines using dendritic cells (DC) are also of interest among researchers. Dendritic 
cells, which are involved in the natural anti-tumour response, are stimulated with anti-
gens from the patient's tumour and then delivered to the patient (Desland, 2020). Such 
vaccines can be derived using synthetic or tumour-derived peptides, RNA or crude 
tumour lysate. DC cell-based vaccines have advantages over cell-free peptide vaccines 
in that they can contain a much larger number of antigens (Winograd, 2016). Results 
from several preclinical studies suggest that such therapies have potential in the treat-
ment of glioblastoma, as they increase CD8+ T-cell infiltration deep into the tumour, 
which is associated with increased survival (Desland, 2020). In the case of GBM, the 
production of individual vaccines for patients is possible if the tumour is located such 
that surgical intervention is possible, as vaccine production requires taking a section of 
the tumour. This unfortunately limits the group of patients for whom production of 
such a vaccine is likely (McGranahan, 2019). Clinical trials of DC vaccines have pro-
vided data supporting their excellent safety profile. In addition, they have also demon-
strated mobilisation of the immune system of patients and initiation of humoral and 
cellular immunity to some extent (Desland, 2020). Among the DC vaccines that have 
been evaluated in clinical trials, the DC-Vax-L deserves special attention. It is produced 
by pulsing autologous patient dendritic cells using whole tumour lysate. It seems 
highly promising that some patients who received DC-Vax-L in phase I and phase III 
clinical trials have a survival of more than 10 and 7 years after administration, 
correspondingly (McGranahan, 2019).  

Personalised peptide vaccines may also be the future of therapy in GBM. The "Glioma 
Actively Personalised Vaccine Consortium'' (GAPVAC) study evaluated the impact of 
treatment with two personalised vaccines with co-administration of temozolomide and 
radiotherapy (Dunn, 2020). The antigenic composition of the first vaccine was based 
on expression, physical HLA binding and immunogenicity, resulting in a vaccine com-
posed of seven antigens. Subsequently, patients received a second vaccine containing 
two neoantigenic peptides that were identified by sequencing and HLA binding affinity 
(Dunn, 2020). In 11 of the 15 patients tested, both CD8+ and CD4+ cell responses 
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were observed in reaction to these two vaccines. Moreover, the vaccines were well 
tolerated. The median progression-free survival and overall survival of 14.5 and 29.0 
months, respectively, seems extremely optimistic (Dunn, 2020). The results of these 
studies are encouraging and provide hope that the future of glioblastoma multiforme 
treatment may rely heavily on personalisation of therapy.  

The use of vaccination in the treatment of glioblastoma multiforme may prove effective 
in the future. The data on increasing mOS are very promising. Unfortunately, more 
research is needed and, perhaps, to tailor the vaccines being tested to the molecular 
subtype of glioblastoma multiforme.  

VIROTHERAPY 

Interest in viruses as agents for anticancer therapy dates back over a century ago. Years 
of research in oncology and virology have led to the identification of two types of 
anticancer virotherapy. The first, using replication-competent viruses that are oncolytic, 
i.e. capable of infecting a cancer cell, which then undergoes lysis and releases viral 
progeny capable of infecting subsequent cancer cells (Foreman, 2017). Initially, it was 
thought that their positive impact lay solely in the destruction of cancer cells, but this is 
only one side of the coin. Oncolytic viruses exert an anti-tumour effect primarily 
because when they damage a cell, they cause the release of tumour-associated antigens 
and damage associated molecular patterns from the cell which are then recognised by 
the body and mobilise the immune system to fight the tumour (Desland, 2020; Fecci, 
2019; Martikainen, 2019). In addition, oncolytic viruses themselves contain pathogen 
associated molecular patterns, the release of which is also associated with tumour cell 
destruction, as these patterns are recognised by the innate immune system (Fecci, 2019). 
Certain features of glioblastoma multiforme favour the use of oncolytic virus therapy 
for its treatment. This is related, among other things, to the fact that glioblastomas do not 
give rise to distant metastases, so the disease is restricted to one organ only. Moreover, 
these tumours grow surrounded by non-dividing cells, which favours the retention of 
oncolytic viruses in a restricted area, as they multiply exclusively in dividing cells 
(Wollmann, 2012). The second type of anticancer virotherapy relies on viruses incapable 
of replication as a vector to deliver therapeutic genes (Foreman, 2017). An example of 
the use of virotherapy in the treatment of GBM is the use of modified herpes simplex 
viruses with an embedded transgene encoding interleukin-12, a cytokine whose anti-
cancer activity is inter alia due to its ability to induce interferon gamma (IFNγ) 
expression (Nguyen, 2020).  

Several clinical trials are evaluating the effect of oncolytic viruses in the treatment of 
glioblastoma multiforme. Preliminary results from clinical trials of adenoviruses, herpes 
simplex virus, and replicating retroviruses have shown increased patient survival 
(Khansur, 2019). In addition, other viruses such as polio virus, cowpox virus and measles 
virus, among others, are also being studied. Of particular interest are the results of 
studies on DNX-2401, PVS-RIPO and Toca 511, against which an immune response 
was observed in 20% of GBM patients (Martikainen, 2019).  

DNX-2401 is a viral vector based on oncolytic adenovirus 5. This virus has been mo-
dified to increase infectivity, it replicates in GBM cells and is specific for this cancer 
(Stepanenko, 2018). Specificity towards GBM results from the introduction of two 
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rearrangements: modification of the E1A gene and addition of an arginine-glycine-
aspartic acid motif. It is also associated with restriction of its replication in normal cells 
(Philbrick, 2019). Among patients to whom the virus was administered either by direct 
single injection into the tumour or using a catheter, survival of more than 3 years was 
observed in 20% of the patients studied. Furthermore, survival beyond 3 years with 
progression-free survival after treatment was observed in three patients (Stepanenko, 
2018). DNX-2401 is also being studied in combination with other therapies, including 
temozolomide or pembrolizumab. It is worth mentioning that the therapeutic effect of 
DNX-2401 is due to both its ability to destroy tumour cells and generate an anti-
tumour immune response (Philbrick, 2019).  

PVS-RIPO is a live attenuated polio virus type 1 (Sabin) vaccine containing hetero-
logous IRES from human rhinovirus type 2 (Walton, 2018). Virus entry into the cell 
occurs through interaction with the CD155 receptor, which is up-regulated on the cell 
surface of solid tumours and in the tumour microenvironment. Moreover, this receptor 
is also expressed on the surface of antigen-presenting cells (Desjardins, 2018; Fecci, 
2019). In vitro, this virus induces neoplastic cell death and promotes the release of pro-
inflammatory cytokines (Desjardins, 2018; Fecci, 2019). The phase I clinical trial 
provided interesting results. Firstly, at 24 and 36 months after administration of PVS-
RIPO, the survival rate was 21%, which is significantly higher than in the historical 
control group. Secondlyp, the study confirmed the lack of neurovirulent potential, 
including paralysis associated with poliomyelitis (Desjardins, 2018; Iorgulescu, 2018). 

Toca 511 is a modified retrovirus that expresses cytosine deaminase (McGranahan, 
2019). It is a non-lytic virus, and its mechanism of action involves the conversion reac-
tion of 5-fluorocytosine using cytosine deaminase to 5-fluorouracil, an antitumour drug 
of the antimetabolite group (McGranahan, 2019; Stepanenko, 2018). This is a repli-
cation-capable vector based on a mouse leukaemia virus-expressing enzyme of yeast 
origin (Stepanenko, 2018). A study by Mitschell et al. (Mitchell, 2017) carried out on 
a mouse model of glioma demonstrated that when Toca 511 was administered together 
with the prodrug 5-flourocytosine in animals, there was a change in the qualitative 
composition of the cells of the immune system present in the tumour environment. 
A loss of immunosuppressive cells and an expansion of T lymphocytes deep into the 
tumour were observed. Application of Toca 511 and 5-fluorocytosine resulted not only 
in tumour cell death, but also in the infiltration of immune cells deep into the tumour, 
altering the tumour microenvironment, which promotes the generation of anti-tumour 
immunity (Mitchell, 2017). Similarly, Yagiz et al. (Yagiz, 2016) tested in mouse and 
rat models the combination of Toca 511, 5-fluorouracil and another alkylating anticancer 
drug, lomustine, also obtaining satisfactory results in terms of survival (Yagiz, 2016).  

Toca 511 has also been evaluated in clinical trials. In a phase I clinical trial, Toca 511 
was administered into the cavity after tumour resection, followed by oral administra-
tion of 5-fluorocytosine. 23 of 56 patients responded to the recommended dose. In this 
subgroup, the median overall survival was 14.4 months. Moreover, one-year survival 
rates were 65.2%, while the two-year survival rate was 34.8%. Furthermore, as of 25 
August 2017, five patients showed a complete response and were alive 33.9-52.2 months 
after administration (Cloughesy, 2018; Stepanenko, 2018). To gather more data, a cli-
nical trial was conducted to compare the efficacy of treatment using Toca 511 with oral 
5-fluorocytosine with standard treatments in patients who have glioblastoma multiforme 
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or anaplastic astrocytoma and have undergone tumour resection for a first or second 
relapse. However, the results of these studies did not yield significant differences in 
survival between the patient groups studied (Cloughesy, 2020). Nevertheless, the results 
of the phase I clinical trial offer much hope for the development of effective treatments 
for glioblastoma multiforme. 

Certainly, the results of studies on the use of virotherapy in the treatment of gliobla-
stoma multiforme seem promising and may prove to be the future of therapy for this 
type of cancer. However, there is undoubtedly a need for more research in this area, 
both preclinical and clinical. Nevertheless, the innovation of the described therapies is 
also evidenced by the fact that the FDA has granted "Fast Track" status to both Toca 
511 and PVS- RIPO and DNX-2401 (Martikainen, 2019).  

CHECKPOINTS INHIBITORS 

Another approach uses immune checkpoints inhibitors such as programmed death 
receptor 1 (PD-1), programmed death-ligand 1 (PD-L1), or cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) (McGranahan; 2019). The therapy using monoclonal 
antibodies directed at blocking immune checkpoints has proven effective in several 
types of cancer (Darvin, 2018). This raises hope also for use in the treatment of glio-
blastoma multiforme. Immune checkpoints cause inhibition of the anti-tumour immune 
response. Their blockade should therefore lead to an enhanced immune response and 
elimination of tumour cells (Darvin, 2018). PD-1 is a molecule that is expressed on 
immune system components such as T cells, B cells, bone marrow and NK cells. It has 
its biological effects by interacting with specific PD-L1 ligands in peripheral tissues. 
High levels of PD-1 and its ligands are associated with, among other things, impaired 
cytotoxic function of T cells and their secretion of cytokines (Maxwell, 2017). Several 
studies have demonstrated that PD-L1 is highly expressed in glioblastoma, which may 
prove to be a good target for therapy, in addition, studies show that increased PD-L1 
levels correlate with increased susceptibility to treatment using immune checkpoint 
inhibition (McGranahan, 2019; Wang, 2019). One molecule registered to block PD-1 is 
nivolumab, a fully humanised monoclonal antibody. Currently, this drug is used in the 
treatment of melanoma, non-small cell lung cancer, and kidney cancer, among others 
(Koseła-Paterczyk, 2016). Other monoclonal antibodies directed against PD-1 or PD-L1 
include pembrolizumab, durvalumab and atezolizumab (Yang, 2021). Immune check-
point inhibitors have achieved good results in preclinical studies in GBM, but their 
potential in therapy is limited because of the risk of central nervous system (CNS) 
toxicity (McGranahan, 2019).  

Several clinical trials have investigated the efficacy of immune checkpoint inhibitors in 
the treatment of glioblastoma multiforme. One of these studies examined the efficacy 
of nivolumab or pembrolizumab in patients with recurrent high-grade glioma. In this 
study, some patients were also taking bevacizumab, an anti-angiogenic agent used in 
cancer therapy. Unfortunately, the results showed no survival benefit (Kurz, 2018). 
Subsequent studies have also failed to provide groundbreaking evidence of the efficacy 
of immune checkpoint inhibitors in the treatment of GBM. The CheckMate 143 trial 
compared the efficacy of nivolumab and bevacizumab in patients with first relapse who 
had previously received temozolomide and radiotherapy. Unfortunately, this study 
showed no improvement in overall survival in the group of patients treated with nivo-
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lumab relative to the group receiving bevacizumab (Reardon, 2017). In contrast, Lukas 
et al. (Lucas, 2018) studied the efficacy of atezolimumab in patients with glioblastoma 
multiforme at first or second relapse. The drug was well tolerated, but the 12-months 
overall survival time was comparable to that with chemotherapy or bevacizumab.  

Although the development of immune checkpoint inhibitors has revolutionised the 
treatment of some cancers, the future of their use in the treatment of glioblastoma multi-
forme is unclear. The results of clinical trials of the use of single immune checkpoint 
inhibitors have not provided breakthrough data. This may be due in part to the immu-
nosuppressive environment of this tumour, including but not limited to a reduced number 
of lymphocytes infiltrating the tumour. Therapy failures may also be related to PD-L1 
expression in tumour cells, the number of mutations, or microsatellite instability (Yang, 
2021). Consequently, combination therapies – which include the use of more inhibitors 
of different checkpoints – are being investigated. Combination therapies using immune 
checkpoint inhibitors are discussed later in this article.  

COMBINATION THERAPIES  

Currently, classical therapies for glioblastoma multiforme focus on surgical treatment 
or the use of chemotherapy or radiotherapy. All of these methods place a heavy burden 
on the patient, which is why new therapeutic options are increasingly being researched 
(Huang, 2021). An example of such a method is immunotherapy which includes 
a number of different technologies, i.e. the use of monoclonal antibodies, CAR-T 
therapy or the use of checkpoint inhibitors (Chan, 2021; Huang, 2021). Using only one 
of these methods is called monotherapy. Often this choice of treatment is insufficient, 
so current clinical trials will largely focus on the possibility of combining different 
therapies. This significantly increases therapeutic options, leading to a synergistic effect 
of two or more therapeutic substances. Of greatest interest among researchers have been 
combinations of immunotherapy together with CAR-T therapy or multiple checkpoint 
inhibitors, but also immunotherapy with radiotherapy (Chan, 2021; Huang, 2021). 

The combination of radiotherapy and immunotherapy offers promising opportunities. It 
is assumed that adequate doses of radiation are able to lead to tumour necrosis by 
triggering the abscopal effect which has been described in detail by Mole et al. (De 
Martino, 2021; Medikonda, 2021). In addition, the presentation of antigens and neo-
antigenes is increased, resulting in immunomodulation. Ongoing clinical trials are 
currently focused on evaluating the safety of using a combination of hypofractionated 
stereotactic radiotherapy (HFSRT) with immunotherapy, mainly with anti-PD-1 mono-
clonal antibodies (Medikonda, 2021; Sahebjam, 2021). The clinical trial comprised 32 
patients who were treated with bevacizumab plus pembrolizumab with concomitant 
HFSRT (Sahebjam, 2021). The results confirmed the safety of immunotherapy combined 
with radiotherapy. Significant PD-1 expression ≥10 % was observed in only one of the 
patients studied, suggesting the high efficacy of this treatment method (Sahebjam, 
2021). In addition, researchers are focusing on combining laser ablation with the 
simultaneous use of anti- PD-1 monoclonal antibodies in the treatment of GBM. It is 
suggested that with this method it is possible to eliminate the main problem of treating 
brain tumours, i.e. the blood-brain barrier (Medikonda, 2021). As a result of the loss of 
this barrier, there may be an influx of immune cells into the tumour and there is also an 
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increase in the availability of tumour antigens, but the safety of this method is still 
under investigation (Medikonda, 2021). 

An interesting idea with promising preliminary results from clinical and preclinical 
studies is the possibility of using a combination of multiple checkpoint inhibitors, i.e. 
PD-1, CTLA-4, indoleamine 2,3-dioxygenase 1 (IDO1) and a combination of lympho-
cyte-activation gene 3 (LAG-3) and T-cell immunoglobulin and mucin-domain con-
taining-3 (TIM-3) with anti-PD-1. The concept of combination therapy has currently 
been approved by the FDA for the treatment of melanoma thanks to the use of PD-1 
and CTLA-4 inhibitors. Researchers suppose that such a combination is also worth 
considering for the treatment of glioblastoma multiforme. Thus, preclinical phase studies 
are currently being conducted on the utility of these inhibitors against GBM (Chan, 
2021). One of the characteristic checkpoint molecules for glioblastoma multiforme is 
the IDO1 molecule. Its function described to date is to convert the amino acid trypto-
phan to kynurenine which has an immunosuppressive role and additionally increases 
salience to metastasis (Chan, 2021; Zhai, 2021). Increased expression of the IDO1 
molecule is also correlated with higher mortality by increasing the influx of immuno-
suppressive Treg cells. Therefore, a clinical trial was conducted using triple checkpoint 
blockade, i.e. PD-1, CTLA- 4 and IDO1. The results showed that under the application 
of this antibody combination, there was a significant reduction of Treg cells within the 
tumour (Chan, 2021). Similar effects in preclinical studies were obtained with the 
combination of anti-PD-1 inhibitors with LAG-3 and anti-PD-1 with TIM-3 (Chan, 2021). 

In the treatment strategy for glioblastoma multiforme, combinations of modern cancer 
therapy regimens are also being considered. An example of such a combination is the 
use of the previously described CAR-T system with checkpoint inhibitors (Chan, 2021; 
Maggs, 2021). The use of these inhibitors as a monotherapy is often limited due to the 
fact that a T-cell response is required and also through the presentation of neoantigens 
by class I tissue compatibility system antigens (Maggs, 2021). In ongoing preclinical 
studies on glioblastoma multiforme models, anti-PD-1 and anti-CTLA-4 checkpoint 
inhibitors were used in combination with CAR-T cells. In the first case, CAR-T cells 
containing the extracellular domain of anti- IL13Rα2 were used in combination with 
ipilimumab and nivolumab to assess the safety and the lack of toxicity on body cells 
excluding tumour cells. The postulated synergistic effect of this therapy is to help 
immune cells fight the tumour and also lead to the inhibition of tumour cell growth and 
metastasis (Maggs, 2021). The combination of anti-EGFRvIII CAR-T cells with an 
anti-PD-1 monoclonal antibody is also one of the similar studies currently underway 
(Maggs, 2021). 

The possibility of combining several therapies offers great opportunities for the treat-
ment of glioblastoma multiforme. The main problem, however, continues to be the 
blood-brain barrier, through which only selected molecules can pass. Researchers are 
therefore attempting to combine the therapeutic methods available to date for different 
types of cancer in order to effectively bypass this obstacle. In addition to the described 
combinations of different methods, clinical or preclinical studies are conducted com-
bining immunotherapy with protein vaccines, chemotherapy or epigenetic drugs (Chan, 
2021; Maggs, 2021) as well as with nanotechnology in its broad sense, thanks to which 
it is possible to deliver a therapeutic substance to a precisely targeted place within 
a given tumour (Maggs, 2021). 
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SHORT CONCLUSION 

Immunotherapy has changed the lives of many cancer patients. Research into its use in 
glioblastoma multiforme is extremely important, as standard treatments do not extend 
the life span of patients very much. Due to the complex biology of glioblastoma multi-
forme, it is difficult to find an effective therapy, as this is related not only to the high 
heterogeneity within the tumour, but also between individual patients. The low muta-
tional burden of the tumour is also unfavourable. Furthermore, the immunosuppressive 
microenvironment of GBM is also responsible for immunotherapy failures. However, 
data coming from an increasing number of clinical trials raise hope. The use of different 
types of immunotherapy, such as cancer vaccines, CAR-T therapy, virotherapy or 
immune checkpoint inhibitors has proven effective in some patients. Even a slight pro-
longation of survival among patients is a significant achievement. Moreover, immuno-
therapy seems to be much more effective when not one, but more strategies are used. 
In addition, the results of trials of combination therapies using both immunotherapy 
and other treatments seem very promising. Undoubtedly, more research is needed, both 
on the biology of glioblastoma multiforme itself, which will allow the development of 
patient-specific personalised therapies, and on the development of new combination 
therapy regimens.  
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ABSTRACT 

Lung cancer is one of the dominant causes of all cancer deaths. In 2020 worldwide there were 2.2 million 

patients diagnosed with lung cancer, and 1.8 million patients died at the same time. Based on the data from the 

European Cancer Information System, 318,327 patients were diagnosed with lung cancer in Europe in 2020.  

Lung cancer symptoms, e.g. persistent cough and shortness of breath often fail to be recognised properly, 

which delays a visit to a specialist. Finally, most symptoms are diagnosed in stage IV of the disease, where 
therapeutic options are rather limited. Surely, there is an urgent clinical need in this area waiting to be 

recognised. Scientists all over the world are trying to find various solutions to better detect, predict forecast 

and avoid relapse of disease using novel techniques called “liquid biopsy”. Circulating tumour DNA 

(ctDNA) is a biomarker that holds promising potential. One of the fractions of all Circulating Cell Free DNA 

(cfDNA), circulating tumour DNA is degraded and fragments of the DNA are released passively from 
apoptotic and necrotic cancer cells. Moreover, it has been discovered that cancer cells can also actively 

release ctDNA owing to the mechanism of producing extracellular vesicles (EVs).  

The biology and the methods of the ctDNA identification will be presented in this narrative review. Further-

more, it will be focused on presenting the role of ctDNA in screening and early diagnosis as well as on the 

effect of different concentrations of ctDNA on prognosis, staging, patients’ stratification and detection of 
MRD (Minimal Residual Disease) for the group of lung cancer patients. It will be also highlighted that the 

ctDNA can be considered biomarker in terms of immunotherapy usage in different subgroups of patients. 

At the end, the review will focus on the future directions with innovative approaches that can potentially 

improve detection, therapy and finally make it possible to accurately predict and monitor the disease.  

INTRODUCTION 

CHARACTERISTICS OF LUNG CANCER 

Based on the newest estimations provided by GLOBOCAN 2020, there were 19.3 
million patients with a diagnosis of cancer, nearly 10 million of whom died. Lung 
cancer was responsible for 2.2 million cases and 1.8 million deaths. It is worth mentio-
ning that lung cancer is now the second most frequent diagnosed cancer with the highest 
mortality in men, however, in women it is third most common cancer preceded only by 
colorectal and breast cancers (Sung, 2021). In Europe, lung cancer is the second most 
common cancer in males, preceded only by prostate cancer. As far as females are 
concerned, the incidence in Europe is exactly the same as globally. In 2020, there were 
about 320,000 patients diagnosed with lung cancer in the EU with over 257,000 deaths 
accordingly (OECD, 2020).  

It is common knowledge that main risk factors for developing lung cancer remain un-
changed and include tobacco smoking and environmental factors such as: air pollut ion, 
arsenic in drinking water, and exposure to asbestos. Increasing cases of the disease can 
be broadly prevented by implementing tobacco control policies and regulations (Carioli, 
2021). Unfortunately, survival rates of patients diagnosed with lung cancer after 5 years 
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are extremely low ranging from 10% to 20%. Survival rates are slightly higher in Japan 
(33%), Israel (27%) and the Republic of Korea (25%) (Allemani, 2018).  

Lung cancer can be divided into two main groups: Non-Small Cell Lung Cancer (≈85% 
cases) and Small Cell Lung Cancer (≈15% cases). The former (NSCLC) has different 
origins and is being categorized into three subtypes: Adenocarcinoma (LUAD, alveolar 
type II epithelial cell), Squamous Cell Carcinoma (LUSC, basal epithelial cell) and 
Large Cell Carcinoma (LCC); various epithelial cells. The later (SCLC) has its origin 
in neuroendocrine cell linage (Sánchez-Ortega, 2021).  

It is important to note that survival rates depend on several factors, including the stage 
of the disease, histology type, and genetic alterations. In general, the prognosis for lung 
cancer patients remain poor. The 5-year survival rate for NSCLC patients is very low 
(about 16% at 5 years). In case of SCLC patients, the 5-year survival rate for people 
with SCLC is currently 7% (Sánchez-Ortega, 2021). It has been proved in multiple 
international randomized clinical trials that the introduction of annual low-dose com-
puted tomography may significantly improve early diagnosis and reduce lung cancer 
mortality (Aberle, 2019).  

Currently, we are witnessing a rapid development in precision oncology. These achie-
vements greatly improve patients’ outcomes, however, as indicated above there is a lot 
of space for improvement. Nowadays, we can describe a few examples of various genetic 
NSCLC (adenocarcinomas) growth drivers, which have contributed to developements 
in targeted therapies and immunotherapies. Currently, patients suffering from advanced 
lung cancer other than squamous cell carcinoma (SCC) should undergo genetic tests in 
clinical practice for the presence of EGFR, ALK and ROS1. The presence of these 
mutations is an important predictive factor for targeted therapies in terms of using 
inhibitors of EGFR (e.g. afatinib, erlotinib, gefitnib, osimertinib) and ALK or ROS1 
inhibitors (e.g. crizotinib) (Lindeman, 2018). It was established that lung cancer, along 
with other cancer types, demonstrates a high genomic instability with the progressive 
acquisition of genetic alterations considered as: point mutations, epigenetic alterations 
etc. resulting in an expansion of complex diverse disease (Di Capua, 2021). Therefore, 
future directions will be focused on the development of various targeted therapies 
along with the evolution of standardized techniques of detecting biomarkers, which 
proves helpful in the disease control. Detection of circulating tumour DNA (ctDNA) 
has such a potential due to the fact that serum biomarkers are not generally used and 
surveillance is only based on clinical and radiological examinations (Schneider, 2020). 
Tumour originated DNA is released into various body fluids from: the primary tumour, 
metastatic lesions, circulating tumour cells (CTCs), minimal residual disease (MRD) 
(Li, 2020).  

PURPOSE OF THE REVIEW 

The main purpose of this review, based on the available literature, is an update and 
revision of current knowledge on the subject of the usage of detecting ctDNA in lung 
cancer patients. Detecting ctDNA, especially in case of non-small cell lung cancer 
(NSCLC), holds a big potential in early screening and disease control such as: detection 
of MRD, and further impact of next therapeutic options.  
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SEARCH STRATEGY AND S ELECTION CRITERIA 

To research the subject, the PubMed/MEDLINE, European Cancer Organization, 
Science Direct, Scopus databases were searched in a non-systematic manner for relevant 
publications. Articles that were published until August 2021 were included. Retrieved 
articles were filtered to remove duplicates and irrelevant results. The reference lists of 
the selected articles were checked for any other publications pertinent to this manus-
cript. The following key words were used: ("lung cancer" OR "non-small cell lung 
carcinoma") and ("ctDNA" OR "cfDNA" OR "liquid biopsy"). The research was limited 
to the available English reports (abstracts or full texts). All reports were selected 
(original and review articles) focusing on the ctDNA in the context of lung cancer 
diagnosis and therapy. 

REVIEW 

BIOLOGY OF "CFDNA – CTDNA" AND THE TECHNOLOGY OF DETECTION 

Looking back on a timeframe, the first records of detection of cell free DNA (cfDNA) 
was date back to 1948, to the work of Mandel and co-researchers (Mandel, 1948). In the 
early 80’s (1983) Shapiro with the team proved that there is a clear correlation between 
malignant and benign tissue and corresponding cfDNA concentrations (Shapiro, 1983). 
Cell-free DNA is released mostly from cells through mechanisms of apoptosis, necrosis, 
and also through active secretion in the process of forming extracellular vesicles (EVs). 
Apart from blood draw, the cfDNA can be detected in various body fluids such as: 
cerebrospinal fluid, urine, saliva and pleura (Wan, 2017). Elevated levels of cfDNA are 
described in various pathological conditions e.g. cancer, sepsis, autoimmune diseases 
and in particular, in physiological conditions such as pregnancy or intense physical 
exercise. As a result, the cfDNA level is studied as a potential biomarker for early 
diagnosis as well as for the diagnosis and prognosis (Khier, 2018). Unfortunately, there 
is insufficient evidence to support the pathophysiological role of cfDNA. Presumably, 
this is a byproduct of cellular processes/cellular stress (nonspecific biomarker of tissue 
damage). The role of cfDNA when released from healthy tissues is unclear.  

Usually cfDNA are nucleosome protected 150-200 bp sized fragments, and have 2-hour 
half-life time (Perez-Barrios, 2016). However, in non-small cell lung cancer it has been 
determined that a molecule lasts for 35 minutes. (Chen, 2019). Different lengths of 
released fragments depend on the caspase endonuclease, which specifically splits DNA 
fragments. The newest studies have shown that the fragmentation pattern understood as 
length of released DNA is strictly dependent on tissue origin (Snyder, 2016). It important 
to highlight that ctDNA is one of the fractions of all cfDNA, no matter if it comes from 
healthy or cancerous tissue. The concentration of cfDNA in blood plasma is generally 
low ranging from 5-10 ng/mL, whereeas the fraction of ctDNA varies from 0.1% to 
30% of the total cfDNA and is strictly dependent on the tumour size and disease stage 
(Crowley, 2013).  

Taking into consideration low concentrations of cfDNA for liquid biopsy, samples 
require strictly defined conditions. Plasma is preferred over serum, due to a high risk of 
lymphoid cells lysis that lead to the deafening of ctDNA, finally giving false positive 
results. To avoid undesirable process of blood cells lysis, samples should be processed 
maximally within 4 hours from the collection in room temperature or within 24 hours 
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at 4°C. To prolong the stability of the samples, there are also available commercially 
produced collection tubes (e.g. Roche Diagnostics, Qiagen). Those tubes contain 
leukocyte stabilizing agents that are capable of keeping the integrity of samples for at 
least 48 hours or even a week in a room temperature (Nikolaev, 2018).  

Detection of ctDNA has been improved over the years, which has increased sensitivity 
and improved correlation with the results of tumour biopsy specimens. Detection of 
ctDNA requires the presence of mutations that can be detected by various sequencing 
techniques (Filipska, 2021). The biggest challenge in performing the analysis is to 
detect ctDNA in the background of cfDNA originating from healthy tissue, where 
allelic copies of mutated genes are pretty low (Crowley, 2013). In targeted methods of 
detection, better sensitivity scores can be observed, together with reduced scope in the 
genome (Ross, 2011). For example, the sensitivity of ddPCR technique varies from 
74% to 82% with the specificity from 63 to 100% (Sacher, 2016). NGS techniques have 
even higher sensitivity and specificity, respectively ranging from 79% to 100% and 
94%-100% (Paweletz, 2016). Unfortunately, there is currently no "golden standard" in 
the detection of ctDNA. In general, the approach should fit the stage of the disease  
(fig. 1) (Riva,2016). For example, PCR-based methods are quite sensitive and cost-
effective, nevertheless, they also hold serious limitations. In the setting of NSCLC they 
are not recommended for detecting ALK and ROS rearrangements in ctDNA. Moreover, 
methods based on PCR are able to interrogate discreet and genetic mutations, and are 
limited in terms of the number of genetic targets that assays can detect (Rolfo, 2018).  

 

Figure 1. Different ctDNA detection techniques and their sensitivity versus clinical application  

(based on Riva, 2016) 

SCREENING OF LUNG CANCER USING CTDNA DETECTION 

Researches have already described a number of various molecular changes that cause 
lung cancer. Due to these findings patients’ outcomes have significantly improved over 
the years, however, poor disease prognosis in late stages (III, IV) remain unchanged. 
The first symptoms of the disease, such as: shortness of breath, persistent cough, unin-
tended weight loss, generalized weakness, are ignored by the patients (Gridelli, 2015). 
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Thus, there is a reasonable unmet clinical need to develop non-invasive biomarkers 
such as ctDNA.  

It has been proved that ctDNA genotyping can be a successful method for the early 
diagnosis of lung cancer (Li, 2020). It is important to highlight that a quick diagnosis 
allows early intervention and significantly improves survival rates (Cassim, 2019).  

In trials conducted for various cancer types, there was approximately 82% sensitivity to 
a ctDNA detection in stage IV of the disease, however, in stage I of the disease, the 
sensitivity dopped to 47% (Bettegowda, 2014). Another trial involved female NSCLC 
patients who were tested for the presence of ctDNA. Plasma ctDNA, blood cell ctDNA, 
pleural effusion DNA samples where collected from these patients and the analysis 
justified that Next Generation Sequencing, droplet digital Polymerase Chain Reaction 
(ddPCR) was more sensitive and reliable than the usage of amplification refractory 
mutation system (ARMS) in terms of detecting ctDNA Epidermal Growth Factor Re-
ceptor (EGFR) mutations, specifically L858R and T790M mutations of early stage 
NSCLC. The detection of these alterations is important in terms of treatment with 
Tyrosine Kinase Inhibitors (TKI) (Rebuzzi, 2019). Moreover, in 2018 Cohen with the 
team developed CancerSEEK (Cohen, 2018). The test can detect eight different human 
cancer types by measuring concertation of circulating polypeptides and mutations in 
ctDNA. In case of lung cancer, detection rate reached 75%. It appears that the combi-
nation of detection levels of eight proteins and the presence of mutations in 1,933 
distinct genomic positions can be considered to be an opportunity to diagnose lung 
cancer before the presence of radiological lesions, however, further studies on a bigger 
cohort of patients should be performed.  

Advantages in the abovementioned techniques are undeniable, however, it is important 
to highlight the presence of the phenomenon called clonal hematopoiesis (CH). This 
condition, in some of cases, can be a source of false-positive results. It is considered 
that detectable mutations of cfDNA/ctDNA can lead to overdiagnosis. Clonal hemato-
poiesis (CH) is a typical age-related spread of white blood cells that carry somatic 
mutations, which is linked with an increased risk of hematological malignancies, cardio-
vascular diseases and other all-cause mortality (Silver,2021). CH is caused by point 
mutations in genes associated with myeloid malignancies, chromosomal changes and 
loss of heterozygosity, whereby nonmalignant progenitor and hematopoietic cells acquire 
genetic alterations and may involve canonical CH genes. These genes include: tet 
methylocytosine dioxygenase 2 (TET2), DNA methyltransferase 3 alpha (DNMT3A), 
ASXL transcriptional regulator 1 (ASXL1), Janus kinase (JAK), tumourigenesis drivers, 
such as phosphatidylinositol 3-kinase (PI3KCA) and the abovementioned epidermal 
growth factor receptor (EGFR) (Liu, 2018; Hu,2019). The incidence of CH is ambi-
guous, but raises to 10-20% in individuals above the age of 70 (Silver, 2021). 

 The majority of cfDNA originates in hematopoietic cells, but those clonal hemato-
poiesis (CH) alterations in cfDNA are widely detected in serum and plasma. It means 
that with inappropriate controls, those mutations can be considered tumour-originated, 
causing misdiagnosis. High sensitivity analyses of cfDNA unveiled approximately 60-
90% of CH mutations in patients without cancer, which proved that this condition is 
age-related (Liu, 2018). To ward off those false-positive results, there will be a need 
for introducing a procedure of white blood cells’ control, that will include analyses of 
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fragment length discrimination and deep error controlled sequencing (Filipska, 2021). 
Fortunately, this method is technically achievable and simple to conduct, although it 
doubles the costs and significantly reduces cost effectiveness (Chabon, 2020).  

THE SIGNIFICANCE FOR PROGNOSIS PREDICTION AND TREATMENT CONTROL 

As it has been described, a lung cancer patient has significantly higher total concen-
trations of cfDNA than healthy individuals. The total amount of cfDNA and ctDNA is 
correlated with tumour progression and the number of metastatic sites. Patients with 
different concentrations of ctDNA can be stratified into two groups: low-ctDNA con-
centration and high ctDNA concertation, which clearly guides the prognosis (Li, 2020). 
For example, the status of EGFR mutation significantly impacts patient outcomes. 
Alteration of EGFR gene leads to a dysregulation of cellular growth and proliferation. 
The frequency of EGFR mutations in NSCLC varies from 13% to 22%, depending on 
patient’s ethnicity with a higher incidence in Asians (Antonoff, 2012). The status of 
EGFR ctDNA mutations has been checked in various clinical studies. One of them 
proved that the presence of EGFR ctDNA in patients with metastatic disease signi-
ficantly reduces the time of progression free survival (PFS) and overall survival (OS) 
(Kim, 2019). There were several other clinical studies supporting the argument that 
detection of EGFR ctDNA shortens patients’ outcomes measured as PFS and OS 
(Mok, 2015; Lee, 2016). Nonetheless, other studies showed contradictory correlation 
between the ctDNA EGFR presence and its impact on PFS, OS (Fan, 2017; Mao, 2015).  

Fan et al. published metanalysis that reported PFS and OS stratified by the presence of 
EGFR and KRAS mutations in ctDNA in advanced NSCLC lung. The pooled analysis 
showed that EGFR mutations in ctDNA were significantly improving the PFS 
(HR = 0.64, 95%CI [0.51-0.81], I2 

= 0%, p < 0.001) in patients treated with EGFR-
TKI. A trend was also observed of prolonged OS in terms of EGFR ctDNA presence. 
On the other hand, the presence of KRAS mutations in ctDNA was correlated with 
a prediction of worse PFS (HR = 1.83, 95%CI [1.40-2.40], p < 0.001) and OS 

(HR = 2.07, 95%CI [1.54-2.78], p < 0.001) in advanced NSCLC patients treated with 
chemotherapy. The abovementioned conflicting results may be due to the application 
of different inclusion/exclusion criteria, as well as various generations of TKI (currently 
three generations are used in treatment) (Zhang, 2016), and finally due to small sample 
sizes. 

Undoubtedly, globally performed clinical studies with improved stratification of patients 
in terms of ctDNA detection will facilitate proper direction. Presently, there are two 
assay kits approved for the EGFR testing in liquid biopsies, TheraScreen EGFR RGQ 
PCR Kit (Qiagen) and Cobas EGFR Mutation test v2 (Roche Diagnostics). Generally, 
researchers aim to develop finely-tuned approach to guiding lung cancer patients that 
will be approved by regulatory authorities for usage in clinical practice. 

MINIMAL RESIDUAL DISEASE (MRD) 

ctDNA is also under investigation for usage as a marker for detecting minimal residual 
disease (MRD) in patients who have undergone therapy for NSCLC. The intent of 
applying this approach comes from disadvantages of standard imaging. Computed 
Tomography (CT) and Magnetic Resonance Imaging (MRI) feature limited sensitivity 
to detecting micrometastases compared to overt metastases (Li, 2020). There was 
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a demonstrable decrease in ctDNA in patients that have undergone resection of NSCLC 
(Guo, 2016). In one study, over 50% of patients showed detectable ctDNA in the post 
treatment period, while 72% of patients had detectable ctDNA prior to the relapse of 
the disease. Moreover, the detection of ctDNA anticipated a radiological relapse by 
a median of 5.3 months (Chadhuri, 2017). Another study evaluated the dynamics of 
ctDNA testing. The presence of ctDNA one day after the surgery was not impacting the 
outcomes for patients understood to have had relapse free survival (RFS) and OS. How-
ever, the presence of ctDNA 3 and 30 days after surgery was associated with poor 
outcomes (Chen, 2019). Surely, the introduction of detecting ctDNA defined as moni-
toring the presence of MRD into regular clinical practice e.g. performing "liquid biopsy" 
during follow-up visits can significantly improve patients’ outcomes. Implementing 
targeted treatment before the occurrence of detectable metastases can unquestionably 
prolong life expectancy. 

CTDNA – BIOMARKER FOR IMMUNOTHERAPY 

The introduction of immunotherapy into treatments of different types of cancer has 
showed promising responses depending of the subgroup of patients. In terms of these 
results, there is a need for searching biomarkers which will better stratify the patients 
(Filipska, 2021). One of the recently launched clinical trials can change current clinical 
practices. BESPOKE study (NCT04761783 – May 2021) will examine the impact of 
SIGNATERA

TM
 (personalized, tumour informed 16-plex Next Generation Sequencing 

assay for the detection of ctDNA) on treatment decisions on tumour assessment 
(NSCLC, Melanoma, Colorectal Cancer) and timepoints after the initiation of immuno-
therapy. Furthermore, researchers detect Histone-Lysine N-Methyltransferase SETD2 
mutation in fusion drived NSCLC, which is not detected in patients with BRAF, 
KRAS, EGFR or MET mutations. These findings are important because ALK, ROS1 
fusion mutations showed no clinical response to the treatment with immune checkpoint 
inhibitors e.g. antibodies targeting anti-PD-1 (nivolumab and pembrolizumab) and 
anti-PD-L1 (atezolizumab). Moreover, the PD-1 / PD-L1 expression level is correlated 
with EGFR, ALK, and the treatment of patients with TKIs. Several clinical studies 
have shown that the level of expression of PD-L1 protein is upregulated in NSCLC cell 
lines that express an EGFR and the EML4-ALK fusion protein that are responsible for 
the progression of tumour (Zhu, 2020).  

Although the development antibodies for the treatment of cancer is indisputable, not all 
NSCLC respond to the treatment. There is a need to validate the feasibility of ctDNA 
detection in large cohort clinical trials to maximize the outcomes for patients treated 
with immunotherapies (Yang, 2021).  

CONCLUSION 

It is certain that ctDNA-based liquid biopsies may be a forceful tool for diagnosing 
cancer, monitoring the disease, making predictions and obviously changing the current 
procedures in managing the patients with different types of cancer (fig. 2). In authors’ 
opinion these techniques will provide detailed molecular information and may reduce 
a need for performing high risk invasive procedures as well as the execution of patho-
logical assessment.  

However, introducing ctDNA testing for regular practice in each and every case faces 
several barriers. The biggest obstacle is the requirement for proper specificity and 
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sensitivity. Moreover, there is a need for lowering the testing costs. This problem stems 
from very low concentrations of ctDNA, especially in early stage of the disease and is 
also strictly dependant on tumour biology. The number of patients enrolled for ctDNA 
research is much lower than the respective number in other clinical studies. Due to the 
aforementioned reasons clinical interpretations of given results are presently rather 
hobbled. It will be crucial to test composite gene panels with well indicated endpoints 
to prove their clinical utility.  

Certainly, further studies will deliver more “real-world” data which should and can 
improve all stages of ctDNA analysis starting from the isolation and finishing on the 
interpretation of received results. A combination of standard of care approaches with 
the abovementioned novel techniques can significantly change lives of patients suffering 
from lung cancer and also other types of cancer. 

 

Figure 2. Graph indicating possible roles of ctDNA along with CTCs in the clinical course of patient s 

suffering from Non-Small Cell Lung Cancer in comparison with standard of care (SoC) approaches. Patient 1 

(solid line) demonstrates a standard “journey”, but Patient 2 (dotted line) goes with the approach including the 

usage of ctDNA and CTCs in NSCLC treatment (based on Di Capua, 2021) 
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ABSTRACT 

Gliomas are primary neuroepithelial neoplasms, i.e. originating from the central nervous system. They 
account for about 30-40% of brain tumors. 40 to 90% of gliomas are malignant neoplasms. Conventional 

therapeutic approaches often fail to provide cure or long-term remission. An additional factor supporting 

the treatment may be a diet based on changes in the metabolic environment of the body. 

Healthy cells have the ability to change from glucose to ketone bodies as their main source of energy. It is 

an evolutionary adaptation to food scarcity that allows survival during extreme changes in the environment. 
Unlike normal neuronal and glia cells, which easily use ketone bodies (β-oxybate) for energy, brain tumors 

are highly dependent on glycolysis. The condition for the flexible transition of cells from glucose sources 

to ketone bodies is a correct genome and mitochondria. The situation that limits this possibility are cancer 

mutations. An approach to treating brain tumors that uses the metabolic flexibility of healthy brain cells at 

the expense of cancer cells could become the future for extending the life of this group of patients. Studies 
in both animal and human models confirm the benefits of implementing a low-carbohydrate diet in the 

treatment of glioblastoma. 

This chapter summarizes the latest reports in this area. A low-carbohydrate diet brings not only benefits 

such as reduction of tumor size and prolonged survival of cancer patients, but also many doubts about the 

safety of its long-term use due to malnutrition, deficiencies and changes in the intestinal microflora. 

INTRODUCTION 

2% of all cancers are primary brain tumors and 30-40% of them are gliomas. Most often, 
gliomas are found in adults between the ages of 40 and 65. Ratio male-female is 6:4 
(Zülch, 1986). About 50% of gliomas in adults are glioblastomas (Schneider, 2010). 
Glioma arising from the glial group is in four grade and the IV grade of glioma is  
glioblastoma which is the most aggressive form. Glioblastoma (GBM) is account about 
for over 82% of all malignant gliomas (Varshneya, 2015). The etiology of GMB for-
mation is unknown. It is suspected that both endogenous and exogenous factors may 
play a role. The incidence of the disease depends on age, sex, genetic factors, origin, 
exposure to infections, viruses, radiation, exposure to certain chemicals and diet 
(McLean, 2005; Idowu1, 2008).  

The standard therapy in the treatment of glioblastoma is maximum excision followed 
by radiation and chemotherapy (temozolomide) (Martin, 2020). Medium survival after 
diagnosis, it is about 15 months. After treatment, it is approx. 5 years, and after treatment 
and relapse, it is about 25 months. Therefore, there is an ever increasing need to develop 
new treatments and prevention of glioblastoma that can accompany standard proce-
dures (Klein, 2020). Recent research indicates alternative methods such as proge-
sterone therapy or nutritional therapy that can inhibit angiogenesis in cancer glial cells 
while inhibiting the growth of a malignant tumor. 

Glioblastoma cells, unlike normal cortical cells of the brain, are much more sensitive to 
changes in the level of glucose in the body. When there is a very low blood glucose 
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level in the blood serum, e.g. due to starvation, healthy brain cells use ketone bodies as 
a source of energy, while this metabolic pathway is unavailable for glioblastoma cells 
(Klein, 2020). Impaired metabolic pathways of cancer cells are described in the 1950s 
by Otto Warburg. The differences in the use of glucose resources between cancer cells 
and healthy cells were referred to as the "Warburg Effect". It concerns genetic changes 
related to the use of glucose in the process of glycolysis in cancer cells. The metabolic 
differences may be related to the loss of p53, followed by an increase in the activity of 
serine-threonine kinase (Akt), which results in the use of excess ATP (Abdelwahab, 
2012). Mutations in cancer cells can be used to combat them by altering the metabolic 
environment. Reduced glucose levels and increased ketone bodies prevent proliferation 
and inhibit the growth rate of GMB cells in animal and human models (Martuscello, 
2016; Syfried, 2011). Significant reduction in environmental glucose levels causes 
apoptosis of GMB cells, but not of normal brain cells. Additionally, high levels of 
ketone bodies inhibit the growth of GMB on human cell lines. It can therefore be 
assumed that both low glucose levels and high ketone bodies have a beneficial effect in 
the treatment of glioblastoma, while their synergistic effect is most beneficial (Syfried, 
2011; Mukherjee, 2004). Caloric restrictions are an additional factor supporting the 
nutritional treatment of KD. The combination of nutritional ketosis and calorie reduction 
has a pro-apoptotic, anti-angiogenic, and anti-inflammatory effect, reducing the expres-
sion of the mTOR effector in mice with an experimental malignant glioma. This 
mechanism reduces tumor size and growth and increases rodent survival (Klein, 2020). 
Some studies suggest that nutritional ketosis may reduce tumor metastasis (Poff, 2015). 
It is also known that ketosis increases the sensitivity of cancer cells to chemotherapy 
and radiotherapy (Klement, 2018). It has been proven that during KD, low insulin and 
IGF-1 levels inhibit the PI3K / AKT signaling pathway, which promotes apoptosis, 
reduces proliferation and angiogenesis of cancer cells (Pondel, 2020). In contrast, high 
glucose levels cause tumor growth and stimulate angiogenesis, and prolong tumor life 
in mice (Seyfried, 2012; Mukherjee, 2004). Patients with GMB showing hypergly-
cemia have shortened survival times (Derr, 2009).  

To induce a state of ketosis, it is important to supply carbohydrates in the diet. Among 
the diets, we distinguish high-carbohydrate diets, the energy of which comes from 
carbohydrates in more than 45%, from 26-44% of a medium-carbohydrate diet, less 
than 26% are low-carbohydrate diets and very low-carbohydrate diets contain less than 
10% of carbohydrates from total energy (Oh, 2020 ). A low-carbohydrate diet is one 
that provides 20-60 grams of carbohydrates per day. Among low-carbohydrate diets, 
we can distinguish the Atkins diet and various ketogenic diets (KD) (Last, 2006). The 
Atkins diet was created in 1970 and is less restrictive with regard to the amount of 
calories, proteins or fats consumed, although about 65% of the energy requirement 
should be in the form of fat (Kossoff, 2008). Among KD, we can distinguish the classic 
4: 1 form, the ketogenic MCT (Medium Chain Triglycerides) diet and the ketogenic 
diet with a low glycemic index (IG). KD 4: 1 should contain 90% energy as fat, for KD 
MCT is 73% (including 30-60% medium chain triglycerides) (McLean, 2004). A low 
GI KD diet should contain about 60% energy from fat, and carbohydrate sources should 
have a GI lower than 50 (Neal, 2017). Initially, to achieve the state of nutritional ketosis, 
i.e. the concentration of ketone bodies in the range of 1-7 mM in the blood serum, 
should be consume up to 20 grams of carbohydrates a day, then this amount can be 



 

Ewelina Polak-Szczybyło, Magdalena Zielińska, Grzegorz Sobek, Agnieszka Ewa Stępień 
 

70 

increased to 50 grams (Pondel, 2020). This level of ketone bodies does not change the 
pH of the blood. Low blood glucose concentration causes the body to produce small 
amounts of insulin and increased amounts of glucagon, which in turn leads to the use 
of free fatty acids (FFA) released together with glycerol from adipose tissue by 
adrenaline as a result of lipase (Longo, 2019). The released fatty acids are converted by 
the mitochondria of hepatocytes in the process of β-oxidation to acetyl-CoA. With low 
blood glucose levels during the Krebs cycle, the accumulated acetyl-CoA is used to 
produce ketone bodies. The three main ketone bodies are acetoacetate (AcAc),  
b-hydroxybutyrate (BHB) and acetone. The first two are the most important to produce 
energy for the body. Due to its volatile nature, acetone is eliminated through the lungs 
and through the kidneys. AcAc and BHB in the mitochondria of tissues other than liver 
tissues are converted into ATP in the Krebs cycle (Glew, 2010).  

The ketogenic diet is a very demanding diet in many ways. It must be strictly respected 
not only by the sick person, but also by their caregiver. It often promotes caloric reduc-
tion, which can lead, along with elimination, to nutritional deficiencies and malnu-
trition. It should be remembered that not all the products allowed in it are generally 
considered healthy. The most common sources of fat in KD are oils, fatty meats and fish, 
fatty dairy products, including cream and cheese, and eggs. Additionally, the diet should 
be enriched with low-starch vegetables. There are special nutritional preparations ava-
ilable on the market that ensure the optimal composition of the diet and better control 
over ketosis (Freeman, 2010). The use of a ketogenic diet in the treatment of cancer 
depends on the type of cancer, its subtype, location, and genetic factors (Pondel, 2020). 
The studies carried out on both the animal and human models seem to be contradictory.  

SEARCH STARTEGY AND S ELECTION CRITERIA 

The review contains all studies from 2007 to 2021 listed in PubMed for the search terms: 
ketogenic diet, diet, low-carbohydrate diet, cancer, glioblastoma, glioma. In the studies, 
the parameters relevant to the review were first and foremost, survival, tumor size, side 
effects, and group size. 12 studies on an animal model and 9 studies on a human model 
were selected. 3 case studies were also taken into account. 

ANIMAL MODEL RES EARCH 

Studies in animal models often show positive results. However, their result depends on 
many factors, which makes it even more difficult to decide whether KD therapy is 
effective and should be recommended in the treatment of GBM. 

Nutritional ketosis is often used as an adjunct to conventional treatment. Abdelwahab 
et al. studied mice with GL-261 malignant glioma. Both in the group of animals under-
going radiotherapy and chemotherapy (temozolamide), their lives were prolonged 
during the use of KD compared to the control group (Abdelwahab 2012; Abdelwahab, 
2011). Also, studies from 2014 showed that only a combination of diet and chemo-
therapy is an effective method to extend the life of sick animals. Without treatment, 
this effect was not observed for the KD group (Rieger, 2014). Another study also found 
that KD combined with caloric restriction, chemotherapy or a hyperbaric chamber 
increased survival. This has not been observed in the no-treatment group on either 
a ketogenic or calorie restricted diet (Augur, 2018). Similar results were obtained in 
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another study where mice with malignant glioma on a low-calorie ketogenic diet were 
given 6-diazo-5-oxo-L-norleucine. In this group, tumor growth was inhibited and sur-
vival increased. No such correlations were observed in the control group on a standard 
diet treated with 6-diazo-5-oxo-L-norleucine. In this study there was no caloric deficit 
control group without Kd and treated with 6-diazo-5-oxo-L-norleucine, therefore we 
cannot exclude that caloric restriction and treatment are the most important factor 
(Mukherjee, 2019).  

There are reports in animal studies relating to the successful use of KD in the treatment 
of GBM without chemotherapy or radiotherapy. This is confirmed by a study on mice 
that used the 8: 1 ketogenic diet. In this diet, the glucose level did not change, but the 
level of ketone bodies increased significantly, which resulted in a decrease of tumor 
progression, an increase of survival compared to the control group (Stafford, 2010; 
Scheck, 2012). The positive test results were explained by decrease ekspression of 
coding genes IGF-1, Ras GTPase activating protein (RasGAP) i mitogen-activated 
protein kinase 8 (MAPK8) in mause tumor. This resulted in changes in the signaling 
pathways of factors responsible for the growth of glioblastoma: IGF-1, platelet-derived 
growth factor (PDGF) and epidermal growth factor receptor (EGFR) (Scheck, 2012). 
Similar results were also obtained by Lussier et al. using dietary intervention in mice 
with GL-261 malignant glioma. The anti-tumor effect was achieved in comparison with 
the control group (Lussier, 2016). However, in another study, KD reduced microcir-
culation of a malignant tumor in mice (Woolf, 2015). Also, positive results KD shows 
research with three group of mice. On a control, ketogenic, and low-carbohydrate, 
high-fat (HFLC) diet. The last two diets caused a decrease in glucose and an increase 
in ketone bodies which increased the survival rate of animals in these groups. This 
study indicates that the HFLC diet is an effective alternative to KD. This is crucial for 
post-treatment patients who refuse or are contraindicated in following a strict ketogenic 
diet for the rest of their lives. The results seem interesting, and this thesis should be 
examined more closely (Martuscello, 2015). 

In opposition to these positive results, there are numerous studies that do not support 
the effect of the KD diet. In a study by Zhou et al. three interventions were used in 
mice bearing U87-MG glioblastoma. A ketogenic diet without caloric restrictions, 
a ketogenic diet with caloric restrictions and a standard diet. Tumor growth was inhibited 
and the survival rate increased only in the group of mice with ketosis and caloric 
deficit. This would indicate that reducing the daily caloric intake along with ketosis is 
the only effective method. There was no caloric deficit-only group in this study, which 
does not explain the results of the study (Zhou, 2007). A 2016 study, however, where 
two groups of sick mice on a caloric-deficient diet were compared, and one of them 
was additionally put into ketosis, no differences were found between them. The effect 
was neither recorded in terms of survival nor tumor growth inhibition was observed, 
although both the glucose levels in the subjects were low and the ketone levels were 
high (De Feyter, 2016). A study on mice on a ketogenic diet and those in the control 
group should also be cited. Both groups had statistically similar results in terms of 
survival and tumor growth (Maurer, 2011).  
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HUMAN MODEL RES EARCH  

The results of human studies appear to be highly debatable. The type of diet (caloric 
restriction, amount of carbohydrates), the duration of the intervention, the number of 
patients who completed the study compared to the initial group, and the results (tumor 
growth, survival, quality of life, dietary side effects) should be taken into consideration.  

The 2014 research was started by 20 patients and 8 completed. Patients with standard 
treatment were put on a ketogenic diet containing plant oils, without caloric restriction. 
Among 8 patients with stable ketosis, life was prolonged without tumor progression, 
however, it should be remembered that the study only lasted 6 weeks. Patients reported 
improved quality of life on a ketogenic diet. The authors concluded that the KD diet 
was unsuccessful when used without standard treatment (Rieger, 2014). Similar results 
were obtained by Champ et al. in patients after tumor resection, radiotherapy and the 
KD diet. The tumor did not recur within 9 months (Champ, 2014). Mention should be 
made of another study using perillyl alcohol (POH) and a ketogenic diet in patients 
with recurrent glioma. The survey completed 9 of 17 participants. After three months 
of treatment, partial response was observed in 77.8% of patients, stable disease in 
11.1% and progressive disease in 11.1%. Compared to the control group (standard diet, 
n = 8), partial response was 25%, stable disease 25% and PD 50% (Santos, 2018). 
Strowd et al. used a modified Atkins diet (20g of carbohydrates per day) in 8 patients 
for 2-24 months did not achieve a significant extension of life compared to the expected. 
The only advantage of nutritional ketosis was the reduction of epileptic seizures among 
patients (Strowd, 2015). In a study by Martin-Mc Gill et al. after 3 months of KD 
intervention (20 grams of carbohydrates per day) and standard therapy, patients' weight 
decreased but their quality of life improved according to subjective judgment (Martin-
Mc Gill, 2018). In a study by Martin-Mc Gill et al. in 2020, a ketogenic or ketogenic 
diet with MCT was introduced in 12 people diagnosed with glioblastoma. Only 4 people 
completed the three-month intervention, including one at MCTKD. Global Health 
Status (GHS) improved in patients after KD and decreased in patients after MCTKD 
(Martin-Mc Gill, 2020). In these studies, we know nothing about tumor progression 
and survival. Patients on the KD diet and standard treatment after 3 months saw 
a reduction in BMI, fatigue and the number of epileptic seizures, increased energy 
levels, physical mobility, and improved mood and cognitive functions. However, no 
information was provided on tumor progression (Panhans 2020). Latest research on 50 
patients who were divided into two groups where re-irradiation combined with either 
SD (standard diet) or KD-IF (calorie-restricted ketogenic diet and intermittent fasting), 
3 days of ketogenic diet (KD: 21-23 kcal/kg/d, carbohydrate intake limited to 50 g/d), 
followed by 3 days of fasting and again 3 days of KD. After one month, 20 patients who 
completed the study found that cognitive function had changed, such as progression-
free survival (PFS) and overall survival (OS) with significant differences and Quality 
of Life unchanged (Voss, 2021). Among patients who did not receive standard treat-
ment, only caloric reduction and nutritional ketosis did not show positive changes after 
3 months. During this time, the tumor increased in size and the patient's body weight 
decreased (Shwartz, 2015). 
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CASE STUDY 

In a study on a patient with glioblastoma after standard therapy, a ketogenic diet and 
caloric restrictions were applied. There was a 20% loss in body weight, but the final 
BMI was normal (20 kg/m

2
). During 5 months of caloric restriction and 2 weeks of 

nutritional ketosis, the results of tomography did not show an increase in tumor 
volume, however, 10 weeks after discontinuation of diet, the tumor began to grow back 
(Zuccoli, 2010).  

A patient with growing GBM IDH1 glioma refused standard treatment in addition to 
tumor resection. Before and after the procedure, she used KD. After the procedure, slow 
tumor growth was noted, but the patient's survival time without chemotherapy and radio-
therapy was 80 months at the time of publication of the case study (Seyfried, 2021).  

In another study on a 38-year-old man diagnosed with glioblastoma, apart from a keto-
genic diet, standard therapies (resection, chemo-radiotherapy), vitamin and mineral 
supplementation, treatments in a hyperbaric chamber and numerous additional medi-
cations were also used. After 9 months, the seizures weakened and the tumor shrinked. 
However, the authors cannot determine which intervention brought the best results 
(Elsakka, 2018) 

DISCUSSION 

The results of human studies appear to be inconclusive. The research is completed by 
a small percentage of patients, which makes the analysis even more difficult. This is 
due to the lack of effects, poor diet tolerance, or complications that may be associated 
with it. In many studies there is no control group, dietary assumptions often differ, and 
the state of ketosis results in a reduction in calories, which may also influence the 
development of the disease. Many study authors admit that KD intervention without 
standard treatment is usually of no avail. It should be noted that scientists emphasize 
that the best results of the KD diet occur when combined with other therapeutic methods 
such as tumor resection, chemotherapy, radiotherapy, vitamin and mineral supplemen-
tation, treatments in a hyperbaric chamber or additional drug support (Elsakka, 2018). 
The benefits of KD in cancer and glioblastoma are very important. One of them is 
reducing the tumor, stopping its growth, and thus increasing the survival time (Rieger, 
2014; Champ, 2014; Santos, 2018). Other patient reported benefits include a reduction 
in fatigue and epileptic seizure frequency (Strowd 2015; Martin-Mc Gill, 2018, Panhans, 
2020). Despite many positive reports, one cannot forget about the problems and threats 
that KD brings. During nutritional ketosis, reported side effects were hypoglycaemia, 
hypernatraemia, hypocalcaemia, gastrointestinal complaints (diarrhea, nausea, vomiting, 
dyspepsia), and dry mouth (Martin, 2020). Enother side effects of the ketogenic diet is 
"keto-flu". It occurs during the first week of diet as the body adapts to the new 
composition of nutrients. It manifests with gastrointestinal symptoms, headache and 
muscle cramps which are results of a loss of fluid and electrolytes as well as metabolic 
acidosis (Bostock, 2020). All these negative aspects mean that few people are able to 
stick to the ketogenic diet. In a study by Kossoff et al. the diet was started by 30 adult 
patients with incurable epilepsy who were treated with the Atkins diet variant (15 g of 
carbohydrates / day). After a month, there were 26, after 3 months, 20, 6 months lasted 
14. People who stopped the diet reported lack of effectiveness (9 people), 6 considered 
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the diet difficult to implement, and one 1 did not start the diet despite registration 
(Kossoff, 2008). In another study, patients who gave up on diets indicated reasons such 
as "too restrictive", "inconvenient" (Panhans, 2020). 

Caloric restrictions in dietary intervention often occur unintentionally due to decreased 
appetite on a high-fat diet (Pondel, 2020). In studies, the caloric deficit itself is often 
a factor supporting the treatment of glioblastoma (Zuccoli, 2010). It remains to be consi-
dered whether the factor affecting the health of patients with glioblastoma during the 
intervention is dietary ketosis, a caloric deficit, or a combination of both? The caloric 
deficit is often a disadvantage in patients who are of normal weight or are already in 
the state of cancer cachexia. It is known that malnutrition is a very common cause of 
death among cancer patients. Cancer cachexia is characterized by loss of body weight 
with specific losses of skeletal muscle and adipose tissue. It negatively affects quality 
of life, physical, emotional and social well-being and responsiveness to chemotherapy. 
Adequate nutritional support remains a mainstay of cachexia therapy (Baracos, 2018; 
Sadeghi, 2018). 

The long-term effects of LCH diets are still unknown. It is known that due to the predo-
minance of saturated fatty acids, it may worsen the results of the lipid profile (increase 
in LDL, VLDL, non-HDL fractions) and promote cardiovascular diseases (Pondel 2020). 
In research by Rosenbaum et al. the KD was associated with increased cholesterol and 
inflammatory markers after 4 weeks (Rosenbaum, 2019) (O’Neil, 2020). Due to the 
elimination of numerous products on the KD diet, possible deficiencies may occur. It is 
recommended to enrich the ketogenic diet with supplementation of water-soluble 
vitamins such as: vitamin B1, B2, B6, niacin, folic acid, biotin, pantothenic acid, zinc, 
selenium, calcium, carnitine and omega-3 acids (Pondel, 2020). Most of these 
ingredients which may be deficient during the KD diet actively support the immune 
system in anti-cancer immune responsiveness (Soldati, 2018). The diet that, according 
to many studies, shows the most effective anti-cancer properties is the Mediterranean 
diet. It is rich in products such as whole grains (about 50-60% of the total caloric intake), 
vegetables, fruit and legumes, which are mostly not allowed on ketogenic diet. In the 
long term, the lack of these products and the ingredients they contain may para-
doxically contribute to cancer recurrence (Divella, 2020). Lack of consumption of the 
right amount of fiber and prebiotics may adversely affect the condition of the microflora 
of patients during the KD diet, at the same time favoring inflammatory and neoplastic 
processes (Soldati, 2018). Medicine still needs to search for new therapeutic combi-
nations that include dietary metabolic regulation with conventional therapies. Perhaps 
this will avoid the side effects of long-term chemotherapy or multiple irradiations. 
(Strowd, 2015).  

CONCLUSION 

Despite numerous studies related to the ketogenic diet in the treatment of cancer, inclu-
ding glioblastoma, there is still no clear position. There are more and more questions 
that need to be answered before KD is proposed as one of the treatments for cancer. 
The contraindications for the use of KD or the criteria for when the diet should be 
discontinued should be clearly defined. This could be too low body weight, hypo-
glycaemia or gastrointestinal side effects. It is worth defining a dietary management 
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schedule if it is decided to be used one of the LCH diets. Uniform recommendations 
must be made for the diet to be most effective while minimizing side effects. Accurate 
education of patients who choose this type of therapy is essential. The first time of 
adaptation to KD should take place in the hospital ward so that the impact of "keto-flu" 
or other side effects on the patient's well-being can be minimized. 
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ABSTRACT 

Epithelial-mesenchymal transition (EMT) is a morphologic cellular programme defined as the phenotypic 

transition from an epithelial to a mesenchymal state. Pathologically hyperactivated EMT is widely described 

in tumour development and progression. Proteins that orchestrate EMT have been correlated with incre-

asing histologic grade and poor prognosis for several types of carcinomas. Pancreatic ductal adenocar-

cinoma (PDAC) is one of the most aggressive solid malignancies, characterized by its insensitivity to the 
current therapy. Colorectal cancer (CRC) is the second most diagnosed malignancy among females and 

third among males worldwide. To provide the most effective diagnostic and therapeutic schemes for afore-

mentioned carcinomas, new markers must be discovered and implemented. Various studies suggest that 

EMT is an indispensable process for PDAC and CDC growth and dissemination. Discovering new molecular 

models associated with the complex process of carcinogenesis lets us be a one step closer to more perso-
nalized diagnostic and treatment schemes for oncological patients. As an example, broaden research on the 

mechanism of pharmacological miRNA targeting might enable the future implementation of miRNA-based 

therapeutics into the CRC treatment schemes. On the other hand, proteins or genes related to EMT might 

become tempting targets for defeating chemo- or radioresistance in patients with PDAC. In addition, EMT 

inhibition or reversion might overcome acquired resistance to the implemented treatment caused by drug 
induced-EMT, both in PDAC and CRC patients. This study aims to sum up recent knowledge on the subject 

concerning epithelial-mesenchymal transition in the pancreatic and colorectal malignancies progression. 

INTRODUCTION 

Epithelial-mesenchymal transition (EMT) is a morphologic cellular programme defined 
as the phenotypic transition from an epithelial to a mesenchymal state. Pathologically 
hyperactivated EMT is widely described in tumour development and progression (Cho, 
2019). During this reversible process, epithelial cells lose their cobblestone appearance 
in monolayer to acquire spindle-shaped mesenchymal morphology (Georgakopoulos-
Soares, 2020). The transition is associated with repressing epithelial markers such as  
E-cadherin and overexpressing markers correlated with mesenchymal state, especially 
N-cadherin and vimentin. Cancer cells undergoing EMT are suitable for migration, 
invasion, and proliferation, thereby facilitating tumour progression (Dongre, 2019, 
Lamouille, 2014). EMT is driven by numerous transcription factors, including SNAIL, 
TWIST and zinc-finger E-box-binding (ZEB) that repress epithelial marker genes and 
activate genes associated with the mesenchymal phenotype (Lamouille, 2014). Proteins 
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that orchestrate EMT have been correlated with increasing histologic grade and poor 
prognosis for several types of carcinomas. Regarding metastasis, numerous studies have 
shown that most circulating tumour cells express both epithelial and mesenchymal 
markers, emphasizing the crucial role of EMT during carcinoma dissemination (Ribatti, 
2020, Aiello, 2019). 

SEARCH STRATEGY AND S ELECTION CRITERIA 

The aim of the study was to collect up-to-date knowledge on the subject concerning 
epithelial-mesenchymal transition in the pancreatic and colorectal malignancies 
progression. To carry on the study, we used the following databases: PubMed, Google 
Scholar, Web of Science and Medline. The main search concept was to combine 
keyword "EMT" or "epithelial-mesenchymal transition" with related terms, such as 
"colorectal cancer", "CRC", "pancreatic cancer" or "PDAC". Particular attention has 
been concerned to English-language articles from the recent years, encompassing 
original papers, reviews, and case reports.  

EMT IN THE PANCREATIC DUCTAL ADENOCARCINOMA 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive solid mali-
gnancies, characterised by its insensitivity to the current therapy (Singhi, 2019). The poor 
outcomes are mainly associated with the late presentation of the disease. Therefore, the 
detection of premalignant conditions is essential for early initiated treatment (Mcguigan, 
2018). Various studies suggest that EMT is an indispensable process for pancreatic 
cancer growth and dissemination. EMT might occur even in the premalignant lesions, 
thus EMT markers might become crucial prognostic indicators (Wang, 2017). In the 
conducted studies several pancreatic cancer cell lines and surgically resected PDAC 
samples presented strong EMT characteristics (Cates, 2009, Kyuno, 2014). Immuno-
histochemical research performed on PDAC specimens indicated that median survival 
for patients with epithelial tumours was 40.2 months in comparison to 13.7 months for 
patients with mesenchymal phenotype. What is more, EMT markers status was asso-
ciated with portal vein invasion and lymph node metastasis (Yamada, 2013).  

Malignant tumours, including PDAC, consist of biologically heterogeneous cellular 
population. A small number of cells possess stem-cell-like characteristics, encompassing 
the ability to self-renew, which might lead to the tumour recurrence and drug-resistance 
(Ishiwata, 2018). Recently, the relationship between EMT phenotypes and cancer stem 
cells (CSCs) has been studied in samples derived from pancreatic cancer. It was proved 
that cells with EMT phenotype possess molecular characteristics of CSCs, whereas 
CSCs express an EMT phenotype (Zhou, 2017). Numerous researches confirmed the 
link between the acquisition of an EMT–like phenotype in cancer cells, CSCs and both 
chemo- and radioresistance (Niess, 2015, Yin, 2011). In the study conducted by Yin et 
al. (2011) pancreatic CSCs demonstrated an EMT phenotype, increased motility, and 
resistance to the gemcitabine-based treatment (Yin, 2011). 

The substantial correlation between the epithelial-mesenchymal transition and systemic 
aggressiveness and drug-resistance has created novel perspectives for therapeutic 
agents for PDAC (Beuran, 2015). In the study by Polireddy et al. (2016) the induction 
of EMT resulted in increased drug resistance, metastasis, and elevated number of 
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CSCs. Stem cell markers cannot be used as a markers source due to their limited 
expression in the very small proportion of cells. Looking for EMT inhibitor brings the 
possibility for discovering CSC inhibitor and in result overpassing cancer dissemina-
tion and drug-resistance (Polireddy, 2016). As an example, in the study by Boreddy et 
al. (2013) deguelin targeted EMT by significant downregulation of the mesenchymal 
proteins and upregulation of epithelial markers both in vivo and in vitro. In result, 
deguelin inhibited metastasis of PDAC along with primary tumour growth (Boreddy, 
2013). El Amrani et al. (2019) proved that gemcitabine treatment might induce EMT-
like changes that maintain invasion and chemoresistance in PDAC cells (El Amrani, 
2019). This discovery was consisted with previous research distinguishing chemosen-
sitive cells with epithelial‐like phenotype from more chemoresistant cells with mesen-
chymal-like phenotype (Kim, 2014). 

Another approach concerns targeting tight junctions associated with EMT. In pan-
creatic cancer samples a few tight junction proteins are proved to be abnormally regu-
lated. Claudin-1, protein kinase C and marvelD3, among others, are involved in EMT 
of pancreatic cancer cells thus they might become useful biomarkers during disease 
(Kyuno, 2014). MarvelD3 was proved to be transcriptionally downregulated in poorly 
differentiated pancreatic cancer cells and during Snail-induced EMT. Depletion of 
marvelD3 resulted in a decrease in transepithelial electrical resistance and in an increase 
of permeability (Kojima, 2011). For developing innovative diagnostic and therapeutic 
schemes via tight junction molecules it seems necessary to investigate the profile and 
the regulation of tight junctions in pancreatic cancer cells and compare different families, 
e.g., claudins and MARVEL (Kojima, 2011, Kyuno, 2014). 

EMT IN THE COLORECTAL CANCER 

Colorectal cancer (CRC) is the second most diagnosed malignancy among females and 
third among males worldwide (Ghoncheh, 2016). A significant number of patients with 
CRC undergoing operation unfortunately develop local recurrence or distant metastasis 
leading to shorter survival. Despite the development of treatment regimens, there is no 
effective therapy for advanced CRC (Vu, 2017). 

Clinical studies concerning CRC proved that diffuse positivity of the tumour cells for 
the EMT markers is correlated with unfavourable prognosis. In the study by Shioiri et 
al. (2006) Slug expression was significantly associated with Dukes stage and distant 
metastasis. Moreover, E-cadherin expression was significantly correlated with depth of 
tumour, lymph node metastasis, and Dukes stage (Shioiri, 2006). EMT was linked to 
the mobility and dissemination of CRC by conferring increased invasiveness and cells 
metastatic potential (Qi, 2014, Zhang, 2014). In the study by Deng et al. (2016) Twist 
(a transcription factor regulating EMT) overexpression triggered EMT and a CSC-like 
phenotype in human colorectal cancer cells and enhanced their migration and invasion. 
Additionally, Twist-overexpressing CRC cells presented stronger chemoresistance to 
the oxaliplatin than control samples (Deng, 2016). 

A relatively new aspect described in terms of CRC concerns drug induced EMT. 
Oxaliplatin is suggested to induce the EMT by promoting the release of reactive oxygen 
species (ROS). Pre-treatment with the ROS scavenger N-acetyl-L-cysteine inhibits 
oxaliplatin-induced EMT and metastasis (Jiao, 2016). On the other hand, another study 



The role of epithelial-mesenchymal transition  

in the progression of pancreatic and colorectal malignancies 
 

81 

proved that radiotherapy induces an alteration to a malignant phenotype consistent with 
EMT in colorectal cancer cells (Kawamoto, 2012). In the research conducted on 
SW480 CRC cells increased radiation was correlated with mesenchymal phenotype 
and enhanced migration and invasion abilities (Lin, 2017). However, the radiosen-
sitivity of CRC might be enhanced by Vitamin D via EMT reversing process. Vitamin 
D inhibits EMT through upregulating cystatin D (the E-cadherin inductor) and plasmi-
nogen activator inhibitor-1 and in result intensifies the radiation therapeutic effect on 
CRC (Yu, 2021). 

MicroRNAs (miRNAs) are small endogenous RNAs regulating post-transcriptional 
silencing of target genes. Therapeutics based on these molecules represent one of the 
significant areas of scientists' interest because their involvement in carcinogenesis 
(Fudalej, 2021). The number of miRNAs regulate the epithelial phenotype and EMT 
by inhibiting the expression of EMT regulators in the cancer cells. Recent studies have 
demonstrated that the members of the miR-29 and miR-200 families are involved in 
the CRC progression by regulating epithelial-mesenchymal transition (Chi, 2016). The 
study by Hur et al. (2013) revealed that restoration of miR-200c inhibits migration and 
invasion in various CRC cell lines through direct targeting ZEB1, the transcriptional 
repressor of E-cadherin. It emphasized a pivotal role of miR-200c in the metastatic 
behaviour of CRC cells and suggests that miR-200c might become a potential 
diagnostic biomarker and therapeutic target (Hur, 2013). In the in vitro studies miR-
29c was downregulated in CRC and suppressed EMT. It presented its role in cell 
migration by negative regulation of the Wnt/β-catenin signalling pathway (Zhang, 
2014). On the other hand, increased expression of miR-29a promoted CRC metastasis 
by E-cadherin inhibition, which highlighted the potential of the miR-29a inhibitor as 
a novel therapeutic against CRC metastasis (Tang, 2014). Broaden research on the 
mechanism of pharmacological miRNA targeting might enable the future implemen-
tation of miRNA-based therapeutics into the CRC treatment schemes. However, 
focusing on a single miRNA brings a limited clinical approach, due to the complexity 
of miRNAs connections involved in the process of carcinogenesis (Dragomir, 2018). 

CONCLUSION 

Undeniably, EMT plays meaningful role in the growth, proliferation, and dissemi-
nation of pancreatic and colorectal malignancies. Selected markers associated with this 
process might be used in the future to develop and establish personalized diagnosis, risk 
stratification platform, and treatment algorithm for oncological patients, to improve 
their survival.  
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ABSTRACT 

Tacrolimus is an immunosupressant drug that was considered to have neuroprotective properties in various 

experimental stroke models. This drug blocks the activation of calcineurin (CaN) through the formation of 

complexes with FK-506 binding protein. Inhibition of CaN prevents both T cell activation and IL-2 

transcription, which results in immunosuppression. However, the precise mechanism of tacrolimus neuro-

protective action is unclear.  
In the present study, an oxygen-glucose deprivation (OGD) model of cerebral ischemic injury using primary 

cultures of astrocytes isolated from the cerebral cortices of Wistar rat pups was employed to assess the 

potential cytoprotective effects of tacrolimus.  

The cells treated with tacrolimus (0.01-1M) were subjected to OGD for 8 h. Cell viability, reactive oxygen 

species (ROS) production, mitochondrial transmembrane potential and apoptosis were evaluated by the 
MTT assay, DCF fluorescence, JC-1 fluorescence and Hoechst 33342 staining, respectively. The levels of 

cytosolic phospholipase A2 (cPLA2) and calcineurin (CaN) were evaluated by western blotting. Additio-

nally, the assessment of arachidonic acid (AA) release from [3H]arachidonate-labelled cells was performed.  

It was shown that at a concentration of 1 M tacrolimus considerably improved the survival of OGD-

treated astrocytes. Also, 1 M of tacrolimus was extremely capable of reducing cPLA2 expression and AA 

release. The data suggest the crosstalk between the action of 1 μM tacrolimus on expression of CaN and 

cPLA2 in anti-apoptotic signal transduction pathways. However, low concentrations of tacrolimus (0.01 

and 0.1 M) exerted limited effects on the assessed parameters. Together, these findings demonstrate that 
tacrolimus may protect astrocytes from ischemic cell death by regulating its downstream proteins, CaN and 

cPLA2, shedding new insights into the protection of brain from hypoxic/ischemic damages. 

INTRODUCTION 

The immunosuppressive drug tacrolimus (also known as FK506 or Fujimycin) has been 
reported to have neuroprotective properties in many experimental models of cerebral 
ischemia and brain injury (Nito, 2011; Wang, 2019; Zawadzka, 2009). However, the 
precise mechanism of tacrolimus neuroprotective properties is still unclear.  

Pharmacologically, tacrolimus and its binding protein (immunophillin FKBP12) form a 
complex which then associates with serine/threonine protein phosphatase 2B (calci-
neurin, CaN). The tacrolimus/FKBP12 complex binds to regulatory subunit of CaN 
and inhibits its enzymatic activity. Suppression of CaN prevents the activation and 
proliferation of T lymphocytes as well as blocks the production of interleukin-2 (IL-2) 
and other cytokines (Dheer, 2018). In addition to immunosuppression, inhibition of 
CaN was proposed basis of tacrolimus-mediated neuroprotection presumably through 
reduction in neuronal nitric oxide synthase (nNOS) activity and nitric oxide (NO) 
production (Edlich, 2006; Nito, 2011). Some research also suggests that tacrolimus 
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may inhibit cytosolic phospholipase A2 (cPLA2) enzyme that mediates arachidonic acid 
(AA) release from the sn-2 position of phospholipids (Kamińska et al., 2004). The 
mechanisms by which decreased cPLA2 activity and AA liberation contribute to cellular 
protection involve a prevention of apoptosis, mitochondrial dysfunction and reactive 
oxygen species (ROS) production (Ong, 2015).  

The numerous evidences indicate the high expressions of FKBP12 and CaN in astro-
cytes, which are dynamically regulated in response to ischemic brain injury (Kamińska , 
2004; Gabryel, 2006; O’Donnell, 2016). Furthermore, results of experiments carried 
out in several laboratories suggested that not only neurons but also astrocytes damaged 
by cerebral ischemia could be target for tacrolimus (O’Donnell, 2016; Szydłowska, 
2010). Although astrocytes are much more resistant than neurons to this type of injury, 
they are involved in a numerous processes that directly affect neuronal survival during 
and after ischemic events (Gabryel, 2015). The impaired astrocytes might not be effec-
tive enough to uptake of glutamate causing excitotoxic stress, induction of neuronal 
death, and further reactive astrogliosis (O’Donnell, 2016). Furthermore, deregulation 
astrocytic Ca

2+
 signaling triggers destructive processes that lead to delayed cell death 

by apoptosis (O’Donnell, 2016).  

Increased level of cytosolic Ca
2+ 

(100-500 nM) promotes translocation of cPLA2 to the 
intracellular membranes and selective hydrolysis of arachidonylated phospholipids 
(Sun, 2014). The cPLA2 is a Ca

2+
-dependent isoform of PLA2, constitutively expressed 

in nearly all brain cells (including astrocytes), which is activated by multiple protein 
kinases, e.g. extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 mitogen 
activated protein kinase (p38 MAPK), protein kinase C (PKC) and cGMP-dependent 
protein kinase (PKG) (Sun, 2014). It was shown that enhanced expression and activity 
of cPLA2 is associated with the pathogenesis of a number of neurological disorders, 
including ischemic stroke (Saluja, 1999). Free AA released by cPLA2 is metabolized 
by cyclooxygenases and lipooxygenases to eicosanoids and ROS that contribute to 
damage brain cells (Sun, 2014). Moreover, in pathological conditions such as ischemic 
injury AA inhibits glutamate uptake by astrocytes contributing to excitotoxic cell death 
(Belov Kirdajova, 2020).   

In this study, the effects of tacrolimus on apoptosis, ROS production and mitochondrial 
dysfunction in primary cultures of rat cortical astrocytes during oxygen-glucose 
deprivation (OGD) were examined. Moreover, the underlying mechanisms of tacrolimus 
cytoprotective effects through inhibition of cPLA2 and CaN were investigated.  

MATERIALS AND METHODS 

PRIMARY ASTROCYTE CULTURES  

The study was approved by the Local Ethics Committee for Care and Use of Labo-
ratory Animals (Katowice, Poland). Primary cultures of astrocytes were obtained from 
cortices of 1-day-old rat pups, and cells were cultured according to previously described 
method (Gabryel, 2006). Astrocytes were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, USA) supplemented with fetal bovine serum (FBS, Gibco) 
and 1% antibiotic-antimycotic solution (Gibco). The culture medium initially contained 
20% FBS, was replaced by 10% FBS after 4 days. Cells were grown in an incubator 



 

Bożena Gabryel 
 

86 

containing 5% CO2 at 37
o
C

 
for 21 days. The purity of primary astrocyte cultures was 

evaluated by glial fibrillary acidic protein (GFAP) staining and reached 98% GFAP-
positive cells.  

OGD MODEL 

Astrocytes were treated with glucose-free DMEM (Gibco) and incubated at 37°C in 
hypoxia incubator (Galaxy 48R, Eppendorf Inc, USA) with an atmosphere of 92% N2, 
5% CO2 and 3% O2 for 8 h, as previously described (Gabryel, 2006). The control groups 
were placed in standard DMEM supplemented with 10% FBS and exposed to normoxia. 

EXPERIMENTAL PROTOCOLS 

To investigate the effect of tacrolimus (Calbiochem, Germany) on astrocytes under 
OGD, cells were randomly divided into 5 groups: the control group (normoxia), the 
OGD group (cells underwent OGD), and 3 tacrolimus groups (cells treated with 0.01, 

0.1 and 1 M tacrolimus during OGD). The drug was added directly to the ischemic 
medium at the start of OGD, and samples were harvested immediately after OGD. The 
concentrations of tacrolimus were based on literature data (Szydlowska, 2010). 

To determine the influence of tacrolimus on AA release from astrocytes, cells were 

additionally treated with 1 M inhibitor of cPLA2 1,1,1-trifuoromethyl-6,9,12,15-
heieicosatetraen-2-one (AACOCF3, Sigma-Aldrich, USA) and divided into 10 groups: 
Control, Control + AACOCF3, OGD, OGD + AACOCF3 and 6 tacrolimus groups (cells 
treated with 0.01, 0.1 and 1 M tacrolimus without or with AACOCF3 during OGD).

 

CELL VIABILITY DETECTION 

Cell viability was measured by 3-(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolinum 
bromide (MTT, Sigma) assay, as previously described (Gabryel, 2018). Briefly, 
astrocytes were cultured on 96-well plates at a density of 1 x 10

4 
per well. MTT (0.25 

mg/ml) was added to each well for 3 h before the end of the experiment. After washing 

with phosphate-buffered saline (PBS), 100 l dimethyl sulfoxide (DMSO, Sigma-
Aldrich) was added to allow for dissolution of formazan crystals. The absorbance at 
570 nm was measured with a microplate reader Multiscan SR (Labsystems, Finland). 

HOECHST STAINING  

Hoechst 33342 (Sigma, USA) was used to estimate apoptosis of astrocytes in cell 
cultures of different experimental groups. This fluorescent dye allows determination of 
apoptotic cells with condensed and fragmented nuclei. For Hoechst 33342 staining 
astrocytes were grown on glass coverslips coated with poly-D-lysine at a density 3 x 10

5
 

cell/dish. Cells were fixed with a 4% paraformaldehyde for 10 min. at room tempera-

ture (RT), washed three times with PBS, and incubated with Hoechst 33342 (5 g/ml) 
for 5 min. at a dark room. Cell nuclei analysis was conducted using a fluorescence 
microscope (Nikon TS-100 F, Japan). Images were captured at 20x magnification from 
at least six randomly selected fields, containing about 200 cells each. The pictures were 
analyzed using ImageJ software (1.48v, NIH, USA; htpp://imagej.nih.gov.ij/) and the 
data were presented as percentage of apoptotic cells to total cells. 
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MEASUREMENT OF ROS PRODUCTION 

The formation of intracellular ROS was determined by the oxidation of 2’,7’-dichlo-
rodihydro-fluorescein diacetate (DCF-DA, Molecular Probes, USA) to a fluorescent 
dichlorofluorescein (DCF). Cells were seeded at 1 x 10

4 
on 96-well black/clear bottom 

plates. Cultured astrocytes were treated with 100  DCF-DA in the dark for 50 min 
at 37

o
C. Then, the cells were washed three times with HBSS, and the fluorescent 

product formed was quantified with Fluoroscan Ascent Microplate Flurometer 
(Labsystems, Finland) at the 485/538 nm. 

MEASUREMENT OF MITOCHONDRIAL TRANSMEMBRANE POTENTIAL 

5,5’,6,6’-tetrachloro-1,1’,3,3’tetraethylbenzimidazoly-carbocyanine iodide (JC-1, Mole-
cular Probes, USA) was used to determine the mitochondrial transmembrane potential 
(MTP). JC-1 accumulates to form J-aggregates and emits red fluorescence in mito-
chondria with higher MTP. For JC-1 red fluorescence detection, the cells were seeded 

at 1 x 10
4 

on 96-well black/clear bottom plates. Astrocytes were incubated with 10 M 
JC-1 in the dark for 20 min at 37

o
C. Then, the cells were washed three times with 

HBSS and intensity of red fluorescence was analyzed with Fluoroscan Ascent Micro-
plate Flurometer (Labsystems, Finland) at the 485/590 nm.  

WESTERN BLOT ANALYSIS 

The cells destined for Western blot were sieved on plastic dishes of 100 mm in diameter 
(1x 10

6
/dish). Proteins were extracted with 150 l RIPA lysis buffer containing protease 

inhibitors cocktail and phosphatase inhibitor cocktail if phosphorylated protein (p-
cPLA2) was detected. After 20 min. on ice, the cell lysates were centrifuged at 12,000 x g 
for 15 min. The protein content in supernatants was determined by the Bradford method 
(1976) using bovine serum albumin (BSA) as standard. Equal amounts of proteins (40 

g/lane) were separated on 10% SDS polyacrylamide gels, and transferred to nitro-
cellulose membranes.  

The membranes were then blocked for 1 h at RT in TBS containing 0.1% Tween 20 
(TBST) and 5% non-fat dried milk. Subsequently, the membranes were incubated 
overnight at 4

o
C with appropriate primary antibody in TBST, followed by incubation 

with appropriate HRP-conjugated secondary antibodies for 1 h at RT. The protein–
antibody complexes were visualized using ECL kit (Amersham Pharmacia Biotech, 
USA) and exposed to autoradiographic Hyperfilm-Kodak (Sigma-Aldrich). The mole-
cular weights of proteins were estimated by electrophoresis of pre-stained protein marker 
(BenchMarkTM Pre-Stained Protein Ladder, Invitrogen, USA). Data were quantified 
using ImageJ software (1.48v, NIH, USA; htpp://imagej.nih.gov.ij/) and normalized 
against -actin. Anti-CaN (-subunit) antibody (1:500 dilution) was obtained from 

Sigma-Aldrich, while anti-p-cPLA2 [Ser 505] (1:200 dilution) and anti--actin (1:500 
dilution) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, USA). 

MEASUREMENT OF [
3
H]AA RELEASE  

AA release measurement from [
3
H]arachidonate-labeled astrocytes was performed 

using the method described by Xue (1999). Briefly, 0.1 μCi of [
3
H]AA (NEN, specific 

radioactivity 50 Ci/M) was suspended in the 1 ml DMEM containing 0.5% BSA and 
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added to astrocytes cultured on 35 mm dishes (3 x 10
5
/dish) for 4 h before the end of 

the experiment. 

Unincorporated [
3
H]AA was removed by three washings with buffer A containing 145 

mM NaCl, 5.5 mM KCl, 1.1 mM MgC12, 1.1 mM CaC12, 5.5 mM glucose, 20 mM 
HEPES and 0.5 mg/ml BSA (pH 7.4). Then, the washed cells were incubated in 1 ml 
buffer A for 30 min. at RT, followed by incubation for 30 min. at 37

o
C. The entire media 

were transferred to scintillation vials and radioactivity was measured using a Beckman 
S 6000 IC liquid scintillation counter (Beckman Instruments Inc., USA).  

STATISTICAL ANALYSIS 

The data were presented as the mean + standard deviations (SD). Differences between 
groups were determined using one-way analysis of variance (ANOVA) followed by 
the Bonferroni’s post-hoc test. P value < 0.05 was considered significant.  

RESULTS  

TACROLIMUS ATTENUATES  THE OGD-INDUCED INJURY OF ASTROCYTES  

The MTT assay was used to detect the cell viability. As displayed in figure 1, the via-
bility of astrocytes was significantly decreased in OGD group compared to the control 
group, and tacrolimus intervention reduced the cytotoxicity of OGD. The results 
suggest that tacrolimus alleviated OGD-induced injury.  

 

Figure 1. Tacrolimus rescues the loss of cell viability induced by OGD. Astrocytes were incubated with 

different concentrations of tacrolimus (0.01, 0.1, 1 M). MTT assay was used to detect cell viability. The 

results are presented as percentage of the control group considered as 100%. Data are the means + SD from 

three independent experiments (n = 12); *P  0.05 vs. control group; #P < 0.05 vs. OGD group 

TACROLIMUS REVERSES THE OGD-INDUCED APOPTOSIS OF ASTROCYTES  

Hoechst 33342 staining revealed that the number of nuclei with condensed chromatin 
increased dramatically after OGD (Fig. 2A). This process was significantly inhibited in 

cells treated with 1 M tacrolimus. To confirm these results, the quantitative analysis 
was performed and the pyknotic cells were counted. OGD led to an increase in the 

number of apoptotic cells, which was suppressed by 1 M tacrolimus (fig. 2B).  
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Figure 2. Tacrolimus attenuates OGD-induced apoptosis. Astrocytes were incubated with different 

concentrations of tacrolimus (0.01, 0.1, 1 M). (A) Representative images of Hoechst 33342 staining. 

(B) Quantitative analysis of apoptotic cells. The results are presented as percentage of the apoptotic nuclei to 

the total amount of nuclei. Data are the means + SD from three independent experiments (n = 12); *P  0.05 

vs. control group; #P < 0.05 vs. OGD group 

TACROLIMUS ATTENUATES  THE OGD-INDUCED ROS PRODUCTION IN ASTROCYTES  

The intracellular ROS level was detected by DCF-DA, a fluorescent dye that acts as 
ROS indicator (fig. 3). The results of the measurement of DCF fluorescence demon-
strated that ROS level was significantly increased in OGD group compared to the 
control group. Figure 3 shows that this phenomenon is substantially blocked by 1 M 

tacrolimus treatment. However, concentrations of 0.01 and 0.1 M only slightly 
decreased the intracellular ROS level, and this effect in comparison with OGD group 
was not statistically significant.  
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Figure 3. Tacrolimus inhibits ROS production induced by OGD. Astrocytes were incubated with different 

concentrations of tacrolimus (0.01, 0.1, 1 M). DCF-DA staining was performed to detect intracellular ROS 

levels. The results are presented as percentage of the control group considered as 100%. Data are the means 

+SD from three independent experiments (n = 12); *P  0.05 vs. control group; #P < 0.05 vs. OGD group 

3.4. TACROLIMUS PREVENTS THE LOSS OF MTP IN ASTROCYTES INDUCED BY OGD 

To evaluate the protective effect of tacrolimus on OGD-induced mitochondrial injury, 
MTP was assessed using JC-1 staining (Fig. 4). Compared with the control group, 
severe mitochondrial depolarization and MTP reduction were observed in OGD group. 

However, astrocytes treated with 1 M tacrolimus displayed higher red fluorescence 

than OGD-alone treated cells. These results indicate that 1 M tacrolimus decreases 
mitochondrial depolarization, a key phenomenon in the early stage of apoptosis.  

 

Figure 4. Tacrolimus attenuates MTP reduction induced by OGD. Astrocytes were incubated with different 

concentrations of tacrolimus (0.01, 0.1, 1 M). JC-1 staining was performed to detect MTP. The results are 

presented as percentage of the control group considered as 100%. Data are the means +SD from three 

independent experiments (n = 12); *P  0.05 vs. control group; #P < 0.05 vs. OGD group 

TACROLIMUS DOWN-REGULATES THE EXPRESSION OF CAN IN OGD-TREATED 

ASTROCYTES  

To determine whether treatment with tacrolimus decreased CaN in OGD-injured astro-
cytes, the protein expression was analyzed using Western blot method.  

As depicted in figure 5, the expression of CaN protein in OGD group was significantly 

increased compared to control, and this effect was markedly reversed by 1 M tacro-
limus treatment.  
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Figure 5. Tacrolimus suppresses the activation of CaN induced by OGD. Astrocytes were incubated with 

different concentrations of tacrolimus (0.01, 0.1, 1 M). Western blot analysis was performed to detect of 

CaN. (A) Representative Western blots of CaN and -actin (loading control). (B) Quantitative analysis of CaN 

normalized to -actin. The results are presented as percentage of the control group considered as 100%.  

Data are the means +SD from three independent experiments (n = 3); *P  0.05 vs. control group;  
#P < 0.05 vs. OGD group 

TACROLIMUS SUPPRESSES THE [
3
H]AA RELEASE FROM OGD-INJURED ASTROCYTES  

In order to elucidate the ability of tacrolimus to mediate AA release by ischemic astro-

cytes and whether this effect results from cPLA inhibition[
3
H]AA release was 

measured by radiometric method. As indicated on Figure 6, exposure of astrocytes to 
OGD alone resulted in an increase in [

3
H]AA release compared to control. This effect 

was attenuated by 0.1 and 1 M tacrolimus. Furthermore, the cPLA2 inhibitor AACOCF3 

at 1 M was used because at this dose, AACOCF3 inhibits only cPLA2 activity. It was 
shown that AACOCF3 inhibited AA liberation, especially in group of cells treated with 
1 M tacrolimus.  



 

Bożena Gabryel 
 

92 

 

Figure 6. Tacrolimus inhibits AA release induced by OGD. Astrocytes were incubated with different 

concentrations of tacrolimus (0.01, 0.1, 1 M). [3H]AA release assay was performed using radiometric 

method. The results are presented as percentage of the control group considered as 100%. Data are the means 

+SD from three independent experiments (n = 12); *P  0.05 vs. control group; #P < 0.05 vs. OGD group 

TACROLIMUS INHIBITS OGD-INDUCED ACTIVATION OF CPLA2 IN ASTROCYTES 

The phosphorylation of cPLA2 is an important mechanism for its activation. Therefore, 
cPLA2 phosphorylation was assessed by Western blotting with the antibody against 
phoshorylated cPLA2 protein (p-cPLA2). It was showed that OGD treatment increased 
the expression of cPLA2 protein phosphorylated at Ser505 compared with the control 
group (fig. 7). A significant reduction in the expression of p-cPLA2 was observed after 
treatment of astrocytes with 0.1 and 1 M tacrolimus in OGD.  

 

Figure 7. Tacrolimus inhibits the activation of p-cPLA2 induced by OGD. Astrocytes were incubated with 

different concentrations of tacrolimus (0.01, 0.1, 1 M). Western blot analysis was performed to detect of  

p-cPLA2 [Ser505]. (A) Representative Western blots of p-cPLA2 and -actin (loading control). 

(B) Quantitative analysis of p-cPLA2 normalized to -actin. The results are presented as percentage of the 

control group considered as 100%. Data are the means +SD from three independent experiments (n = 3); 

*P  0.05 vs. control group; #P < 0.05 vs. OGD group. 
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DISCUSSION 

The available data point to anti-apoptotic and anti-necrotic effects of tacrolimus on 
neurons and astrocytes, but the molecular mechanisms mediating its cytoprotective 
properties are not fully recognized (Badr, 2016; Huang, 2017; Wang, 2019). The 
neuro- and glioprotective potential of tacrolimus has been reported in different experi-
mental models of cerebral ischemia, e.g. global ischemia/reperfusion (Badr, 2017), 
middle cerebral artery occlusion (Noto, 2007) or transient oxygen/glucose deprivation 
(O’Donnell, 2016; Jóźwiak-Bębenista, 2015).  

In this study, rat primary cortical astrocyte cultures were subjected to OGD model to 
mimic ischemic conditions in the brain. In this experimental paradigm, the hypothesis 
that tacrolimus could alleviate apoptosis by inhibiting p-cPLA2 was tested.  

It was found that the cell viability was decreased, while the apoptosis and the intra-
cellular ROS production were notably increased after OGD treatment. Interestingly, 

1 M tacrolimus most effectively protected astrocytes from this type of injury. However, 
MTT assay, Hoechst staining and DCF assay staining showed that treatment with 0.01 
M tacrolimus had no positive effect on astrocytes exposed to OGD (fig. 1, 2, 3).  

Many scientific studies have confirmed the importance of the inhibition of CaN in the 
establishment of tacrolimus protective effects (Feng, 2011; Chen, 2012). CaN is a Ca

2+
 

and calmodulin-dependent phosphatase involved in certain pathological states, including 
cerebral ischemia. CaN triggers apoptosis of neurons and glial cells through depho-
sphorylation of pro-apoptotic Bcl-2-associated agonist of cell death (Bad) protein, 
dissociation of Bad from 14-3-3 proteins and subsequent inhibition of anti-apoptotic 
proteins Bcl-XL and Bcl-2 as well as activation of caspase-3 (Springer, 2000; Saraf, 
2019). Furthermore, CaN is involved in dephosphorylation of nNOS and thereby incre-
ases its activity. The experimental data indicate that excessive production of harmful 
NO by nNOS and consequently, potent oxidant peroxynitrites produced from NO and 
superoxides exacerbate ischemic cell death (Osuka, 2002; Sobrado, 2012).  

CaN is widespread in brain, heart, muscle, liver and T cells. In rat hearts subjected to 
ischemia/reperfusion (I/R) injury, Feng et al. (2011) have shown high activity of CaN 
associated with ASK1 kinase-mediated apoptosis, which was reduced by tacrolimus. 
This effect was connected with a high Bcl-2/Bax ratio, a critical factor to the protection 
against apoptosis. Furthermore, in an experiment conducted on glutamate-treated cortical 

astrocytes it was shown that 1 M tacrolimus strongly inhibited apoptosis by a decrease 
of active caspase-3 and cleaved of poly(ADP-ribose)polymerase (PARP) levels 

(Szydlowska, 2006). In the presented study, tacrolimus at concentrations of 0.1 and 1 M 
also significantly decreased CaN expression in ischemic astrocytes (fig. 5). However, 
OGD-induced apoptosis was clearly attenuated only in experimental group treated with 

1  tacrolimus (fig. 2).  

One of the possible explanations of the mechanism through which 1 M tacrolimus 
inhibits apoptosis of astrocytes could be a positive effect on MTP (fig. 4). It is well 
known that mitochondria are important cellular organelles involved in the regulation of 
apoptotic cell death (Jia, 2021). Under ischemic conditions, apoptosis is associated 
with or initiated by dissipation of MTP and next cytochrome c is released into the cyto-



 

Bożena Gabryel 
 

94 

plasm, which then activates caspase cascade (Kalpage, 2019; Jia, 2021). Therefore, 1 M 
tacrolimus may protect astrocytes from OGD-induced apoptosis by up-regulating MTP. 

In cerebral ischemia, where the increased cPLA2 activity is a key pathogenic event, the 
mitochondrial permeability transition pore (mPTP) opening, uncoupling of oxidative 
phosphorylation and swelling of mitochondria can be observed (Muralikrishna 
Adibhatla, 2006). In ischemia-induced apoptosis, free AA liberated as a result of PLA2 
activation through generated ROS leads to degradation of the lipid skeleton of the inner 
mitochondrial membrane, and gives rise to an increase the permeability of mitochon-
drial membranes (Kristián, 1998). Furthermore, free AA itself can affect the activity of 
many enzyme proteins, such as PKC, protein kinase A (PKA), NADPH oxidase and 
GTPase-activating protein (Farooqui, 1997). It has been found that AA added to 
isolated mitochondria causes apoptosis through a decrease in MTP, the assembly of 
mPTP and enhancement mitochondrial production of ROS (Scorrano, 2001).  

The measurement of [
3
H]AA release is often used as a marker for PLA2 activity in 

apoptosis, including ischemia-induced cellular injury (Cummings, 2000). To confirm 
the specific role of cPLA2 isoform in the mechanism of protective action of tacrolimus, 

the effect of the cPLA2 inhibitor AACOCF3 (1 M) on AA release has been examined. 
Incubation of astrocytes in OGD efficiently stimulated [

3
H]AA release and this effect 

was partially inhibited by AACOCF3 (fig. 6). These results suggest a possible minor 
contribution of AACOCF3-insensitive PLA2 isoforms (iPLA2 or sPLA2) in OGD-induced 
AA release from astrocytes (Sun, 2005). It should be also noted that AACOCF3 is not 
always efficiently taken up in some cell types. Therefore, the inability of this PLA2 
inhibitor to completely suppress of AA release might be therefore dependent on its low 
cellular uptake (Palomba, 2004).  

It was shown that tacrolimus only at concentrations of 0.1 and 1 M significantly atte-
nuated the expression of p-cPLA2 and inhibited the AA release. These results were also 
associated with decreased expression of CaN. The limited effects of FK506 on AA 
release and cPLA2 reported in this study are in agreement with published results of 
experiments conducted on other cell types (Hamasaki 1995; Pompeo, 1999). 

SHORT CONCLUSION 

In summary, the above results indicate that tacrolimus can prevent OGD-induced apop-
tosis of astrocytes by inhibiting not only CaN but also cPLA2 and AA release.  
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ABSTRACT 

Invasive cancers pose a major challenge for the public health sector around the world. The Key methods of 

treatment, which currently include surgery, chemotherapy and radiotherapy, always negatively affect the 

patient's skin to a greater or lesser extent, disrupting its proper metabolism. For the most part, these changes 
are temporary and reversible, but the lack of knowledge about the side effects of therapy can be extremely 

surprising for the patient and is associated with severe stress. 

The aim of this work is to present skin physiology in oncologically treated patients, with a particular emphasis 

on the characteristics of radiation-induced reactions and dermatitis resulting from chemotherapy. 

Chemotherapeutic drugs are based on toxic compounds, the purpose of which is to inhibit the rapid proli-
feration of cancerous cells. Unfortunately, their action is not selective and, at the same time, other normal 

cells with intensive cell division are also damaged, including cells of the bone marrow, gastrointestinal 

tract, as well as cells of the epidermis and skin appendages, i.e. hair and nails. 

In radiotherapy of cancerous lesions, the purpose of the emitted ionizing radiation is to act as precisely as 

possible on the area affected by the growth process. The skin, therefore, is an organ damaged every time, 
regardless of the location of the cancerous tumour or the administered method of radiotherapy. Depending 

on onset of a radiation-induced reaction, local skin lesions may be divided into early (acute) and late. Radia-

tion-induced dermatitis is a common problem – it affects 80-95% of patients treated with radiotherapy. 

The characteristics of skin disorders as a consequence of oncological therapy, still remains a niche topic. 

Therefore, the organization of current information on the topic became the authors’ motivation to write the 
article. 

INTRODUCTION 

Invasive cancers pose a major challenge for the public health sector around the world. 

For example, it is estimated that every day in the United States, the number of new, 
registered cases may be close to 4800 (Siegiel, 2019). Cancer formation is the endpoint 
of a multistep process called carcinogenesis. As a result of a mutation, a dysregulated, 
uncontrolled cellular proliferation occurs, the final effect of which is the formation of 
a tumour (Presta, 2020). 

The worrying, growing number of diagnosed cancer diseases is the result of multiple 
factors, which include a decrease in physical activity, obesity, smoking, alcohol intake, 
chronic exposure to selected chemical agents or a change in typical reproductive patterns. 
The issue of increased life expectancy for both women and men is also crucial (Torre, 
2015). It is extremely difficult today to completely eliminate all potential carcinogenic 
factors. Invasive cancers are currently one of the leading causes of death in the human 
population (Wang, 2018). 
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In the case of suspicion of cancer, it is very important to have a quick and thorough 
diagnosis, enabling the assessment of the stage of the disease, and thus the application 
of appropriate therapy. Hormone and biological therapies are used to treat oncological 
patients, but surgical procedures, chemotherapy and radiotherapy remain the key treat-
ments, applied as stand-alone or combined methods (Wang, 2018). 

Once diagnosed with cancer, it is very important for the patient to obtain full infor-
mation regarding the proposed treatment methods and any consequences associated 
with them. Skin is a large human organ, the physiology of which undergoes significant 
changes as a result of oncological treatment. The skin, especially in the face and neck 
area, is an element conditioning the aesthetics of appearance. Unfortunately, any form 
of treatment has a negative effect on both the epidermis and the dermis. For the most 
part, these changes are temporary and reversible, but the lack of knowledge about the 
side effects of therapy can be extremely surprising for the patient and is associated with 
severe stress. The quality of life for oncological patients, defined as the perception of 
a patient’s own physical, mental and social health, becomes significantly reduced 
(Mokhatri-Hesari, 2020). This is due to the deterioration of the general condition, and 
is also associated with a change in appearance, which is often very drastic. Therefore, 
making the patients aware that most of the side effects disappear after the therapy, gives 
strength to the patients and thus motivates them to fight the disease. 

SEARCH STRATEGY AND S ELECTION CRITERIA 

The aim of this work is to present skin physiology in oncologically treated patients, with 
a particular emphasis on the characteristics of radiation-induced reactions and dermatitis 
resulting from chemotherapy.  

The epidermis, dermis, as well as skin appendages undergo significant changes, but the 
characteristics of skin disorders as a consequence of oncological therapy, still remains 
a niche topic. Therefore, the organization of current information on the topic became the 
authors’ motivation to write the article.  

The study refers to international institutions dealing with the issue of cancer (the Inter-
national Agency for Research on Cancer – IARC, the World Health Organization – 
WHO, the European Cancer Organisation) and uses recognized medical databases to 
verify the latest publications (PubMed, Cochrane Database of Systematic Reviews, 
Google Scholar). All databases were searched using a combination of keywords: quality 
of life oncology, cancer statistics, cancer therapy, the hand-foot syndrome, toxic 
erythema chemotherapy, toxic side effect chemotherapy skin, chemotherapeutic hair, 
nail disorders chemotherapeutic, radiotherapy, ionizing radiation, and radiation induced 
dermatitis. 

Eligibility criteria for inclusion were review articles and original articles on invasive 
cancers and oncological therapy-induced dermatitis. The work is based on the latest 
and most relevant data. 
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REVIEW 

CHEMOTHERAPY 

Chemotherapy (CHT) acts as the leading method of the systemic treatment of malignant 
tumours, which means that it affects the patient's entire body. It is effective both in the 
case of a focal lesion and in the diagnosis of metastases, since the drugs applied are 
able to reach every organ of the body via the bloodstream. Chemotherapeutic drugs are 
based on toxic compounds, the purpose of which is to inhibit the rapid proliferation of 
cancerous cells. Unfortunately, their action is not selective and, at the same time, other 
normal cells with intensive cell division are also damaged, including cells of the bone 
marrow, gastrointestinal tract, as well as cells of the epidermis and skin appendages, 
i.e. hair and nails (Pérez-Herrero, 2015).  

Since the application of the first drugs approved by the Food and Drug Administration 
(FDA) for the treatment of solid tumours and haematological cancers (such as metho-
trexate, nitrogen mustards, antifolate drugs) in the 1940s and 1950s, chemotherapy has 
significantly evolved. The treatment is becoming more and more effective, but despite 
medical advances, side effects accompanying the treatment, like deviations in blood 
counts, vomiting, changes in the condition and appearance of the skin, hair, eyelash, 
eyebrow loss or significant fragility of nails are still a big problem for patients (Pérez-
Herrero, 2015; Chabner, 2005). 

Antineoplastic drugs are a wide group of substances with anticancer activity. The me-
chanism of their action consists in blocking the cell cycle and triggering programmed 
cell death – apoptosis in order to eliminate cancer cells. Generally, a multidrug chemo-
therapy is used. Only in justified cases, it is possible to use a single drug. For effective 
therapy, antineoplastic agents of different classes are combined to enhance the cytostatic 
effect. Chemotherapy can be applied to patients both before (neoadjuvant CHT) and after 
surgery (adjuvant CHT). It is often given in combination with radiotherapy. Antineo-
plastic drugs can be divided into two groups, i.e. the cell cycle phase specific (cell cycle 
phase dependent) and the cell cycle phase non-specific (or cell cycle phase indepen-
dent). The cell cycle phase specific drugs have an impact on cells that are in a specific 
phase of the cell cycle. They can act on cells in phase S – methotrexate, 5-fluorouracil 
or cells in phase M – vinblastine, vincristine. In addition, there are antineoplastics acting 
on cells in the G1 phase – corticosteroids, or the G2 phase – bleomycin. On the other 
hand, drugs referred to as cell cycle phase independent, have an impact on dividing cells, 
regardless of the phase of the cycle. This group of drugs includes alkylating drugs and 
antibiotics with anticancer activity. Chemotherapy is most effective in the treatment of 
early-stage cancer (Pérez-Herrero, 2015; Hanahan, 2011; Ingham, 2017; Mutsuga, 2002). 

EFFECTS OF CHEMOTHERAPY AND SYSTEMIC TREATMENT ON SKIN PHYSIOLOGY 

Antineoplastic drugs significantly contribute to the impairment of the condition and 
appearance of the skin and its appendages. The severity and course of side effects of 
chemotherapy depend on the type, dosage and combination of drugs administered, as 
well as the individual reaction of the patient's body. Although complications in most 
cases do not pose a threat to life, they notably worsen its quality and limit the patients’ 
daily activities. 
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Antineoplastic drugs cause dilution of the epidermis, including the stratum corneum, 
which affects the weakening of the barrier functions of the skin. Damage to the hydro-
lipid film, which is the natural protective barrier of the skin, is visible. As a result, 
transepidermal water loss (TEWL) increases. The skin becomes dehydrated, and thus 
dry, red and scaly. These symptoms are usually accompanied by persistent itching. 
Damage to the protective barrier makes the skin susceptible to bacterial, viral and 
fungal infections. The risk of infection is intensified by the fact that the patient's 
immune system during chemotherapy is weakened. 

Metabolites of the drugs taken are partially released through the sweat glands, therefore 
the areas rich in eccrine glands are particularly vulnerable to side effects (Yosipovitch, 
2019; Jennings, 2020; Owczarek, 2017). 

In patients treated with chemotherapy, the hand-foot syndrome – HFS, otherwise known 
as hand-foot skin reaction (HFSR), palmo-plantar dysesthesia, or acral erythema is 
very often observed. HFS is one of the most frequently diagnosed dermatological com-
plications in the course of oncology treatment. Symptoms can occur from 24 hours up 
to 10 months from the beginning of therapy, which correlates with the type of medica-
tion administered. It is characterized by the formation of erythematous lesions on inner 
surfaces of the hands and soles of the feet. Usually, the first symptoms are a feeling of  
warmth in the skin and erythematous lesions. Gradually, there is tingling, anesthetizing, 
paraesthesia and associated problems with holding objects and even walking. These 
symptoms may be due to neuropathy of fine nerve fibres. In the course of HFS, swelling 
and blisters on erythematous medium may occur. On the skin, foci of hyperkeratosis are 
formed together with strong exfoliation, even bleeding. Skin lesions may be accom-
panied by pain that limits the performance of instrumental activities. The drugs most 
commonly causing HFS include 5-fluorouracil – 5-FU, pegylated liposomal doxorubicin 
(PLD), docetaxel, capecitabine. The pathogenesis of HFS is not fully discovered. How-
ever, it is believed that the high concentration of eccrine glands in the hands and feet 
causes high exposure of the skin to chemotherapeutic agents in these areas, due to the 
release of drug metabolites through the sweat glands (Chidharla, 2021; Kwakman, 
2020). The following table (tab. 1) shows the severity of HFS symptoms according to 
the National Cancer Institute – Common Terminology Criteria for Adverse Events 
(NCI-CTCAE).  

Table 1. Symptom severity classification in the hand-foot syndrome according to the NCI-CTCAE 

(Chidharla, 2021) 

HFS advancement level according to the  

NCI-CTCAE v. 4.0 

characteristics of lesions 

grade 1  minimal skin changes or dermatitis (e.g. erythema 

or oedema) without pain 

grade 2  skin changes (e.g. peeling, blisters, bleeding, or 

hyperkeratosis) with pain leading to limitation of 

instrumental activities of daily living (ADL) 

grade 3  severe skin changes (e.g. peeling, blisters, bleeding, 

oedema, or hyperkeratosis) with pain, limiting basic 

self-care ADL 
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In a group of patients treated with inhibitors of epidermal growth factor receptor inhi-
bitor (EGFRI) and mitogen-activated protein (MAP) kinase kinase inhibitor (MEKI), 
acneiform rash is the most commonly diagnosed. These changes usually develop within 
2-4 weeks of treatment. The clinical picture consists of papules and pustules, which 
may be accompanied by itching and even pain. Sometimes spontaneous bleeding from 
the lesions occurs, which significantly worsens the quality of patients’ lives. The 
acneiform rash is located mainly on the face, especially in the middle part, in the 
behind-the-ear area, on the neck and in the upper part of the chest, i.e. in the areas rich 
in sebaceous glands, which is why it is referred to as "acneiform". The EGFR inhibitors 
disrupt the natural balance between proliferation and differentiation of keratinocytes. 
An inflammatory reaction develops. The incision of hair follicles by T lymphocytes is 
observed. Sometimes the histological image reveals damage to the hair apparatus, the 
influx of neutrophils and even abnormal structure of sweat glands (Lacouture, 2018; 
Lacouture, 2006; Wu, 2011; Kowalska, 2016). 

Hair follicles are one of the main structures that are damaged during treatment with 
antineoplastic drugs. Anticancer drugs damage cells of the hair matrix, which are 
characterized by high proliferation recorded in the anagen phase. Hair follicles are 
extremely sensitive to the toxic effects of drugs (Trüeb, 2010). After 2-4 weeks of 
treatment, the separation of the hair fibre from the hair bulb begins. Initially, soreness 
of the scalp may be felt. The process of hair loss depends significantly on the type of 
drugs administered. For example, the use of anti-microtubule agents in the treatment 
causes baldness in 80% of patients, while topoisomerase inhibitors lead to alopecia in 
60-100% of patients (Rossi, 2017).  

Some antineoplastic drugs do not cause complete hair loss. Hair can only become thin-
ner, dry, brittle, and less thick. Also, the dose of an antineoplastic drug has a significant 
effect on the severity and course of alopecia. Poly-chemotherapy is associated with 
higher incidences compared to monotherapy. With a low dose of chemotherapeutic 
agents, hair loss may be slower or less intense. The individual predisposition of the 
oncological patient is also an important factor. Alopecia may occur suddenly or hair 
may fall out gradually. Different shedding patterns are observed, both dystrophic anagen 
effluvium and telogen effluvium. It should be noted that hair loss affects not only the 
hairy scalp, but the whole body. There is a loss of eyelashes, eyebrows, facial hair, hair 
on the limbs, armpits and intimate areas. Hair begins to grow back a few months 
following the end of antineoplastic drug therapy, and full hair regrowth usually occurs 
up to a year after the end of treatment. The new hair may differ in colour, structure and 
thickness. It is usually darker and more curly than before (Trüeb, 2010; Heidary, 2008; 
Rossi, 2017). 

The side effects of chemotherapy also appear in the nail area. Changes can take different 
forms. They concern the appearance of the nail plate, the slower growth or separating 
of the plate from the nail bed (onycholysis). Nails become tender and can hurt. They 
are prone to mechanical injuries. Onychomycosis or bacterial infections are more 
common, caused, for example, by Staphylococcus aureus, and leading to the deve-
lopment of abscesses under nails or in the nail area. Patients' nails tend to split. Dis-
coloration may appear on their surface as a consequence of the deposition of drug 
metabolites in the plate or nail bed. Discolorations are usually black or blue in colour. 
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In some patients, vertical or horizontal furrows are visible, arranged parallel to each 
other. Antineoplastic drugs also have a significant impact on slowing down the growth 
of the nail plate (Kowalska, 2016; Wasner, 2001; Roh, 2007). 

RADIOTHERAPY  

Radiotherapy (RTH) is an important aspect of invasive cancer treatment. It is based on 
the use of ionizing radiation to damage abnormal cells. The effect of ionizing radiation 
on a living organism may be direct and indirect. As a consequence of photon absorption, 
the centre is ionized and electrons detach, which damages the most sensitive elements 
of the cell (DNA, cell membranes). Such a mechanism of damage to living matter is 
referred to as direct mechanism. Definitely, more damage to cellular structures is 
induced by the activity of reactive oxygen species (ROS) formed as a result of the water 
radiolysis process, in the so-called indirect mechanism. Reactive oxygen species cause 
about 75% of radiation-induced damage (Mondini, 2020; Ryan, 2012; Mazurek, 2018). 

Radiotherapy is generally used in order to fully cure a sick person (radical radio-
therapy). However, in a situation of significant advancement of the disease, it is used to 
maximize the patient's life or improve their comfort. It is then referred to as palliative 
radiotherapy. RTH can be both neoadjuvant – preceding the main treatment, which is 
most often surgery, and adjuvant – supplementing the basic treatment. In many cases, it 
is also a complement to chemotherapy. This method of treatment is successfully used 
in the treatment of many invasive cancers, including the treatment of malignant head 
and neck cancers, breast cancer, malignant cancers of the reproductive system in 
women or prostate in men (Rai, 2015; Murthy, 2016). 

THE EFFECT OF RADIOTHERAPY ON SKIN PHYS IOLOGY 

In RTH of cancerous lesions, the purpose of the emitted ionizing radiation is to act as 
precisely as possible on the area affected by the growth process. In the therapeutic 
field, however, there is always a fraction of healthy tissues. Undesirable effects include 
radiation-induced reactions, which are the response of the epidermis and dermis to 
ionizing radiation. The intensity of radiation-induced reactions depends on the patient's 
age, general health, possible concurrent diseases, the advancement stage of the disease, 
the histological image of the tumour, the dose fractionation scheme used or the use of 
simultaneous chemotherapy (Ryan, 2012; Mazurek, 2018). 

The skin, therefore, is an organ damaged every time, regardless of the location of the 
cancerous tumour or the administered method of radiotherapy. Depending on onset of 
a radiation-induced reaction, local skin lesions may be divided into early (acute) and 
late. Early radiation-induced reactions of the skin develop during radiation therapy and 
up to 6 months after its completion, and are mostly temporary. They usually cover the 
area directly exposed to radiation. Initially, these are epidermal lesions, because the 
epidermis reacts faster. Subsequent fractions of radiation gradually damage the dermis 
as well. The first noticeable symptom is erythema of a transient nature, caused by an 
increased activity of pro-inflammatory cytokines, such as the interleukin-1 (Il-1) and Il-
6, the tumour necrosis factor α (TNF-α) and the transforming growth factor β β (TGF-β). 
The erythema becomes pale pink to bright or smoky pink in colour. Overstimulation of 
pigment cells takes place as well. As a result of damage to the keratinocytes of the 
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stratum basale, dry exfoliation of the epidermis is observed, and at a later stage, there is 
moist exfoliation, accompanied by serous exudate. As a result of the destruction of all 
cells of the stratum basale, the dermis becomes exposed. Skin irritation is characteristic 
of acute radiation-induced dermatitis, which is accompanied by a feeling of warmth 
and itching, sometimes there is also pain. The activity of sweat and sebaceous glands is 
noticeably reduced, which is manifested by dryness of the skin. Dystrophic alopecia is 
observed in radiated areas. Permanent hair loss is not to be excluded when high doses 
of ionizing radiation are applied (Ryan, 2012; Stone, 2003; Chan, 2014). 

Late radiation-induced dermatitis develops from 6 months to several years after the 
completion of radiation treatment. Disorders in the functions of mature fibroblasts are 
observed. Fibroblasts are cells of the connective tissue and are responsible for the 
production of collagen and elastin. As a consequence of the ionizing radiation, a 
reduced number of fibroblasts is observed, which begin to produce a greater amount of 
collagen fibres, with irregular arrangements. The result of these changes are manifested 
in skin abnormalities such as loss of elasticity, the presence of skin fibrosis, increased 
hardness, as well as swelling. As a result of damage to the vascular endothelium, there 
is a permanent expansion of blood vessels – visible on the skin in the form of 
telangiectasia. Nerve fibres also become damaged, which translates into sensory distur-
bances. Atrophic changes may also develop, and in extreme cases, dermal necrosis. 
The sebaceous and sweat glands undergo atrophy. In the case of late radiation-induced 
reactions, the dose of absorbed radiation is of great importance. The higher the dose, 
the faster the reaction can be visible. It should be understood that the appearance of 
a late reaction is essentially irreversible. The most severe consequence of radiation 
therapy is the risk of induction of secondary cancers (Chan, 2014; de Andrade, 2012; 
Iacovelli, 2020). 

Radiation-induced dermatitis affects 8-95% of patients treated with radiation therapy 
(Ryan, 2012; de Andrade 2012) with the head and neck region, the breasts and perineal 
area being particularly vulnerable to acute radiation-induced reactions. It is worth 
emphasizing that radiation therapy does not only affect the area subjected to radiation, 
but to some extent, it has an impact on the whole body. In addition to discomfort of the 
skin or mucous membranes, the patients also report general symptoms such as malaise, 
drowsiness or weakness (Iacovelli, 2020).  

In order to correctly assess the severity of the local radiation-induced dermatitis, specific 
scales are applied. One of the most commonly used is the RTOG/EORTC (Radiation 
Therapy Oncology Group/European Organization for Research and Treatment of 
Cancer) scale. It allows for the assessment of early and late radiation-induced derma-
titis in the degree of severity from 0 to 5. However, practice has shown that this scale 
has some limitations and also does not take into account the symptoms reported by 
patients (Mondini, 2020). Another scale, the Dische scale, focuses on damage to the 
mucous membranes and takes into account clinical disorders (pain, problems with 
swallowing) in addition to clinical symptoms (erythema, epitheliolysis, oedema). To 
assess late changes, the LENT-SOMA (Late Effect Normal Tissue Task Force – 
Subjective, Objective, Management, Analytic) scale is used. This scale determines the 
degree of skin fibrosis, the surface of telangiectasia and the severity of skin discoloration. 
In addition to the above, the NCI-CTCAE (National Cancer Institute – Common 
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Terminology for Adverse Events) scale is also used. It is a 5-degree scale, the first 
degree of which means weak erythema or dry exfoliation, and the last means death. 
There is also the RISRAS (Radiation-Induced Skin Reaction Assessment Scale) that 
details and objectively assesses both dermic lesions and the subjective sensations of the 
patient, which are equally important (Stryczyńska 2011; Raza, 2012; Kumaran, 2014). 

DISCUSSION 

Oncological therapy is directed towards rapidly dividing cancer cells, but there is 
always damage to normal cells, characterized by a high proliferative index. The skin is 
classified as an organ whose physiology changes significantly as a result of therapy, 
which is confirmed by researchers studying the impact of individual therapeutic methods 
used on the patient's skin in oncology (Choi, 2014; Macdonald, 2015; Anforth, 2015). 

The key methods of treatment, which currently include surgery, chemotherapy and 
radiotherapy, always negatively affect the patient's skin to a greater or lesser extent, 
disrupting its proper metabolism. 

For many patients, a postoperative scar is a significant problem, but it should be high-
lighted that any aesthetic procedures to reduce it can be carried out after a sufficiently 
long time following the procedure and after obtaining permission from the oncologist. 
Apart from the dermatitis that accompanies chemotherapy, one of the most difficult 
adverse events connected with treatment, especially for women, is alopecia. On average, 
65% of patients who have received treatment (de Barros Silva, 2020) are affected by 
this problem. 47% of patients perceive alopecia as the most traumatic aspect of 
chemotherapy (Trüeb, 2010). There are cases when the decision to start treatment is 
delayed or even declined for fear of hair loss. 

One of the ways to reduce chemotherapy-induced alopecia (CIA) is to use scalp cooling 
during chemotherapy by using special machines ("caps"), e.g. Paxman, Dignitana. In 
Brazil, three scalp cooling devices to be used during chemotherapy have received 
approval from the Brazilian Health Regulatory Agency (Agência Nacional de 
Vigilância Sanitária) (de Barros Silva, 2020). However, access to this method is not 
common. It also seems that the safety of using this method and the absolute elimination 
of the possible negative impact of cooling on the effectiveness of treatment requires 
further study. 

Radiation therapy, in addition to its positive aspects, is also the cause of bothersome 
and unesthetic skin lesions in the form of radiation-induced dermatitis. Research in the 
field of psychodermatology indicates that appearance has an extremely important impact 
on self-acceptance, satisfaction and self-esteem, which take on particular importance in 
the case of cancer. 

Although many argue that in the face of cancer the quality of life seems to be a secon-
dary issue, it should be remembered that stress and depression lead to a worse prognosis, 
although this mechanism has not been fully explained (Lang-Rollin, 2018). Thus, 
a thorough conversation with the patient, discussing the negative consequences of 
therapy, largely manifested by the deterioration of the function and appearance of the 
skin and its appendages, are of colossal importance. Making the patient aware that, to 
a large extent, these are only temporary dysfunctions and will make the patient prepared 
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for the side effects of the treatment and certainly cope with them better. It should also 
be emphasized that currently, there are many pharmacological and cosmetology methods 
that largely alleviate the skin-related side effects of oncological therapy. The deve-
loping field of oncology aesthetics has a positive effect not only on the appearance of 
the patients, but it also improves their well-being, which gives them strength to conquer 
the disease. 

SHORT CONCLUSIONS 

1. Chemotherapy and radiotherapy negatively affect the appearance and functioning 
of the skin and its appendages. Complications of oncological treatment signi-
ficantly worsen the quality of life of patients. 

2. Cytostatic drugs weaken the barrier functions of the skin, contribute to an incre-
asing of the trans-epidermal escape of water, and thus to skin dehydration. The 
skin becomes susceptible to bacterial, viral and fungal infections. 

3. The hand-foot syndrome (HFS) is one of the most frequently diagnosed derma-
tological complications in the course of oncological treatment. 

4. Radiation-induced dermatitis is a common problem – it affects 80-95% of patients 
treated with radiotherapy. 

5. Taking into account the time criterion, there are early radiation-induced reactions, 
manifested by a change in the anatomy and physiology of the epidermis and late 
radiation-induced reactions, in the course of which significant deviations are also 
observed not only in the epidermis, but also in the dermis. 

6. One of the most difficult experiences associated with oncological treatment is 
alopecia, which affects on average 65% of patients. 

7. Proper skin care during and after oncological therapy can contribute to the reduc-
tion of side effects and accelerate skin healing and its return to normal condition. 
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ABSTRACT 

Introduction: Psoriasis, as a long-lasting genetic skin disease, may trigger feelings of rejection and stigma-

tisation by the community. Skin lesions, which often affect exposed body parts, impact psoriatic patients’ 
day-to-day functioning. Therefore, social support plays an important role in the course of the disease and 

alleviates the related stress.  
Objective: Evaluation of the perception of stigmatisation and social support for psoriatic patients from the 
perspective of healthy subjects. 

Materials and methods: The survey research was conducted on 100 healthy subjects aged 18-69. 
Results: 20.4% of the respondents believed psoriasis to be a contagious disease, which was directly related 

to their education (p = 0.004 , V Cr = 0.33). 48% of the respondents, mostly those aged 18-29, found that 
persons with psoriasis were not accepted by the society in public spaces such as swimming pools, saunas or 
solaria (V Cr = 0.33, p < 0.05). 73.5% of the respondents declared that the society should show more tole-

rance towards psoriatic patients, yet as many as 58.2% would not engage in a romantic relationship with 
a person with psoriasis, which was significantly related to non-medical education (p < 0.001, Phi = 0.46). 

Conclusions: The respondents recognise the problem of stigmatisation, point out the need for greater support 
for psoriatic patients, but do not show understanding in romantic relationships. Medical professionals 
demonstrate greater awareness and tolerance for persons with psoriasis. 

INTRODUCTION 

Psoriasis is one of the most common skin diseases, affecting 1-3% of the general popu-
lation (Parisi, 2013). Day-to-day inconvenience caused by (often severe) lesions affecting 
skin, scalp and nails lead to a severe deterioration of psoriatic patients’ quality of life, 
both in terms of physical and emotional well-being (Kanikowska, 2008; Boehncke, 
2015; Bulat, 2021). Deterioration of the quality of life is well supported by the literature, 
which proves that the psychosocial effect of psoriasis is as significant as its physical 
manifestations (Kolli, 2018; Madrid Álvarez, 2018) and contributes to the aggravation 
of the disease (Miekoś-Zydek, 2006; Agrawal, 2018).  

According to recent reports, psoriasis is a severely stigmatising disease Pearl, 2018). 
Referring to Goffman’s theses, it is suggested that psoriatic patients are stigmatised by 
the community, i.e. the so-called "social audience" (Jankowiak, 2020). The process of 
stigmatisation involves two parties to the interaction – the stigmatised and the stigma-
tising (Fortune, 2003), whereby the "social audience" is the major contributory factor 
to the phenomenon in question. Stigmatisation denotes a social reaction to the stigma 
"setting the stigmatised apart as someone crippled and inferior" (Fortune, 2003). Psoriatic 
patients are often stigmatised by their milieu, which is manifested in negative beha-
viours and opinions of family, friends and other members of the society, leading to 
rejection (Donigan, 2015). The psychological aspect of psoriasis is related not only to 
the negative attitude of the society to this disease (Özer, 2020), but also to the patients’ 
decreased emotional well-being (Leibovici, 2010; Janoska, 2016). It happens even 
more often than patients themselves internalise stigmatisation, i.e. experience negative 
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emotions of shame and inadequacy (Donigan, 2015). Therefore, social support plays 
a key role in the improvement of the mental state of psoriatic patients. 

Social support is defined in the literature as a type of social interaction which involves 
giving and sharing information, emotions, tools and tangible goods for the purpose of 
overcoming difficulties (Tyring, 2006). The effectiveness of interactions is ensured by 
the alignment between the recipient’s needs and the type of support provided (Bewley, 
2014). Following the definition, these may be classified into two categories: the first 
category includes acceptance in the community, having friends, feeling loved, cared for 
and respected, and having a sense of belonging to the society, which significantly reduces 
the severity of depression and anxiety; the second one involves building support 
networks for patients, sharing emotions and integration, especially in the elderly with 
no family history of psoriasis (Heszen, 2007; Janowski, 2012; Sakson-Obada, 2017). 

The mental state of psoriatic patients, affected by stigmatisation and dependent upon 
the social support received, is reflected in the condition of their skin. Skin lesions in the 
course of psoriasis may be a source of social stigmatisation. On the other hand, stress 
caused by the disease may trigger and exacerbate skin lesions (Locala, 2009; Gieler, 
2020). The diagnosis of psoriasis is a psychological burden and activates immunological 
mechanisms triggering symptoms (Dhabhar, 2013). Psoriatic lesions cause healthy 
people to avoid physical contact with those affected, which leads to the patients isolating 
themselves in fear of rejection (Egeberg, 2019). The study described in this article 
could be used to organize a public health campaign.  

PURPOSE 

1. Evaluation of healthy subjects’ awareness of the stigmatisation of psoriatic 
patients.  

2. Analysis of the perception of social support for psoriatic patients in everyday life. 
3. Verification of the relationship between education level and tolerance for psoriatic 

patients. 

METHODOLOGY 

The survey research was conducted on 100 persons aged 18-69, who declared no 
symptoms of dermatological diseases in their individual and family histories. Two 
surveys were dismissed due to incorrect completion. The survey included 9 closed 
single-choice and multiple-choice questions. 98 healthy volunteers aged 18-69 parti-
cipated in the study. The average age of the respondents was 35.5 years ±14.2 years. 
Half of the respondents were 35.5 years old or younger, and a fourth of the respondents 
were 26 years old or younger. 

The following tests were used for the evaluation of relationships between selected 
nominal-scale variables: Cramér’s V, phi – symmetrical measures based on a chi-
squared test, describing the strength of a relationship between variables in cross tabu-
lations. All measures of relationship strength were normalised so as to take a value 
from the (0-1) range; 0-0.29 – weak relationship, 0.30-0.49 – moderate relationship, 
0.5-1 – strong relationship. For numeric variables descriptive statistics were calculated, 
i.e. mean, median, minimum, maximum, first and third quartile, and standard devia-
tion. p < 0.05 was used as the cut-off for significance. Statistical analysis of the 
material collected was conducted with the Statistica 13.1 software. 
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RESULTS 

53.1% men and 46.9% women participated in the study. 49% of the participants had 
higher education, 23.5% of which had a medical or similar background. A vast majo-
rity – 84.7% of the respondents – declared awareness of psoriasis, yet only a half (48.4%) 
checked the correct definition of the disease. The respondents with primary, vocational 
or higher education selected the definition of psoriasis as a long-lasting skin disease 
characterised by lichenification of the skin and persistent itching more frequently than 
the respondents with secondary education, who believed psoriasis to be a long-lasting 
skin disease characterised by epidermal hyperproliferation with a medical sign of papules 
covered with silvery scales. This relationship was statistically significant (p = 0.046), 
although relatively weak (V Cr = 0.24). A similar percentage of the respondents 
declaring to be knowledgeable about psoriasis defined it as a long-lasting skin disease 
characterised by lichenification of the skin and persistent itching (38 participants – 
45.8%) and as a long-lasting skin disease characterised by epidermal hyperproliferation 
with a medical sign of papules covered with silvery scales (41 participants – 49.4%). 
The results are presented in figure 1. Additionally, as many as 20.4% of the respon-
dents believed psoriasis to be a contagious disease. The respondents with primary and 
vocational education considered psoriasis a contagious disease more frequently than 
the respondents with secondary or higher education. This relationship was statistically 
significant (p = 0.004) and had a moderate strength (V Cr = 0.33). 

 

Figure 1. Relationship between the awareness of psoriasis and education 

48% of the respondents believed that persons with psoriasis were not accepted by the 
society, while 26.5% did not consider it a problem. According to the respondents, 
public spaces to which persons with psoriasis might have the least access included 
swimming pools (92 participants – 93.9%), saunas (85 participants – 86.7%) and 
solaria (68 participants – 69.4%). A statistically significant difference was shown 
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between the age of the respondents and the frequency of indicating hairdresser salons 
(p = 0.013) and beauty parlours (p = 0.006) as public spaces considered the least 
accessible to psoriatic patients due to their disease. The above places were selected 
more frequently by the respondents aged 18-29 and 46-69 compared to those aged 35-45. 
These relationships had a moderate strength (V Cr = 0.3 and V Cr = 0.32 respectively). 
The results are presented in figure 2.  

 

Figure 2. Public spaces perceived as the least accessible to psoriatic patients due to their disease vs. Age 

As many as 68 respondents (69.4%) stated that psoriasis sufferers might experience 
problems in their professional lives. No statistically significant relationship was found, 
however, between the age of the respondents and the frequency of stating that psoriasis 
sufferers may experience problems in their professional lives on account of the disease 
(χ²(4) = 5.71, p = 0.221), and the respondents’ education (p = 0.275). The results are 
presented in figure 3. 

 

Figure 3. Belief of the respondents that psoriatic patients may experience problems in their professional lives 

due to their disease vs. education 

73.5% of the respondents believed that the society should show more tolerance towards 
those affected by psoriasis, yet as many as 58.2% of the respondents would not engage 
in a romantic relationship with a person with psoriasis. The respondents with a medical 
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background, however, declared willingness to engage in a romantic relationship with 
a psoriatic patient more frequently. This relationship was statistically significant 
(p < 0.001) and had a moderate strength (Phi = 0.46) (fig. 4.). A similar percentage of 
the respondents with different education levels (primary/vocational, secondary, higher) 
declared willingness to engage in a romantic relationship with a person with psoriasis. 
No statistically significant differences were found (χ²(2) = 0.03, p = 0.98). 

 

Figure 4. Willingness to engage in a romantic relationship with a person with psoriasis vs. medical background 

DISCUSSION 

Psoriasis is a long-lasting genetic inflammatory skin disease affecting approximately  
1-3% of the world population (Parisi, 2013). Distinctive papuloerythematous lesions 
covered with silver scales have a major impact on the patients’ appearance, aesthetic 
appeal and quality of life. In light of recent research, more and more extensive lite-
rature indicates an important role of stigmatization, especially in incurable diseases, 
such as psoriasis (Lanna, 2020). Inability to recover completely has a negative impact 
on different aspects of psoriasis sufferers’ lives.  

To start with, it should be noted that the study group included 98 persons between 18 
and 69 years of age. The data obtained is therefore not representative for the overall 
population. Own observations confirm literature reports – psoriasis is still perceived as 
contagious disease and a result of poor personal hygiene (Young, 2005). In another 
study (Hrehorów, 2012) on a group of 102 patients as many as 7% of the respondents 
considered psoriasis a contagious disease at all times, whereas 41% believed it to be 
sometimes contagious. A study conducted in France had similar findings: 16.5% of the 
respondents aged 16-64 considered psoriasis to be a contagious disease, whereas 6.8% 
believed psoriasis to be caused by poor personal hygiene (Halioua, 2016). It can be 
therefore assumed that generally available information on the disease does not improve 
tolerance for psoriatic patients.  

According to Young’s study (Young, 2005), 38% of the respondents affected by 
psoriasis admit to have difficulties with interpersonal relationships in everyday life, at 
work and at school, as well as with intimacy. This is confirmed by the study conducted 
by Haassengier et al., where 90% of the respondents stated that psoriasis affected the 
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sufferers’ quality of life (Haduch, 2008). 50% of the subjects found that they were 
inhibited in intimate relationships mainly due to psoriasis with the disease being 
a stigma. 60% of the respondents in another study stated that psoriasis had a significant 
impact on their lives (Donigan, 2015) and that they were frequently asked to leave public 
spaces (Hrehorów, 2012). The symptoms hinder daily activities related to personal 
hygiene (31%), purchasing clothes (57%) or interpersonal relationships (43%) (Locala, 
2009). Many sufferers feel the need to hide their bodies and are ashamed of the disease 
(62.5%), whereas 33.9% feel uncomfortable in public spaces. 72% of the psoriasis 
sufferers have a negative image of their bodies (Donigan, 2015). The feelings of 
stigmatisation have a negative impact not only on social functioning, but also on the 
choice of activities. The respondents in our study admitted that psoriatic patients might 
find it the most difficult to use swimming pools (93.9%), saunas (86.7%) and solaria 
(69.4%). According to the study conducted by Dhabhar and Zaheroraz et al., psoriatic 
patients experienced isolated incidents of being asked to leave hairdresser salons and 
being isolated at swimming pools or beaches (Dhabhar, 2013; Petit, 2014). In Dhabhar’s 
study conducted on 137 psoriatic patients, 26% reported that they experienced a situation 
within the last month where someone avoided to touch them due to visible skin lesions 
(Dhabhar, 2013). Zaher et al., in turn, found that in a group of patients with moderate 
psoriasis as many as 19% of the respondents experienced severe social rejection in 
a public space like gym or swimming pool (Basińska, 2012). It is important to note that 
both our study and the studies of other authors (Petit., 2014; Bronckers, 2019) find that 
young people aged 18-29 have the biggest issues with peer acceptance. Psoriasis has 
a negative effect on physical activity. Those affected, expecting rejection, avoid situ-
ations where they would have to display lesions, which may lead to deteriorated social 
functioning and deprivation of the basic human need of belonging to a social group 
(Finkelstein, 2008; Zieciak, 2017).  

Both our study and the studies of other authors find that psoriasis may affect the patients’ 
professional lives (Bulat, 2021). 69.4% of the respondents in our study expressed 
a view that psoriatic lesions have an impact on professional career. The occupational 
impact of psoriasis is important and significant in patients who receive systemic therapy 
but minimal or absent in other psoriasis patients (Claudepierre, 2018). Other resear-
chers report that approximately 60% of patients reported that psoriasis localized to 
their hands or feet caused work limitations, whilst in about 25%, it caused them to quit 
their job (Ayala, 2014). Greater limitations in terms of professional career were found 
in subjects with lower education levels (Halioua, 2016). The findings of our study did 
not reveal a statistically significant relationship between the respondents’ education 
level and the frequency of agreement with a claim that psoriatic patients may expe-
rience problems in their professional lives due to the disease. This may suggest a general 
social understanding for limitations caused by psoriasis. Additionally, the disease leads 
to a long-term state of low mood, which contributes to increased use of alcohol and 
cigarettes, and decreased physical activity (Young, 2005). Excessive alcohol consump-
tion may, in turn, unleash a vicious circle – contribute to a systemic inflammation and 
comorbidities associated with psoriasis, including cardiovascular diseases and 
depression (Adamzik, 2013). The aforementioned aspects may all contribute to a loss 
of job and reduced efficiency of the employee (Donigan, 2015). As other authors 
report, more than half of the subjects indicated that psoriasis affected their career plans, 
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whereas a third claimed that the disease affected their professional skills necessary for 
the preservation of their economic status (Gupta,1998). Additionally, patients with 
lower education levels or unemployed feel more stigmatised (Golpour, 2012). This 
may stem from low self-esteem (Mercuri, 2017) or – quite the opposite – psoriasis 
makes it difficult to land a job (Al-Mazeedi, 2006). 

73.5% of the respondents in our study believed that the society should show greater 
tolerance towards the sufferers, yet as many as 58.2% of the respondents would not 
engage in a romantic relationship with a psoriatic person. These findings are to a certain 
extent in line with the study of Haassengier et al., where 28% of the respondents stated 
they would not engage in a romantic relationship with a person with psoriasis, whereas 
38% expressed doubts in that matter (Chan, 2009). This may be caused by guilt and 
fear of passing down a gene responsible for the development of the disease to children 
(Wu, 2009). On the other hand, less educated patients have stronger feelings of stigma-
tisation (van Beugen, 2017). Based on other authors’ observations, psoriatic patients 
themselves cannot imagine engaging in intimate relationships with healthy people 
(Wahl, 2000). Rejection, guilt and shame are factors contributing to difficulties with 
building relationships, especially intimate ones (Ayala, 2014). The interpretation of the 
French study shows (Lu, 2003) no relationship between education and interpersonal 
success. This is in contrast to the analysis of the respondents’ answers in our study. The 
above discrepancies may be due to the differentiation of education into medical and 
non-medical. This is confirmed by other authors who proved that medical professionals 
demonstrated greater awareness and tolerance for persons with psoriasis (Ginsburg, 
1989; Hawro, 2017). 

The study sheds light on the reality every psoriatic person has to face. The society 
observes the need for greater tolerance,but does not show such tolerance in more 
personal questions. Our study and the reports of other authors prove that the society’s 
attitude towards psoriatic patients needs to change. They also point out the need to 
educate the society. General acceptance of the disease in a patient’s community, expres-
sed e.g. by a handshake (Coulehan, 2001), reduces the feelings of stigmatisation, 
contributes to the improvement of the patient’s emotional well-being and may have 
a positive effect on the response to an elective treatment (Bundy, 2014; van Beugen, 
2017). Given the findings and other authors’ reports, the limitation of negative expe-
riences in the course of the disease in psoriatic patients’ everyday lives through 
increased tolerance and accessibility of social support will facilitate the alleviation of 
long-term effects of the disease. 

CONCLUSIONS 

1. Healthy persons are aware of the stigmatisation of psoriatic patients. 
2. Although healthy persons point out the need for greater social support for persons 

with psoriasis, they do not show understanding in romantic relationships. 
3. Medical professionals have greater awareness and develop greater tolerance 

towards psoriatic patients. 
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ABSTRACT 

Allergic contact dermatitis (ACD) is a widespread form of immunotoxicity. It is estimated that ACD 

affects about 20% of the population. Therefore, there is a great need for estimation the sensitising potential 
of substances placed on the market. Information on skin sensitisation potential is required by various legal 

framework i.e. Registration, Evaluation and Authorisation of Chemicals (REACH). Advances in biomedical 

sciences as well as an understanding of the molecular mechanisms underlying the skin sensitisation allow 

to replace traditional methods using laboratory animals with alternative methods such as in vitro methods. 

This activity is in line with the international trend of reducing animal testing and is an expression of the 
wide application of the 3R rules i.e. Replacement, Reduction and Refinement. In vitro methods currently 

used for regulatory purposes employ one type of cells or stage of mechanism considered to be key events 

(KE) in the sensitisation i.e.: i) the molecular initiating event, the covalent binding of electrophilic 

substances to nucleophilic centres in skin proteins; ii) the keratinocytes activation; iii) the activation of 

dendritic cells; iv) T-cell proliferation. They are an expression of adverse outcome pathway (AOP) that 
represents the existing knowledge concerning the connections between a molecular initiating phase, 

intermediate events and an adverse outcome at the individual or population level. In recent years, there has 

been an attempt to establish a co-culture method that integrates the key events in the mechanism of skin 

sensitisation. Co-culture systems takes into account in vivo responses as well as interactions between different 

types of cells and allow to assess the sensitising properties of the substances more accurately.  
This chapter focuses on the current state of knowledge regarding the co-culture methods combining minimum 

two types of cells in the skin sensitisation assessing.  

INTRODUCTION 

DEVELOPMENT MECHANISM OF ALLERGIC CONTACT DERMATITIS  

Allergic contact dermatitis – inflammatory dermatosis resulting from the mechanism of 
delayed type hypersensitivity may develop as a result of repeated contact with small-
molecule chemical compounds with the ability to activate the immune system called 
haptens. Most often, ACD is caused by nickel, fragrances and preservatives (Peiser, 
2012; Thyssen, 2007). The gold standard in ACD diagnostics are patch tests using 
a standard tray of about the 30 most frequent contact allergens, diluted in petrolatum or 
water. In people allergic to the hapten at the application site develops an inflammatory 
reaction, which depending on severity is interpreted according to the International 
Contact Dermatitis Research Group (ICDRG) (Śpiewak, 2007). Haptens are not im-
munogenic by themselves (Bos, 2000), they are recognized by the immune system after 
penetrating the stratum corneum, the top-most layer of the skin and covalently binding 
with endogenous proteins (Karlsson, 2018). The following amino acids are the most 
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common targets of haptens: lysine, cysteine, histidine, methionine or tyrosine (Martins, 
2011). The immunogenic properties of haptens are associated with unpaired electron in 
the last layer of the molecule. In order to stabilize the molecule, haptens that are defi-
cient in electrons (electrophiles) combine with rich in electrons amino acids (nucleo-
philes) (Aptula, 2007). Some chemicals become haptens upon metabolic or abiotic 
activation and are called prohaptens and prehaptens, respectively (Urbisch, 2016). In 
case of metabolic activation (prohaptens), the human skin expresses enzyme systems 
that are able to metabolize xenobiotics (a chemical compound that is foreign to a given 
biological system, i.e. drugs, drug metabolites, and environmental compounds), modi-
fying their chemical structure to increase hydrophilicity and allow elimination from the 
body. Xenobiotic metabolism can be divided into two phases: phase I and phase II. 
Cutaneous enzymes that catalyse phase I transformations include the cytochrome P450 
(CYP) mixed-function oxidase system (Karlberg, 2013). Other metabolic enzymes 
identified in the skin include monooxygenases, dehydrogenases, esterases, amidases, 
and phase II enzymes which are mainly transferases (Chipinda, 2011). Abiotic transfor-
mation of prehapten into a hapten occurs outside the skin by chemical transformation 
(air oxidation; photoactivation) and without the requirement for specific enzymatic 
systems (Karlberg, 2013).  

Allergic contact dermatitis takes place in two phases: induction and elicitation phase. 
The induction phase covers all stages, from the initial contact with the allergen to the 
development of sensitisation. Elicitation begins after contact with the hapten in a pre-
viously sensitised individual and results in ACD (Martins, 2011). During the induction 
phase of ACD, haptens applied to the skin interact with cellular proteins to form hapten-
protein complexes, which are absorbed by antigen-presenting cells (APC). Epidermal 
Langerhans cells (LC) and dermal dendritic cells (DC) are the major antigen-presenting 
cells for contact allergens. Cutaneous hapten application activates keratinocytes (KCs) 
to release cytokines, such as TNF-alfa, that function along with APC-derived IL-1beta 
to promote APC maturation and migration to local lymph nodes. In the local lymph 
nodes the LC activate antigen-specific T cells to proliferate into memory T cells. The 
cutaneous hapten application also leads to the release of uncharacterized endogenous 
glycolipids which are presented by CD1d-bearing APC, such as dermal dendritic cells, 
to natural killer T (NKT) cells leading to the release of IL-4. B-1 subset of antibody 
producing B-cells in the presence of IL-4 and antigen become activated and release 
circulating IgM (Gober, 2008).  

The elicitation phase occurs following a subsequent contact with the same allergen. 
The T cells activated by LC are ready to produce an inflammatory response. Effector 
and memory T cells (i.e. activated T cells that have been previously exposed to contact 
allergens) produce high level of cytokines. Activated T cells migrate from the lymph 
nodes, into circulation, and then to the area of skin to which the antigen has been 
applied. Chemokines and adhesion molecules regulate the migration of T cells to the 
appropriate skin site (Xu, 2000). The effector T cells release pro-inflammatory cytokines, 
such as interferon-γ (IFNγ), and promote the killing of haptenized cells, resulting in the 
development of the classic inflammatory rash (Kaplan, 2012) (fig. 1). 
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Figure 1. Mechanism of allergic contact dermatitis (adapted source: by Gober, 2008). KCs: keratinocytes, 

APC: antigen-presenting cells, NKT: natural killer T, IFNγ: interferon γ  

CURRENTLY USED ALTERNATIVE METHODS FOR THE REGULATORY PURPOSES 

Alternative methods are based on the existing knowledge describing the influence of 
molecular disturbances on subcellular, cellular, tissue, organ, whole animal, and popu-
lation levels of observation, which is integrated in Adverse Outcome Pathways (AOP). 
In the AOP of skin sensitisation, the following key event (KE) can be distinguished: i) 
the first key event i.e. the molecular initiating event, is the covalent binding of electro-
philic substances to nucleophilic centres in skin proteins; ii) the second key event i.e. 
the keratinocytes activation; iii) the third key event is the activation of dendritic cells; 
iv) the fourth key event is T-cell proliferation (OECD, 2014). 

Methods addressing the first KE (KE1) in the skin sensitisation mechanism are based 
on a significant correlation between a chemical’s skin sensitisation potency and its 
ability to react with peptides containing nucleophilic amino acids. The majority of 
chemical allergens (or their metabolites) have electrophilic properties and are able to 
react with various nucleophiles to form covalent bonds. If these substances are exposed 
to and can penetrate skin, they are likely to result in allergic reactions in humans 
(Willet, 2019). Internationally recognized test guideline addressing the first KE have 
been adopted by the OECD and includes three methods: Direct Peptide Reactivity 

Assay (DPRA), Amino acid Derivative Reactivity Assay (ADRA) and The kinetic 

Direct Peptide Reactivity Assay (kDPRA) (OECD, 2021).  

Synthetic peptides containing lysine and cysteine are used in DPRA method. After  
24-hours incubation of peptides with the excess of chemical, the concentration of 
peptides is evaluated using high-performance liquid chromatography with UV-detection 
(HPLC-UV) (OECD, 2021).  

The next method addressing KE1, ADRA is analogous to that of DPRA, but peptides 
containing lysine and cysteine have been replaced by two amino acid derivatives: N-(2-
(1-naphthyl)acetyl)-L-cysteine (NAC) and α-N-(2-(1-naphthyl)acetyl)-L-lysine (NAL) 
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(Yamamoto, 2015; Fujita, 2014). Unlike DPRA, where a high concentration of the 
tested material (100mM) is used, which may prevent the analysis of hydrophobic 
substances, in ADRA, thanks to the use of derivatives, it is possible to reduce the con-
centration of the tested chemical 100 times (1mM) (Akimoto, 2020; Yamamoto, 2015). 

The latest method included in the guideline 442C (OECD, 2021) is the kinetic DPRA 
(kDPRA) which allow to quantify the reactivity of test chemicals towards a synthetic 
model peptide containing cysteine in a time and concentration dependent manner. The 
kinetic DPRA uses five substance concentrations (5, 2.5, 1.25, 0.625, 0.3125 mM) at 
six reactions time points (10, 30, 90, 150, 210 and 1440 min), non-depleted peptide 
concentration is measured after addition of monobromobimane which stops the reaction 
and binds to the that peptide to form a strong fluorescent complex that is measured. 

The ARE-Nrf2 luciferase KeratinoSens™test method and The ARE-Nrf2 luciferase 

LuSens test method are the two validated in vitro methods addressing events on 
keratinocytes (KE2) described by OECD guideline 442D. Both of them assess the 
Nrf2-mediated activation of antioxidant response element (ARE) – dependent genes of 
luciferase (OECD, 2018a). Nrf2 pathway activation is a major ubiquitous regulator of 
cellular oxidative and electrophilic stress which is negatively regulated by Kelch-like 
ECH-associated protein 1 (Keap1) (Helou, 2019). Keap1 as a protein reach in reactive 
cysteine residues is a target for haptens. Modifications of cysteine residues lead to 
conformational changes in the Keap1 which favour accumulation of Nrf2 transcription 
factor. Consequently, Nrf2 translocate into the nucleus and can activate of the anti-
oxidant response element (ARE) dependent genes (Natsch, 2009; Emter, 2010; 
Dinkova-Kostova, 2005; Kansanen, 2013). An immortalised adherent cell lines derived 
from human keratinocytes are used in both tests. Luciferase reporter gene was stably 
inserted into keratinocytes under control of the ARE-element of the human AKR1C2 
gene (ARE-Nrf2 luciferase KeratinoSens

TM
 test) (Emter, 2010) or rat NQO1 gene 

(ARE-Nrf2 luciferase LuSens test) (Ramirez, 2014). Quantitative measurement of 
luminescence resulting from luciferase gene induction as an indicator of the activity of 
transcription factor Nrf2 in cells after exposure to test substance is performed. In 
parallel, viability of cells is assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) (OECD, 2018a). 

The following methods addressing DC activation (KE3) has been adapted by the 
OECD under the guideline No. 442E: 

 Human cell line activation test (h-CLAT); 

 U937 cell line activation Test (U-SENS); 

 Interleukin-8 Reporter Gene Assay (IL-8 Luc assay) (OECD, 2018b). 

The first two methods are based on cytometric measurement of surface antigens which 
are upregulated by tested chemical exposure. Concurrently, cytotoxicity measurement 
is conducted to assess whether upregulation of surface markers expression occurs at 
sub-cytotoxic concentrations. 

In h-CLAT method, expression of CD86 and CD54 surface antigens is measured on 
the human monocytic leukemia cell line (THP-1) (Tsuchiya, 1980) which is served as 
a dendritic cells surrogate (Ashikaga, 2006).  
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In turn, U-SENS method utilize human histiocytic lymphoma cell line U937, type of 
cells which respond to contact sensitisers dose-dependently by up-regulating CD86 
expression (Python, 2007).  

In contrast, the IL-8 Luc assay quantifies changes in IL-8 expression associated with 
the activation of dendritic cells. A stable THP-1 derived IL-8 reporter cell line, THP-
G8 is used in this test. THP-G8 cell line is characterized by harbouring Stable Luci-
ferase Orange (SLO) and Stable Luciferase Red (SLR) genes under the control of IL-8 
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH – internal control) promotors, 
respectively (Takahashi, 2011). Luciferase genes emit orange (SLO) and red (SLR) 
light with a single substrate, firefly D-luciferin. Quantitative measurement of luciferase 
gene induction is based on detection of luminescence (OECD, 2018b). 

Activation and proliferation of T-lymphocytes in the local lymph nodes induced by 
skin sensitisers is estimated using Local Lymph Node Assay (LLNA) with the use of 
mice (KE4). The appropriate dilution of the test substance, is applied to the dorsum of 
each ear for three consecutive days. On day 6 the mice are injected intravenously with 
3H-thymidine, tracer substance that is incorporated into lymphocytes. 5 hours later, the 
mouse are sacrificed and lymph nodes draining the site of chemical application are 
evaluated for radioactivity in order to estimate degree of lymphocyte proliferation. 
Incorporation of 3H-methyl thymidine is measured by β-scintillation counting as dis-
integrations per minute (DPM) (OECD, 2010; Gwaltney-Brant, 2014). Non-radioactive 
modification of the LLNA are described in the OECD guidelines TG 442A (LLNA:DA 
method) and TG 442B (BRDU:ELISA, BRDU:FCM methods). LLNA:DA method 
quantifies adenosine triphosphate (ATP) content via bio-luminescence as an indicator 
of lymphocyte proliferation as well as LLNA:BrdU quantifies the incorporation of 
BrdU to deoxyribonucleic acid DNA, non-radioactive analogue of thymidine by ELISA 
(LLNA: BrdU-ELISA) (Lehmann, 2018) or by flow cytometry method (LLNA: BrdU-
FCM) (OECD, 2018c).  

CO-CULTURE METHODS – CURRENT STATE OF ART 

Currently used methods only take into account one type of cell associated with a specific 
key event, they do not take into account the interactions between cells involved in the 
skin sensitisation process in vivo. Co-culture methods i.e. methods in which a mini-
mum of two populations of cells are cultivated together with a possibility of contact at 
different levels (Goers, 2014) allows a cross-talk between the different types of cell 
involved in the skin sensitisation what mimics the processes occurring in the skin. Co-
culture methods integrate mainly two types of cells: keratinocytes and dendritic cells 
and are used in variety of culture formats, can be based on two-dimensional (2D) as 
well as three-dimensional (3D) cell culture models. 

2D MODELS 

In loose-fit co-culture-based sensitisation assay (LCSA) applied a single layer of 
human non-differentiating KCs together with allogenic floating monocytes (Schreiner, 
2007). This two cell types were co-cultured in serum-free medium in a presence of 
interleukin-4 (IL-4), granulocyte-macrophage colony-stimulating factor (GM-CSF), 
and transforming growth factor β (TGF-b). Keratinocytes were obtained from skin 
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received as residual material from plastic surgery while monocytes were isolated from 
adult blood or from leukocyte concentrate, cytokine cocktails induced the differentiation 
of precursor cells to immature dendritic cell-like cells. The use of co-culture allergen-
sensitive system consisting of activated KCs and mobile DC-related cells allow to 
obtain upregulation of DC maturation marker i.e. CD86 surface antigen (Dudek, 2013). 
Cell were incubated with chemical for 48h, then non-adherent cells were analysed by 
flow cytometry in order to calculate CD86 expression. LCSA method allow for catego-
rization of sensitising potency based on EC50 value i.e. the substance concentration 
which led to a half-maximal increase in CD86-expression. The following sensitising 
potency categories were established:  

 < 12.5 μM: extreme;  

 < 50 μM: strong;  

 < 100 μM: moderate;  

 > 100 μM: weak.  

Substances failing to elicit significant rise in CD86-expression up to the maximum test 
concentration were deemed non-sensitisers. Important advantage of this assay is the 
presence of some metabolic capacity provided by keratinocytes in comparison with 
other approaches which rely on dendritic cells only (Sonnenburg A., 2015). 

While the LCSA measures dendritic cell activation, the another method, LCSA-ly offers 
the option for an additional lymphocyte endpoint which can be measured concurrently 
(Frombach, 2018). The LCSA‑ly method cover three key events in the AOP (KE2, 
KE3, KE4) for skin sensitisation by application of tri-culture system consist of primary 
keratinocytes, monocyte-derived dendritic cells as well as lymphocytes. Several 
surface lymphocyte markers (CD44, CD119, CD124, and IL-23R) and cytokines (IFN-
γ, IL-4, IL-17) in cell culture supernatants were measured by flow cytometry and 
ELISA method, respectively. Since CD44 and CD124 markers and the cytokine IL-4, 
were constantly detected in lymphocytes from all donors they seem to be the most 
promising read-out parameters for future sensitisation testing. To obtain optimally 
responsive lymphocytes, which are also a part of peripheral blood mono-nuclear cells 
(PBMCs), the use of fresh not cryopreserved PBMCs is obligatory.  

Unlike the LCSA method which uses primary cells, Meloni et al. proposed method 
with immortal cell lines i.e. THP-1 and NCTC 2544 co-culture (Meloni, 2010). NCTC-
2544 is a commercially available epithelial-like skin cell line originating from normal 
human skin, which possesses robust expression of cytochrome P450–dependent enzy-
matic activities whereas THP-1 is the human monocytic leukemia cell line derived from 
the peripheral blood of a male with acute monocytic leukemia (Tsuchiya, 1980). 
NCTC-2544 were seeded in a 24-well plate and grown till confluence. After reaching 
confluence, THP-1 cells were seeded in the same plate and treated with selected con-
centration of chemicals in triplicate for 24h. At the end of the exposure time, total RNA 
was extracted and used for real-time quantitative RT-PCR for expression assessment of 
following genes: CD86, CD54, and IL-8 as skin sensitisation biomarkers, and beta 
actin as the endogenous control. This method allowed for identification of strong sensi-
tiser according to the IL-8 gene expression. Since it has not been possible to discrimi-
nate the other reference molecules there is a need to optimize the experimental conditions.  
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Another method that proposes the use of established cell lines is the co-culture 

activation test (COCAT) (Hennen, 2017) with HaCaT and THP-1 cells. THP-1 cells 
are placed on top of confluent HaCaT, in vitro spontaneously transformed keratino-
cytes from histologically normal skin (Boukamp, 1988). Co-cultured cells are exposed 
to the compounds. Activation of dendritic cells is evaluated by measuring CD54 and 
CD86 expression in THP-1 cells using flow cytometry. Hennen et al. found that exposure 
on the co-cultured cells has the potential to increase their response to sensitising 
chemicals, enabling the detection of pro-haptens and supporting the identification of 
skin sensitisation potency. The THP-1/HaCaT co-culture can distinguish between 
sensitisers and non-sensitisers with high specificity, yielding an overall accuracy of 
96%. High compliance was found (79,5%) when estimating potency based on a predic-
tion of 4 potency subcategories (extreme/strong, moderate, weak, non-sensitiser) by 
linear interpolation of the lowest concentration needed to reach positivity for estimated 
markers (CD54 or CD86) as compared to LLNA EC3 values (the amount of a chemical 
that is required to elicit a three-fold increase in lymph node cell proliferative activity) 
(Hennen, 2019). A Study of intra-laboratory reproducibility and predictivity showed 
that skin sensitisation hazard prediction had 100% sensitivity, 75% specificity, and 
92.3% accuracy (15 chemicals) (Eskes, 2019).  

There are also several methods that use both primary cells as well as established cell 
lines. 

In the method constructed by human keratinocytes derived from residual tissues after 
routine circumcisions and plastic surgeries and THP-1 cell line, expression of CD86 
and CD54 on THP1 cells were measured by flow cytometry after 24h treatment of co-
culture (Cao, 2012). In brief, THP-1 cells were pre-cultured for 48 h and keratinocytes 
were seeded at 2 × 10

5
 cells/500 μl/well in inserts of 12-well plates, where the bottom 

of the insert was made of a 10 μm thick transparent polyester membrane with 0.4 μm 
pores. After 24 h, the medium was changed and THP-1 cells were seeded at 1 × 10

6 

cells/500 μl/well in 12-well plate as lower chamber, into which the insert containing 
keratinocytes was transferred. After 2 h, 500 μl test chemicals with different concen-
trations were applied to upper chambers and lower chambers of co-cultures in 12-well 
plate, respectively. After 24h, expression of CD86 was measured by flow cytometry. 
The use of co-culture of keratynocytes and dendritic cells enhanced the expression of 
the CD86 antigen on THP-1 cells. Compared to monocultured THP-1 cells, increased 
expression of antigens also occurred at non-toxic concentration of sensitisers. This is 
an example of segregated co-culture in which cells do not contact each other directly, 
but through soluble factors (Thélu, 2020). 

To improve the detection of haptens and prohaptens, a method using a co-culture 
consisting of MUTZ-3-derived Langerhans cells (LCs), HaCaT keratinocytes, and 
primary fibroblasts (FB) has been proposed (Lee, 2018). The use of fibroblasts, which 
are the source of many cytokines and chemokines, may increase the expression of 
cytochrome P450 in keratinocytes and, consequently, increase the possibility of detecting 
sensitising substances requiring metabolic activation (Luu-The, 2009). Measurement of 
three markers i.e. extracellular level of IL-8, MIP-1β, and GM-CSF allowed to achieved 
91% accuracy. This method a lso enables the estimation of sensitising potency with an 
overall accuracy of 83%. 
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3D MODELS 

The advantage of use 3D model is the possibility of a topical application of the chemical 
as well as integration of all events occurring during the initial phase of sensitisation 
(barrier function, bioavailability, epithelial cells (EC)/DC interaction, and DC matura-
tion) (Ouwehand, 2011). These kind of methods use 3D epidermal models i.e. recon-
structed human epidermis (RhE) or skin equivalent model (SE).  

A three dimensional RhE model, which consists of normal human-derived epidermal 
keratinocytes (NHEKs) have several advantages over traditional cell cultures. Firstly, 
RhE mimic the epidermis structure and organization in that they are keratinocyte-
based, have a differentiated epidermis and stratum corneum. Secondly, RhE model can 
also be used for potency assessment of skin sensitisers (Galbiati, 2018). Finally, RhE 
models allow test chemical to be applied to the "skin" with less limitation on the test 
substance’s and exhibit metabolic capability similar to that of human. SE is more 
advanced models of full-thickness skin equivalent consist of RhE containing additio-
nally fibroblasts and other cell types such as immune cells (Thélu, 2020). Dendritic 
cells from various sources are used in 3D models. Different DC subsets with diverse 
functionalities have been described, depending on the level of expression of specific 
surface markers, their activation status, and anatomic location. Two major subgroups 
of dendritic cells are plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) (Vittorakis, 
2014).  

Plasmocytoid DCs were used with human epidermal RhE model (EpiDerm™, MatTek) 
in co-culture method assessing skin sensitisation. In the first step of assay, inserts of 
RhE tissues are placed at the air-liquid interface above pDC suspended in media and 
then are exposed to test chemical for 4 hours of incubation together. The second step of 
the assay is separate culturing of the RhE tissues and pDC for an additional 20 hours. 
This method uses two endpoints: measurement of the CD86 antigen expresion on 
dendritic cells by flow cytometry and measurement of IL-18 concentration in the RhE 
media. From three independent experiments researchers obtained a mean accuracy of 
89%, sensitivity 100%, and specificity 67% (Troese, 2015). 

There are several methods that have used Langerhans cells obtained by differentiation 
of the MUTZ-3 cells (MUTZ-LC). 

RhE model Episkin
® 

(SkinEthic, France) – reconstituted organotypic culture of human 
keratinocytes forming a multilayer differentiated epidermis on collagen matrix and 
MUTZ-LC are cultured as two cell populations separated by a porous transwell mem-
brane (Ouwehand, 2011). After 48h of topical treatment onto RhE, RhE viability using 
MTT assay is assessed and the expression of CD54 and CD86 antigens onto MUTZ-3 
cells is measured as well as DC viability by flow cytometry with propiodum iodide. 

MUTZ-3 cells which are differentiated into LC (MUTZ-LC) with cytokine cocktail 
(GMCSF + TNF-α + TGF-β1) are also used with epidermal equivalent model (VUMC-
EE) (Ouwehand, 2011). Chemicals in subtoxic concentrations (viability ≥70%) were 
applied topically onto EE via a saturated filter paper disc for 24 h hours. Disc was then 
removed and cultures were harvested 24 hours later (total 48 hours). Indirectly treated 
MUTZ-LC were checked for the expression of surface antigens CD86 and CD54 as 
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well as viability were measured by PI exclusion. EE viability after 48 hours is deter-
mined by MTT. Preliminary results showed no increased expression of surface antigens 
on MUTZ-3 and MUTZ-LC in co-culture model compared to monoculture model. 
However, the advantage of using co-culture is to take into account the epidermal barrier 
function and the possibility of applying hydrophobic compounds. 

In another method, MUTZ-LC are combined with full thickness skin equivalent 
(RealSkin), however, commonly used surface antigens (CD86, CD54) and cytokins 
(IL-18) has been extended by the 27-cytokine multi-plex screen and a functional 
chemotaxis assay to take into account the complexity of skin sensitisation mechanism 
(Lee S. et al., 2014). RealSkin, a full thickness skin model from EpiSkin™, consists of 
a dermal equivalent with a lattice of acido-soluble collagen and normal human adult 
fibroblasts overlaid by a stratified, well differentiated epidermis layer derived from 
normal human adult. After 48 hours of treatment of RealSkin, the supernatant were 
collected in order to assessed 27 human cytokins using Bio-plex assay. Additionally, 
expression of CD86 and CD54 antigens is analysed by flow cytometry as well as 
migration ability of MUTZ-LC in presence of CCL19 by hemocytometer. A classifi-
cation model that is predictive of skin sensitisation was built using a support vector 
machine (SVM) and metrics identified through various feature selection methods. The 
studies showed that the method with the use of the full panel of cytokines obtained 
only 75% accuracy with low sensitivity of 67% and specificity of 83% in categorizing 
sensitisers. To improve performance of the method, feature selection was made. Narro-
wing number of cytokines to: IL-12, IL-9, VEGF, IFN-γ gave the best classification 
performance where the accuracy, sensitivity, and specificity were all 92%. 

Not only the MUTZ-3 cell line is used in 3D co-culture models, the THP-1 cell line has 
also found application as a source of dendric cells.  

Schellenberger et al. combined RhE in segregated co-culture with THP-1 cells, as 
surrogate for DC (Schellenberger, 2019). This model allows for evaluation of dendritic 
cell maturation in their natural environment since the THP-1 cells are seeded under-
neath the reconstructed human epidermis. Immediately after seeding THP-1 cells, 
increasing concentrations of test chemicals are applied for 24h on top of the skin models. 
After 24h incubation, RhE inserts are removed, and THP-1 cells are harvested and cell 
surface expression of CD86, CD54, CD40 and HLA-DR on viable THP-1 cells is 
analysed using flow cytometry. Upregulation of CD86, CD54, CD40 and HLA-DR on 
co-cultured THP-1 cells is calculated as fold change of the mean fluorescence intensities 
(MFI) between chemical- and solvent exposed cells. The advantages of this method is 
possibility of testing poorly water-soluble chemicals and mixtures after topical appli-
cation as well as DC activation is evaluated taking into account the innate response of 
keratinocytes induced by the applied compounds and possibly secondary products 
generated by the xenobiotic metabolism of the stratified keratinocytes. 

3D commercially available skin models largely lack immunocompetent cells (Bock, 
2018). There are several 3D-co-culture methods in which MUTZ-LC are integrated 
into a human skin equivalent.  

A fully stratified epidermis with all characteristic epidermal strata was obtained by 
seeding on top of fibroblast-containing collagen matrix a mixture of primary human 
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keratinocytes and MUTZ-3-LCs for 24 h and subsequently the model was cultured in 
air-liquid interface (ALI). Histological evaluation after 10 days showed that the 
presence of MUTZ-3-LCs had no impact on epidermal differentiation (Laubach, 2011).  

The behaviour of dendritic cells under the influence of sensitising and irritating sub-
stances was verified using the SE-LC test system. Disks impregnated by chemicals were 
applied topically to the stratum corneum of SE-LC for 16 hours. MUTZ-LC migration 
from the epidermis of SE was assessed by flow cytometry. On the basis of the results, 
it was found that maturation and migration of MUTZ-LC to dermal compartment of SE 
after allergen exposure is dependent on chemokine CXCL12 and independent on 
chemokine CCL5. After irritant exposure, MUTZ-LC. After topical irritant exposure 
MUTZ-LC migrate in a CCL5 dependent, and CXCL12 independent manner and 
undergo an IL-10 dependent phenotypic change to a macrophage-like cell within the 
dermal compartment (Kosten, 2015).  

Migration of MUTZ-derived LC-like cells from epidermal to dermal compartment has 
been confirmed in another studies in which Langerhans cell were integrated into recon-
structed human skin (RhS). Additionally, this study compared two types of immuno-
competent skin models: MUTZ-LC-RHS as well as MoLC-RHS (monocyte -derived 
LC-like cells) (Bock, 2018). The preparation of MUTZ-LC has been previously 
described, while the MoLCs were differentiated from human monocytes obtained from 
healthy donors. Differentiated MoLCs were obtained after 7 days of monocyte culti-
vation in complete medium supplemented with cytokine and growth factors (GM-CSF, 
interleukin (IL)-4, TGF-β1) and subsequent cell separation via CD1a MicroBeads. The 
test substances were applied topically for 24 hours two weeks after seeding keratino-
cytes and LC-like cells onto dermal compartment (constructed by pouring 4 mL collagen 
I into cell-culture inserts containing 0.6 x 10

6
 normal human dermal fibroblasts). Extra-

cellular release of IL-6, IL-8 and IL-18 was assessed by ELISA and ATF3, CD83, 
CXCR4, IL-1β, IL-18, PD-L1 gene expression was assessed by RT-PCR. The compa-
rison of MUTZ-LC-RHS and MoDC-RHS showed that the integration of MUTZ-LCs 
or MoLCs into RHS did not change normal epidermal differentiation and they are 
highly comparable to human skin ex vivo. IL-6 and IL-8 production in response to 
extreme skin sensitiser 2,4-dinitrochlorobenzene (DNBC) was found to be higher com-
pared to the reference RhS model without an LC cells, however in MUTZ-LC-RHS, the 
ratio for IL-6 did not reach significance which therefore, MoLC-RHS appear favourable 
for the evaluation of cytokine secretion. Interleukin (IL)-18 level assessment is widely 
used since it has been shown to play a key role in the induction of allergic contact 
dermatitis (Cumberbatch, 2001). However, no increased concentration of this inter-
leukin in the supernatant was found, as well as no increased expression of this gene, so 
it should be the subject of further research. 

An epidermis containing LC derived from MUTZ-3 as well as from CD34+ cord blood 
cells was investigated (Ouwehand, 2011). 3D model containing MUTZ-LC without 
prior induction of differentiation of MUTZ-3 precursors was obtained. This findings 
suggest that keratinocytes environment is a sufficient signal source for cell differentia-
tion. RhE-LC model containing CD34+ derived LC showed an increase in the 
expression of genes encoding DC cell maturation markers (CCR-7, CD80 and CD83) 
after 24 or 48 hours after exposure to sensitising substances. However, the response 
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depended on the type of exposure (topical – chemical were spread with nylon disc or 
systemic – chemicals were dissolved in the culture media) and the type of sensitising 
substance therefore this model requires additional studies. 

CONCLUSION 

Traditionally, the sensitising potential of chemicals has been tested using in vivo test. 
Currently, due to the necessity to limit research on animals resulting from regulatory 
and ethical aspects, in accordance with the 3R principle first introduced by W.M.S. 
Russel; and R.L. Burch in 1959 (Russell, 1959), the aim is reduction, i.e. reducing the 
number of animals used in experiments, replacement, i.e. using methods that replace 
animals, and refinement i.e. using methods that reduce suffering and animal distress.  

Thanks to the development of the in vitro method and the recognition of the skin 
sensitisation mechanism, methods based on the key events of the sensitisation process 
have been applied in the evaluation of sensitisation. These methods barely reflect the 
complex processes occurring in vivo in the skin after exposure to a sensitising substance, 
so there is a great need to develop methods that take into account the natural inter-
cellular interaction.  

There are many attempts to develop a co-culture method, mainly using two types of 
cells, keratinocytes and dendritic cells. These methods are diversified in many respects, 
but their main goal is to remove the limitations of the currently used methods for 
regulatory purposes, i.e. the possibility of assessing low soluble substances or mixtures, 
the correct assessment of prehaptens and prohaptens, the possibility of assessing the 
sensitisation potency i.e. subclassification in extreme, strong. Moderate and weak 
sensitisers.  

The methods using an immunocompetent epidermal models that allow topical appli-
cation and take into account communication between keratinocytes and dendritic cells 
as well as barrier function and bioavailability seem to be the most promising. However, 
these methods may differ in many respects, e.g. 

 type of cells used: primary vs established cell lines of human or animal origin; 

 co-culture methods: direct or indirect; 

 different experimental protocol: exposure time, cell concentrations, different 
endpoint; 

therefore there is a need for further refinement and interlaboratory validation in order 
to obtain an reproducible and robust method correlating with human data. 
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ABSTRACT 

Mutations in the genes COL1A1 and COL1A2 encoding collagen type I are the cause of most cases of 

osteogenesis imperfecta (OI). OI is characterized by bone deformities and frequent fractures with minor or 
no trauma. Collagen is the main building protein of bones, skin, tooth, tendons and therefore its structure 

disturbances in OI are also manifested by extra-skeletal symptoms such as excessive mobility of ligaments, 
increased vascular fragility, hearing disorders, blue sclera, skin fragility and dentinogenesis imperfecta. It is 

a heterogeneous disease in terms of genotypes and phenotypes. Classic OI (types I to IV) includes muta-

tions in collagen genes that cause a mild form of type I OI, moderate type IV, severe type III and lethal 
type II. Mutations that cause other types of OI relate to proteins involved in post -translational modification, 

folding, secretion, and quality control of type I collagen. Over the past decade, many other gene mutations 
have been identified. These mutations lead to impaired collagen hydroxylation, delayed collagen folding, 

excessive chain glycosylation and impaired secretion. Consequently, intracellular retention and aggregation 
of abnormal collagen can induce endoplasmic reticulum stress and cell death or activation of unfolded 

protein reaction. The therapy, apart from the use of bisphosphonates to inhibit bone resorption, is still the 
subject of numerous studies on the development and implementation of new strategies. A new promising 

pharmacological approach may be the use of a chemical chaperone 4-phenylbutyrate (4-PBA) to reduce 
cell stress and restore cell homeostasis. 

INTRODUCTION 

Osteogenesis imperfecta (OI) known as brittle bone disease is one of the rare inherited 
hereditary skeletal dysplasias with reduced bone mineral density, bone deformation 
and frequent fractures occurring with little or no trauma (van Dijk, 2014; Forlino, 
2016; Marini, 2017; Jovanovic, 2021; Deguchi 2021). It occurs in 1 in 15,000/20,000 
births. It has a wide phenotypic and genotypic diversity. Clinical symptoms can include 
brittle bones, skeletal deformities, and short stature. OI also disrupts the function of 
other connective tissues, resulting in excessive joint mobility, can contribute to hearing 
problems and even loss of hearing, blue sclera, skin fragility, muscle weakness as well 
as various variants of dentin defects. It is also characterized by variable expression 
even in the case of the same mutation, and the causes of this phenomena are still not 
fully understood (Galicka, 2005; Marini, 2007; Forlino, 2011, 2016; Jovanovic, 2021). 
Patients show a wide range of disease severity, from mild to lethal in the perinatal 
period. Initially, OI was classified into four types (Sillence, 1979) as dominantly 
inherited disease and all types related to mutation in collagen type I genes (COL1A and 
COL1A2). The pathogenetic mechanisms of classic types of OI (I-IV) include loss or 
enhancement of the function of mutant collagen. The haploinsufficiency mutations are 
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usually caused by degradation of mRNA containing premature stop codons (nonsense 
mutations) leading to loss of function, and the phenotype is usually mild (OI type I). 
Mutations that have negative effects and result in a moderate (OI type IV), severely 
deformed (OI type III) or lethal (OI type II) phenotypes are termed dominant-negative 
(Gajko-Galicka, 2002; Forlino, 2016; Marini, 2017; Lim, 2017; Morello, 2018; Claeys, 
2021; Deguchi, 2021). They cause the synthesis and secretion of structurally abnormal 
collagen that destructively affect the structure and function of the extracellular matrix 
(ECM). 

As other causes of this disease were also found in many non-collagen genes, the 
classification was extended to 18 types, including recessively inherited (Galicka, 2012; 
Kang, 2017; Lim, 2017; Rossi, 2019; Clayes, 2021; Deguchi, 2021; Jovanovic, 2021). 
Some of the mutations found in OI patients have not yet been classified (Jovanovic, 
2021). The newly discovered mutations are associated with factors involved in collagen 
biosynthesis, post-translational modifications, secretion, controlling of these all pro-
cesses, processing and fibrilogenesis as well as osteoblast differentiation, and bone 
mineralization including osteogenic transcription factors and signaling pathways. The 
number of mutations reached over 2,000 and the therapy, apart from the use of 
bisphosphonates, it is still the subject of numerous studies to develop and implement 
new strategies (Marom, 2016; Morello, 2018; Bains, 2019; Rossi, 2019; Etich, 2020; 
Marzin, 2020; Botor, 2021). Due to the variety of mutations that cause the disease, 
finding a common treatment goal is the greatest challenge.  

MUTATIONS AFFECTING BIOSYNTHES IS, POSTTRANSLATIONAL 

MODIFICATIONS AND S ECRETION OF COLLAGEN TYPE I 

Type I collagen is the most abundant protein in bone, skin and other connective tissues. 
In bone it forms the scaffolding of the bone matrix providing a template for minerali-
zation, balancing bone hardness and elasticity (Gelse, 2003; Rýglová, 2017). Collagen 
biosynthesis is a complex process involving many intra- and extracellular steps, accom-
panied by numerous post-translational modifications. Because is intended for secretion, 
is synthesized in the cytoplasm on the ribosomes associated with the endoplasmic 
reticulum (ER) and co-translationally translocated into the lumen of the ER, where it 
undergoes a number of post-translational modifications, which include: cleavage of the 
signal peptide, formation of disulfide bonds, hydroxylation of prolyl and lysyl residues, 
and glycosylation of hydroxylysyl residues (Rýglová, 2017). Single procollagen chains 
undergo hydroxylation and glycosylation and last until the formation of a triple helix , 
which no longer undergoes such modifications. Lysyl hydroxylase 1 (LH1), prolyl  
4-hydroxylase 1 (P4H1) and prolyl 3-hydroxylase 1 (P3H1) are enzymes responsible for 
collagen type I hydroxylation (Rýglová, 2017). In addition to the 4-hydroxylation of 
selected proline residues, collagen type I is 3-hydroxylated at proline 986 in the α1 chain. 
The complex including propyl-3-hydroxylase 1 (P3H1, Leprecan), cartilage-associated 
protein (CRTAP) and peptidyl-prolyl cis-trans-isomerase B (PPIB, cyclophilin B) is 
responsible for this process (Barbirato, 2015; Rýglová, 2017; Besio, 2019). Hydroxy-
lation of some lysine residues by lysyl hydroxylases is followed by glycosylation by 
collagen galactosyl- and glucosyl-transferases (Gelse, 2003; Rýglová, 2017). These 
processes are critical for protein folding, stability and proper secretion (Claeys, 2021). 
Mutations that occur in collagen genes (COL1A1 and COL1A2) may delay the process 
of creating a triple helix and contribute to excessive glycosylation of chains and, 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
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consequently, an abnormal structure of this molecule (Galicka, 2001; 2002; 2003; 
Gajko-Galicka, 2002; Galicka, Wołczyński, 2002; Forlino, 2016; Marini, 2017; Clayes, 
2021; Jovanovic, 2021). Most of the mutations causing OI in type I collagen α1 and α2 
chains is related to the dominantly inherited substitutions of glycine with other larger 
amino acid. Glycine is present in every third position of the repeating Xaa-Yaa-Gly 
triplets in the primary structure of collagen, where proline and hydroxyproline are often 
found at the Xaa and Yaa positions (Gelse, 2003; Rýglová, 2017). The degree of 
excessive glycosylation depends on the location of the mutation (α1 or α2 chain, and 
location in the chain) and is generally, but not always, greater for mutations in α1 and 
those closer to the carboxyl terminus (Gajko-Galicka, 2002; Marini, 2007; Forlino, 
2016, Marini, 2017). Due to the stoichiometry (two α1 chains and one α1 chain) 75% 
of trimers will be overmodified when mutation is present in α1, versus 50% when α2 
chain is mutated. 

Overmodification is recognized by electrophoretic analysis of 
3
H-labeled type I collagen 

as wider and slower migrating in the polyacrylamide gel α1 and α2 chains in both 
medium and cell-layer fractions of fibroblasts or osteoblasts compared to the collagen 
derived from the normal cells (fig. 1).  

 

Figure 1. Migration of mutated collagen type I in OI type II fibroblasts (arrows indicate excessive 

modification of collagen chains (α1 and α2); C – control normal fibroblasts  

Both modification and folding are aided by a number of chaperones that prevent aggre-
gation of unfolded chains and promote proper protein folding and secretion (Gelse, 
2003; Makareeva, 2011; Rýglová, 2017). One of the most studied chaperones is prolyl 
4-hydroxylase (P4H), an α2β2 tetramer consisting of two α and two β subunits, with 
the β subunit also acting as an independent ER chaperone – protein disulfide isomerase 
(PDI). PDI catalyzes not only the formation of the correct disulfide bonds between 
polypeptide chains but also act as a chaperone to prevent their aggregation (Makareeva, 
2011; Rýglová, 2017). CRTAP, P3H1 and CYPB which form a stable complex in the ER 
has like FKBP65 general chaperone and peptidyl-prolyl isomerase activity (Makareeva, 
2011). Mutations in each of these genes disturb the collagen secretion process and are 
manifested by severe phenotypes of this disease (Barbirato, 2015). HSP47 as an ATP-
independent heat shock protein is encoded by SERPINH1 gene and plays a special role 
in stabilizing the collagen triple helix during collagen secretion (Ishikawa, 2016). 
Mutations affecting this gene contribute to abnormal folding and loss of protein 
stability, which slow down the secretion of collagen and lead to its intracellular accu-
mulation, which consequently result a moderate and severe form of OI, manifested by 
numerous fractures and prenatal deformities (Christiansen, 2010; Lindret, 2015; 
Jovanovic, 2021). Another chaperone protein is peptidyl-prolyl cis-trans isomerase 
(FKBP65), encoded by FKBP10 gene. Mutations occurring in this gene result in the 
accumulation of procollagen aggregates inside the ER and severe OI phenotype 
(Alanay, 2010). It has been postulated (Duran, 2017) that FKBP65 also forms complex 
with lysyl hydroxylase 2 (LH2) encoded by procollagen-lysine 2-oxoglutarate 5-dioxy-

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
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genase 2 (PLOD2), which is critical in the covalent crosslinking of collagen molecules 
(Gelse, 2003; Rýglová, 2017). FKBP65 regulates LH2 activity, moreover, other chape-
rons HSP47 and Binding-Immunoglobulin Protein (BiP) are additional components of 
the FKBP65-LH2 complex (Duran, 2017). SPARC, which encodes a secreted, acidic, 
cysteine-rich (SPARC) protein is mainly expressed in cells producing ECM compo-
nents, binds to type I collagen and other matrix proteins, and may also act as a type I 
collagen chaperone (Mendoza-Londono, 2015). 

CELLULAR STRESS AND UNFOLDED PROTEIN RESPONSE IN OI  

The effects of both collagen and non-collagen mutations can include delaying the folding 
of the procollagen chains, their excessive modification (hydroxylation and glycosy-
lation), reduced stability, impaired secretion and intracellular accumulation of type I 
collagen. The response to the accumulation of misfolded type I collagen and induced 
ER stress may be the activation of the unfolded protein response (UPR) to repair these 
disturbances and restore cell homeostasis (Hetz, 2015). If it cannot be repaired, the 
protein is destined for degradation. One way to remove mutant collagen may be ER-
associated degradation (ERAD), in which the protein is transported into the cytoplasm, 
ubiquitinated, and then degraded by the proteasome. An alternative pathway is auto-
phagy, which involves the degradation of irreversibly damaged collagen in lysosomes 
(Hetz, 2015; Forlino, 2011, 2016; Claeys, 2021; Jovanovic, 2021). One of the studied 
markers of autophagy is microtubule-associated protein 1A/1B-light chain 3 (LC3-II). 
However, if ER stress is prolonged and collagen structure is not repaired or removed 
by mutant protein degradation, cell death can occur. 

In the lumen of ER, the chaperone BiP binds the unfolded protein and the domains of 
three ER stress sensors: eukaryotic translation initiation factor (eIF)-2a kinase (PERK), 
inositol-requiring enzyme 1 (IRE1) and transcription activating factor-6 (ATF6) (fig. 2). 

 

Figure 2. Activation of the unfolded protein response (UPR) due to the presence of misfolded protein 

(collagen type I) in the ER 

 

Abbreviations: AFT4 – activating transcription factor 4, AFT6 – activating transcription factor 6, BiP – 

binding-immunoglobulin protein, eIF-2α – eukaryotic translation initiation factor 2alpha, ERAD – ER-
associated degradation, IRE1α – inositol-requiring enzyme 1 alpha, PERK – eukaryotic translation initiation 

factor 2 alpha kinase 3, RIDD – regulated IRE1-dependent decay pathway, XBP1 – X-Box binding protein 1. 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=R%C3%BDglov%C3%A1%2C+%C5%A0%C3%A1rka
https://www.novusbio.com/atf6.html
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If, as a result of expression of a mutated collagen, an increase in the amount of this 
protein with a disturbed structure occurs in the ER lumen, BiP preferentially binds to 
the unfolded protein, thus releasing stress sensors. First, PERK and IRE1 dimerization 
and autophosphorylation occur, followed by eIF2α phosphorylation, and consequently 
inhibition of general protein synthesis, while activating transcription factor 4 (ATF4) is 
translated more efficiently and enhances the expression of cytoprotective genes, auto-
phagy- and ERAD-related genes. In turn, activated IRE1 with its ribonuclease activity 
induces mRNA splicing of the cytoplasmic binding protein X-box 1 (XBP1), which in 
turn upregulates the genes encoding chaperones to improve the protein folding and 
genes responsible for ERAD. p-IRE1 also reduces ER load through degradation of 
mRNA by regulated IRE1-dependent decay pathway (RIDD). The activating trans-
cription factor 4 (ATF6) is a transmembrane protein consisting of a cytoplasmic domain 
as a transcription factor and a luminal domain that binds BiP. When BiP dissociates, 
the protein is translocated to the Golgi, where it is cleaved by site 1 and site-2 proteases, 
releasing the cytosolic domain as an active transcription factor ATF650. After it trans-
location to the nucleus, this factor activates the transcription of a number of genes, 
including chaperons genes, autophagy-related genes, ERAD-related genes, and cyto-
protective genes. 

Initially, it was believed that the increase in BiP expression and UPR is activated only 
in the case of mutations closer to the C-terminus, while, as shown by recent studies, it 
is also induced by mutations in the helical part of collagen (Gioia, 2017; Besio, 2018;  
Lindert, 2018; Garibaldi, 2021; Claeys, 2021; Jovanovic, 2021) (Table 1). The increase 
in procollagen retention in the endoplasmic reticulum and enlargement of the ER 
cisterns were demonstrated in murine models with classic mutations in collagen genes: 
Brtl with substitution in α1(I) – G349C, Amish with substitution in α2(I) – G610C and 
Aga2 with the C-terminal deletion of single nucleotide changing the last 90 amino 
acids of proα1(I) as well as in OI zebrafish model Chihuahua with substitution in α1(I) – 
G574D (Lisse, 2008; Gioia, 2017; Scheiber, 2019; Garibaldi, 2021). Also, other muta-
tions in non-collagen genes, which products are involved in folding, modifications, secre-
tion and cross-linking or in osteoblast differentiation and function induce ER stress due 
to the accumulation of abnormal collagen and trigger UPR (tab. 1). Enlargement of the 
ER cisterns was also detected in the case of mutations in the FKBP10 and SERPINH1 
encoding chaperones involved in controlling collagen folding and secretion (tab. 1).  

Table 1. Examples of mutations in collagen and non-collagen genes that retain abnormal collagen and induce 

ER stress and unfolded protein response (UPR) 

OI type Inheritance Gene Protein Collagen retention/ER stress/UPR 

Defects in collagen structure and processing 

II 

III 

IV 

AD COL1A1 

COL1A2 

Collagen 
type I 

Collagen retention, ER stress, UPR (through 
PERK) in human FB (Besio, 2018) 

Collagen retention, ER stress in human FB 

(Lindert, 2018) 

Collagen retention (activation of 

macroautophagy) in OB of mouse OI model 
(Mirigian, 2016) 
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Collagen retention, ER stress in FB and OB of 

zebrafish OI model (Gioia, 2017) 

Collagen retention, ER stress in OB of mouse 

OI models (Garibaldi, 2021) 

Defects in collagen modification  

VII AR CRTAP CRTAP Collagen retention, ER stress, UPR (through 

PERK) in human FB (Besio, 2019) 

VIII AR LERPE1 P3H1 Collagen retention, ER stress, UPR (through 

PERK) in human FB (Besio, 2019) 

IX AR PPIB CyPB Collagen retention, ER stress, UPR (through 

PERK) in human FB (Besio, 2019) 

XIV AR TMEM38B TRIC-B  Decreased Ca2+ flux from the ER to the 
cytoplasm, ER stress (through PERK) in 

human FB (Cabral, 2016) 

Defects in collagen folding and cross-linking  

X AR SERPINH1 HSP47 Collagen retention in ER-related vesicles in 

human FB (Duran, 2015), ER stress in dog FB 

(Lindret, 2015) 

XI AR FKBP10 FKBP65 Collagen accumulation in aggregates within 

human FB (Alanay, 2010) 

Osteoblast function and differentiation  

XVII AR SPARC SPARC  Overmodification and delay in the secretion of 

collagen in human FB (Mendoza-Londono, 

2015) 

XVIII XR MBTPS2 S2P ER stress in FB (Lindret, 2016) 

Other  

Cole-

Carpenter 
syndrome 

AR SEC24D COPII Mildly defective ER export of collagen in 

human FB (Garbes, 2015)  

Abbreviations: AD – autosomal dominant, AR – autosomal recessive, COL1A1 – gene encoding collagen 

type I alpha 1 chain, COL1A2 – gene encoding collagen type I alpha 2 chain, CRTAP – cartilage-associated 

protein, CyPB – cyclophilin B, ER – endoplasmic reticulum, FB – fibroblasts, FKBP10 – FKBP prolyl 
isomerase 10, FKBP65 – FKBP prolyl isomerase 65, HSP47 – heat shock protein 47, LERPE1 – leucine 

proline-enriched proteoglycan (Leprecan) 1, MBTPS2 – membrane-bound transcription factor peptidase site 

2, OB – osteoblasts, P3H1 – prolyl 3-hydroxylase 1, PPIB – peptidylprolyl isomerase B, PERK – eukaryotic 

translation initiation factor 2 alpha kinase 3, S2P – membrane-bound transcription factor site-2 protease 

homolog, SEC24D – SEC24 homolog D, COPII coat complex component, SERPINH1 – serpin family H 
member 1, SPARC – secreted protein acidic and cysteine rich, TMEM38B – transmembrane protein 38B, 

TRIC-B – trimeric intracellular cation (TRIC) channel B. 

The importance of the ER stress and UPR activation in OI is evidenced by the fact that 
mutations in the CREB3L180 gene encoding an ER-stress transducer or TMEM38B81 
gene encoding ER membrane monovalent cation channel as well as site 2 of the mem-
brane-associated transcription factor peptidase (MBTPS2) gene encoding protein 
involved in the UPR pathway are the causative genes involved in this disease (Jovanovic, 

https://en.wikipedia.org/wiki/Heat_shock_protein_47
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https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
https://en.wikipedia.org/wiki/Heat_shock_protein_47
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2021). ER stress may be related to disrupting the organization of the cytoskeleton in the 
lethal Brtl +/− mice (Scheiber, 2019). The disruption of osteoblast homeostasis induced 
by the accumulation of misfolded collagen is one of the major causes of bone fragility 
(Lisse, 2008; Mirigian, 2016; Garibaldi, 2021).  

CELLULAR STRESS AS A NOVEL TARGET IN OI THERAPY  

As OI is genotypically and phenotypically heterogeneous disease with constantly newly 
discovered pathomechanisms, there is no one universal treatment pathway. From the 
moment of diagnosis, patients with milder phenotype require for lifetime care from a 
physiotherapist, and with more severe phenotype orthopedic treatment, including surgery 
on the legs, arms and spine (Forlino, 2011, 2016; Marini, 2017; Etich, 2020; Deguchi, 
2021). Among the drugs used, the most common are bisphosphonates (alendronate, 
pamidronate and zolendronic acid), which by their deposition on the bone surface are 
supposed to inhibit bone resorption (Van Dijk, 2014; Marom, 2016; Bains, 2019). 
Long-term use of these drugs, however, can change the properties of the bone, making 
it non-dynamic and more prone to microfracture. Other attempts at anti-resorptive 
therapies include the use of monoclonal antibodies such as denosumab (targeted against 
the activator of the nuclear factor kappa-B ligand receptor, Romososodab (against 
sclerostin, which is a negative regulator of bone formation) or Odanacatib (against 
cathepsin K), and therapies using growth hormone, growth factors (transforming growth 
factor) and supplementation with vitamin D have been widely discussed in many 
reviews (Marom, 2016; Morello, 2018; Rossi, 2019; Etich, 2020; Marzin, 2020; Botor, 
2021). Gene and cell therapy and genetic engineering have been the hope in the treat-
ment of OI, even the majority of such therapies are still experimental (Gajko-Galicka, 
2003; Forlino, 2016; Marini 2017; Jovanovic, 2021; Botor, 2021). The mutant allele in 
gene therapy would become inactive and contribute to milder forms of the disease 
(Gajko-Galicka, 2003; Marini, 2017; Jovanovic, 2021; Botor, 2021). In mild type I OI, 
where the problem is the quantitative defect of collagen, our research team demon-
strated a stimulating effect of rosmarinic acid and rosmarinic acid-reach extracts 
(Sutkowska, 2021), and flavonoids (Galicka, 2007) on collagen biosynthesis. Based on 
the latest research a new target of therapy for this heterogeneous disease may be the 
cellular stress caused by the intracellular retention of type I collagen due to mutations 
of not only collagen genes but also non-collagen genes in both dominant and recessive 
forms of OI (tab. 1). 

The use of the chemical chaperone 4-phenylbutyrate (4-PBA) approved by the Food 
and Drug Administration (FDA) to restore cell homeostasis, which also has the activity 
of a histone deacetylase inhibitor, has shown very promising results in fibroblasts of 
patients with mutations in collagen genes and the dominant form of OI (Besio, 2018) 
and fibroblasts with mutations in the 3-proline hydroxylating complex and the recessive 
OI (Besio, 2019), as well as osteoblasts of the classic dominant mouse models of OI: 
Brtl and Amish with mutations in collagen genes (Garibaldi, 2021). Moreover, the 
effective action of this chaperone was confirmed on the classic dominant zebrafish OI 
model with glycine substitution in the triple helical domain of the α1 chain of type I 
collagen (Gioia, 2017). PERK and IRE1 pathways were predominantly upregulated as 
a response to mutant collagen retention in the ER, and in all cases 4-PBA affecting these 
pathways improved the folding and secretion of collagen. Moreover, in the presence of 
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this chaperone, stimulation of autophagy (increase in the LC3-II expression) and the 
decrease in apoptosis (reduced expression of active form of caspase-3) were demon-
strated (Besio, 2018, 2019; Gioia, 2017; Garibaldi, 2021). In zebrafish, in addition to 
increasing collagen secretion and abolishing ER stress, as evidenced by a reduction in 
the size of ER cisterns, an improvement in the skeleton phenotype, bone mineralization 
in larvae and a reduction in skeletal deformation in adult fish were obtained (Gioia, 
2017). Recent studies on osteoblasts derived from two mouse OI models have also 
shown favorable results of the use of 4-PBA, which prevented the intracellular accu-
mulation of collagen and normalized the ER morphology (Garibaldi, 2021). Moreover, 
the secretion of collagen and incorporation into the matrix as well as the deposition of 
osteoblast minerals were increased, which were accompanied by an increase in the 
expression and activity of alkaline phosphatase.  

CONCLUSIONS  

Most dominant mutations in collagen genes, but also recessive non-collagen genes 
cause a number of abnormalities in the structure of type I collagen, contributing to its 
intracellular retention and ER stress. Overcoming stress by directing the mutant protein 
to the path of autophagy, lowering apoptosis and improving the phenotype with the use 
of 4-PBA chaperone seems to be a very promising direction for future therapy, but 
certainly not universal considering the huge genotypic and phenotypic diversity of this 
disease. 

Further extensive research is needed to demonstrate the effectiveness of this drug against 
defects caused by different types of mutations. Moreover, even in the classical OI where 
there are structural defects in collagen, not all mutations interfere with modification, 
secretion, intracellular collagen retention and ER stress, so it is possible that they will 
not be a target of this type of therapy. Furthermore, most study is carried out on fibro-
blasts, but it is important to increase the number of tests on osteoblasts, because the 
expression of mutant collagen in both these types of cells may differ, as shown, among 
others, in our study (Sarafova 1998, Galicka 2002). Nevertheless, the research carried 
out so far, covering not only cell culture but also animal models, encourages the deve-
lopment of this type of treatment strategy and opens up the possibility of searching for 
other effective chaperones, perhaps aimed at activating particular branches of the UPR. 
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ABSTRACT 

Every case of sudden infant death syndrome (SIDS), sudden cardiac death (SCD), or recurrent spontaneous 
abortion (RSA) is a vague, unexpected, and devastating event with a significant impact on relatives. Death 

or miscarriage may be the first symptoms of an unknown hereditary disease. Other symptoms and signs, if 

present, are subtle and unspecific. Despite complete autopsy, histopathological examination, and laboratory 

testing some SIDS, SCD, and RSA cases may remain unclear. At times, the only way to identify a potential 

causative factor is through genetic testing. However, the molecular autopsy is not a routine examination to 
identify putative genetic changes. The review explores the most frequent genetic factors and possible triggers 

associated with these three heterogeneous entities. It also presents the general epidemiology of genetic 

alterations and their phenotypical manifestations and investigates the diagnostic value of molecular genetic 

testing in the final diagnosis of sudden, unexplained events. Finally, the review analyzes the advantages 

and disadvantages of the 1st and 2nd generation techniques and their usage in medicine and forensics. The 
2nd generation technology turns out to be an efficient and fast tool. It can be used to detect genetic altera-

tions even within the whole nuclear genome (whole-exome sequencing, WES) of a deceased person and to 

identify relatives at risk. Genetic testing is a powerful supplementary tool to determine the causes of sudden, 

non-traumatic deaths, and miscarriage in every age group when standard autopsy remains inconclusive for 

the final diagnosis. 
Keywords: molecular autopsy; next-generation sequencing; recurrent spontaneous abortion; sudden infant 

death syndrome; sudden cardiac death; unexpected death 

INTRODUCTION 

Every sudden death is a devastating event, especially when it occurs rapidly to 
a seemingly healthy person with no prior manifestation of the disease. Moreover, the 
lack of macro and microscopic evidence is another impediment to establishing a post-
mortem diagnosis (Son, 2018). 

Molecular genetic testing, such as high-throughput next-generation sequencing (NGS), 
revolutionized post-mortem investigation of widely understood ‘sudden unexplained 
death’ (SUD). It enables insight into the deceased’s nuclear and mitochondrial genome 
and identifies the causative mutations (Dewar, 2017; Legati, 2016). 

In the presented review, we focused on three heterogeneous disease entities: sudden 
infant death syndrome (SIDS), sudden cardiac death (SCD), and recurrent spontaneous 
abortion (RSA). We discussed their etiology, epidemiology, diagnostic difficulties. We 
also discussed the potential contribution, usage, and advantages of NGS over tradi-
tional genome sequencing. 
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SEARCH STRATEGY AND S ELECTION CRITERIA 

The search for articles used in the presented review started with the following criteria: 
the articles should have been written in the English language, and their title should 
have suggested a connection to the investigated subject. The obtained pool of articles 
was screened only for those with the abstracts indicating the potential compatibility 
with the planned review. 

The search started with general keywords and their combinations: 'sudden cardiac 
death', 'sudden infant death syndrome', 'recurrent pregnancy loss', 'NGS in forensic 
medicine' to get acquainted with the literature available in PubMed, Wiley Online 
Library, ScienceDirect, Springer, and Scopus, among others. As the search progressed, 
the keywords became more specific due to the significant search results return. The more 
specific keywords were related to specific sections of the review: etiology, epidemio-
logy, and post-mortem diagnostics. Every article that overlapped with the presented 
review subject or did not meet our expectations (i.e., was written in a non-English 
language, the title, abstract, or full text unrelated to the topic) was excluded from the 
articles’ collection. By those means, we obtained 85 publications that were relevant for 
the presented review. The final collection included reviews, case studies, and short 
communications published between February 1991 and August 2020. 

REVIEW 

SUDDEN INFANT DEATH S YNDROME (SIDS) 

Sudden infant death syndrome (SIDS) is regarded as the major cause of neonatal death 
occurring during sleep in infants under one year of age with proper growth and deve-
lopment (Madea, 2010). It is a complex, multifactorial, largely vague issue with diffi-
culties in diagnosis, which often is achieved 'on exclusion' despite a careful investigation. 
The family history, complete autopsy, and laboratory testing remain non-contributory, 
with a death considered as a first symptom (Son, 2018). Molecular genetic testing, which 
is not yet a routine examination, is frequently the only way to provide the cause of 
death in infants. Nevertheless, 65% of cases remain elusive (Neubauer, 2017). 

The etiology of SIDS is broadly defined by the 'triple risk hypothesis', which includes: 
1) an underlying disease, 2) a critical period of life, and 3) external stressors (Haynes, 
2017; Van Norstrand, 2010). The underlying disease is mainly represented by five 
gene-related disorders: channelopathies associated with heart arrhythmias, autonomic 
nervous systems deficiency, immune system dysfunction, nicotine metabolism disorder, 
and energy pathways defects (Neubauer, 2017) (Van Norstrand, 2010) (Brion, 2012). 
SIDS is the most frequent cause of death of newborns in industrialized countries, with 
the peak of deaths between the 2

nd
 and 4

th
 months of life (Madea, 2010). In developed 

countries, it prevalence oscillates between 0.1 and 0.8 cases per 1000 live births 
(Neubauer, 2017). The mortality due to SIDS highly decreased within the last few years 
due to rising awareness in society about SIDS and environmental stressors causing it 
(Madea, 2010), such as over-heating, smoke exposure, or sleeping in a face-down 
position (Haynes, 2017; Hertz, 2016). According to data, 95% of sudden infant deaths 
are related to these modifiable factors (Davis, 2016; Blackwell, 2015).  
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The epidemiology differs in various ethnic groups. A comparison of data from many 
countries showed that the risk of SIDS is decreased in the Caucasian race. On the 
contrary, the prevalence is much higher in New Zealand Maoris and Aboriginal Austra-
lians. Current data suggests that male infants are more susceptible to SIDS, with a ratio 
of 3:2 to female (Son, 2018; Van Norstrand, 2010). 

 

Figure 1. The variety of genes related to sudden infant death syndrome. Abbreviations: 5 HTT – serotonin 

transporter, ALDOB – aldolase, fructose-bisphosphate B, CNS – central nervous system, FMO3 – flavin 

containing monooxygenase 3, G6PC – glucose-6-phosphatase catalytic subunit, GCK – glucokinase, IL-6 – 
interleukin 6, IL-10 – interleukin 10, KCNH2 – potassium voltage-gated channel subfamily H member 2, 

RYR2 – ryanodine receptor 2, KCNQ1 – potassium voltage-gated channel subfamily Q member 1, MCAD – 

medium-chain acyl-CoA dehydrogenase, PKP2 – plakophilin 2, SCN5A – sodium voltage-gated channel 

alpha subunit 5, VEGF – vascular endothelial growth factor. 

SUDDEN CARDIAC DEATH (SCD) 

Sudden cardiac death (SCD) is described as an unexpected death of a healthy person 
within one hour after the beginning of the potential symptoms or 24 hours since the dead 
was seen alive for the last time (Stattin, 2016; Kuriachan, 2015; Semsarian, 2015). The 
prevalence of sudden cardiac death is estimated at 1-2 per 100 000 in individuals 
between 15 and 35 years old (Stattin, 2016) and 50-100 per 100 000 in the whole popu-
lation of Europe and the United States of America (Cann, 2017). Coronary artery disease 
(ischemic heart disease) is regarded as the most frequent cause of death and is respon-
sible for 50-60% of deaths. Forty to 45% of sudden cardiac death cases are related to 
cardiomyopathies and channelopathies occurring mainly in young people (sudden 
cardiac death in the young – SCDY) (Hallenthal, 2017) (Mizusawa, 2016). Cardiac arrest 
resulting from heart disorder is responsible for 15 to 20% of all deaths (Broendberg, 
2018). The mortality peaks occur in the first year of life (SIDS) and between 75 and 85 
years of age (Chugh, 2008). 

The direct cause of sudden cardiac death is cardiac dysrhythmia, such as ventricular 
arrhythmia, following an underlying inherited disease (Chugh, 2008; Jimenez-Jaimez, 
2017). The genes associated with cardiac channelopathies causing sudden cardiac death 
are KCNQ1, KCNH2, SCN5A, and RYR2. The inherited ion flow disorder manifests by 
long Q-T syndrome (LQTS), short Q-T syndrome (SQTS), Brugada syndrome (BrS), 
catecholaminergic polymorphic ventricular tachycradia (CPVT) and idiopathic ventri-
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cular fibrillation (IVF) (Semsarian, 2015). The common signs of all channelopathies 
may be syncope, but the cardiac arrest leading to death could be the first symptom in 
10-15% of LQTS and even 30% of CPVT (Stattin, 2016). Hypertrophic cardio-
myopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic right ventri-
cular cardiomyopathy represent sarcomeric, cytoskeletal, and desmosomal proteins 
dysfunctions, respectively (Campuzano, 2014) (Jacoby, 2019). HCM is considered the 
most frequent heart muscle disease among young people (Semsarian, 2015). 

Most of the cardiac diseases are hereditary in an autosomal dominant mode, with the 
first-degree relatives burdened with 50% of inheritance probability and disease deve-
lopment (Hellenthal, 2017). 

The main cause of death in individuals older than 35, both women and men, is ischemic 
heart disease (IHD) (Jimenez-Jaimez, 2017) (Elnaggar, 2019). World Health Organi-
zation estimates that yearly, about 730 million people die of IHD. It is considered to be 
the leading cause of death till 2030 (Elnaggar, 2019). 

Approximately 30% of SCD autopsies remains non-diagnostic (Semsarian, 2015; 
Campuzano, 2014). This case is called sudden unexplained death (SUD) (Farrugia, 
2015). In 40% of young individuals between 1 and 35 years of age, no heart abnorma-
lities are detected (Scheiper, 2018). 

RECURRENT SPONTANEOUS ABORTION (RSA) 

Numerous studies showed that 10 to 20% of all pregnancies end in miscarriage. About 
25% of women experienced at least one spontaneous miscarriage (Culic, 2011; Dai, 
2019). Recurrent spontaneous abortion (RSA) or recurrent pregnancy loss (RPL) is 
diagnosed when two or more consecutive pregnancies end up before the 20

th
 week of 

gestation (Guo, 2020; Robbins, 2019). The global prevalence of RSA is estimated at  
1-5% (Guo, 2020; Zhu, 2016). 

RSA has a very heterogeneous background. The probability of miscarriage raises with 
the advanced maternal age: women over 40 have 75% chance of spontaneous abortion 
and are five times likely to experience RSA than those between 31 and 35 years of age. 
The risk of spontaneous abortion in women of 20-24 years of age is much lower and is 
estimated at 8.9% (Zhu, 2016; Fang, 2019). 

The abnormal number of chromosomes is the most frequent cause of spontaneous 
miscarriage in the first pregnancy trimester (Hyde, 2015). Embryonic chromosomal 
abnormalities constitute approximately 50% of cases. Trisomies of the 13

th
, 16

th
, 18

th
, 

21
st
, 22

nd
 chromosomes, followed by the X chromosome monosomy, are considered 

responsible for 60% of RSA cases. Other monosomies are responsible for 20% of RSA 
cases and ploidies, mainly triploidy, for 15% (Culic, 2011; Dai, 2019; Guo, 2020; Rubio, 
2003). It is known that the error of the first meiotic division is the main contributing 
factor to autosomal trisomy, and its occurrence is correlated with advanced maternal 
age (Rubio, 2003; Angel, 1991). Paternal age contributes to the abnormal number of 
sex chromosomes, but it is less significant (Culic, 2011). Uncommon chromosomal 
abnormalities of the fetus, like translocations and copy number variations has also been 
confirmed in RSA cases (Quintero-Ronderos, 2019). 
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However, the genetic factor in many euploid miscarriages remains elusive (Qiao, 2016). 
Presumed candidate genes are these involved in the fetus development (APAF1, CASP9, 
CSPP1, IFT122, NLRP5, PADI6), gene expression (FOXP3, NOP14), immune response 
(FOXP3, IDO2, NLRP2, NLRP5, NLRP7), and cell cycle (DYNC2H1, STIL) (Robbins, 
2019). 

The Th1 (helper T cell 1) and Th2 (helper T cell 2) imbalance is becoming more 
frequently associated with recurrent spontaneous abortion. The Th1-type cytokines, IFN-γ 
and TNF-α, are another putative factors leading to trophoblast cell death, whereas the 
Th2-type cytokines prevent abortion. Both HLA-G expression and NK cells activity 
disorders can lead to miscarriage as well (Raghupathy, 1999) (Pandey, 2005). 

Other genetic and non-genetic factors of RPL comprise coagulation homeostasis defects 
(mainly prothrombin and factor V Leiden leading to thrombophilia and placental 
disorders), maternal anatomical and endocrine defects, and malnutrition (Robbins, 
2019; Fang, 2019). 

Gene polymorphisms, like KDR and CTLA4 genetic polymorphism, can increase the 
risk of recurrent pregnancy loss. The contribution of MTHFR (methylenetetrahydro-
folate reductase) gene mutation leading to hyperhomocysteinemia (Hhcy) remains 
disputable (Culic, 2011; Fang, 2019; Saraswathy, 2018). 

DISCUSSION 

CARDIAC CHANNELOPATHIES  

Channelopathies are regarded as the most frequent causes of SIDS. Studies show that 
10% of SIDS cases are related to cardiac channels dysfunction (Tester, 2007). Proteins 
of ion channels are responsible for the ion current flow through the cell membrane and 
the heart action potential (AP) generation. The mutations in genes encoding result in 
crucial ion channel proteins dysfunctions or ion channels regulators disorders, leading 
to arrhythmogenic death. Inherited cardiac channelopathies cause disrupted ion current 
flow, which may manifest as long QT syndrome (LQTS), short QT syndrome (SQTS), 
Brugada syndrome (BrS), and catecholaminergic polymorphic ventricular tachycardia 
(CPVT) (Neubauer, 2017). Each of them leaves no detectible evidence during autopsy 
(Cann, 2017). 

LONG QT SYNDROME (LQTS) 

Long QT syndrome (LQTS) is an electric (Son, 2018) disorder of the heart with an auto-
somal dominant pattern of inheritance that can be elicited by mutations in 12 various 
genes (Madea, 2010). It is a rare condition, which affects 1 in 2500 people, and is more 
prevalent in women. Long QT syndrome seems responsible for 5-14% of cases of 
infant deaths (Von Norstrand, 2010). LQTS manifests as a prolonged duration of the 
action potential in cardiac ventricle muscle that can be observed in ECG as prolonged 
QT interval (> 450 ms). Mutations in genes predispose to life-threatening ventricular 
arrhythmia, called 'torsade de pointes' (twisting of peaks), for its characteristic features 
in ECG, which is the direct cause of death during sleep (Shwartz, 2009). 

The variety of genetic mutations allows dividing long QT intervals into three categories. 
LQT 1 is frequently related to KCNQ1 (gene encoding potassium voltage-gated channel 
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subfamily Q) and is triggered by physical exercises. LQT 2 with a mutation in KCNH2 
(potassium voltage-gated channel subfamily H) is associated with excessive emotions. 
LQT 3 is a disorder of SCN5A (sodium voltage-gated channel alpha subunit 5), causing 
death during sleep, more frequently occurring in males (Gando, 2019; Wong, 2014). 
Both LQT2 and LQT3 highly contribute to infant death. SCN5A mutation corresponds 
to 5-10% of LQTS and 50% of sudden infant death cases (Van Norstrand, 2010). Other 
genetic alterations associated with LQTS are observed, among others, in the sodium 
channel beta subunits encoded by SCN1B, SCN2B, SCN3B, SCN4B, α1-syntrophin 
(SNTA1), and caveolin-3 (CAV3) (Son, 2018; Van Norstrand, 2010). 

SHORT QT SYNDROME (SQTS) 

Short QT syndrome (SQTS) is a rare hereditary disease described for the first time in 
2000. It is responsible for approximately 20% of sudden cardiac deaths in adults and 
predominantly occurs in males (Brugada, 2004) (Rudic, 2014). No specific data of the 
prevalence in infants exist. This disease entity is associated with an exceptionally 
abbreviated QT interval (< 360 ms in males, and < 370 ms in females) caused by 
a disturbed ion current into or out of the cell, which predisposes to increased risk of 
abnormal heart rhythm, such as atrial and ventricular arrhythmias (Brugada, 2004; 
Antzelevitch, 2007).  

The molecular studies distinguish six types of short QT intervals with various genetic 
disorders. They seem to be inherited in the autosomal dominant pattern. SQT1, 2, and 3 
are associated with the genes encoding proteins of potassium channels: KCNH2 (known 
as hERG), KCNQ1, and KCNJ2. Described genetic variants (as examples of gain-of-
function mutations) are responsible for an increased potassium flow out of the cell. The 
genes causing SQT4, SQT5, and SQT6 are CACNA1C, CACNB2, CACNA2D1, which 
in humans encode subunits of the L-type calcium channel. Mutations (with loss-of-
function effect) result in decreased calcium flow into the cell (Rudic, 2014; Bellocq, 
2004; Priori, 2005). 

BRUGADA SYNDROME (BRS) 

Brugada syndrome, or sudden unexplained nocturnal death syndrome (SUNDS), is an 
extremely rare condition of the morphologically healthy heart. The prevalence varies 
from 1 to 5 per 10 000 in Europe, where 85% of cases are related to males (Brugada, 
1992). There is no actual data on the prevalence in infants. Brugada syndrome is inhe-
rited in the autosomal dominant way and is related mainly to a mutation in the SCN5A 
gene (BrS type 1, BrS1) (Antzelevitch, 2016). The sodium channel disorders result in 
the shortened duration of the cardiac action potential, abnormal repolarization, and 
ventricular arrhythmia (Brugada, 1992). It leads to ventricular tachycardia, which can 
degenerate into life-threatening ventricular fibrillation (Antzelevitch, 2016). 

There are twelve types of Brugada syndrome described. The ECG shows a coved ST-
segment elevation of ≥ 2 mm with a negative T wave in BrS type 1. BrS type 2 (BrS2) 
is described as a saddleback ST-segment elevation of ≥ 1 mm and a positive or biphasic 
T wave. In BrS type 3 (BrS3), the ST-segment elevation is < 1 mm and of coved or 
saddleback appearance (Berne, 2012). 
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Minor genes, such as GPD1L, CACNA1C, CACNB2, SCN1B, KCNE3, SCN3B, MOG1, 
KCNE5, and KCND3, are responsible for BrS type 2-10, respectively. Most of them 
present as a loss-of-function, whereas dysfunctions of KCNE3, KCNE5, KCND3, all 
involved in some potassium voltage-gated channel, are described as a gain-of-function. 
All of them occur in less than 1% of sudden cardiac death cases (Berne, 2012). 

CATECHOLAMINERGIC POLYMORPHIC VENTRICULAR TACHYCARDIA (CPVT) 

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is another uncommon 
arrhythmogenic entity without any macroscopical defect. The occurrence in Europe is 
estimated at 1 per 10 000, with exceptionally high mortality varying from 33 to 58% 
(Leenhardt, 2012). The etiology is not yet fully understood, and usually, 40 to 50% of 
cases remain unexplained (Leenhardt, 2012). The most frequent mutation, related to 
CPVT type 1 (CPVT1), is observed in the cardiac ryanodine receptors (RyR) genes. 
The cardiac ryanodine receptors are involved in calcium homeostasis maintenance in 
cardiomyocytes, crucial for the cardiac cycle. The mutation in RyR genes presents the 
autosomal dominant pattern of inheritance (Tester, 2007). 

Another factor involved in CPVT is calsequestrin. The protein binds calcium ions 
inside the endoplasmatic reticulum. Calsequestrin genes (CASQ2) and their mutations 
are inherited in the autosomal recessive mode and are related to CPVT type 2 (CPVT2). 
Both CPVT1 and CPVT2 lead to calcium leakage from the endoplasmatic reticulum to 
the cytoplasm of the heart cells (Tester, 2007; Leenhardt, 2012). It is followed by delayed 
afterdepolarization and ventricular arrhythmias triggered by adrenergic agents. The 
ECG often is unreliable as the bidirectional ventricular tachycardia, supraventricular 
tachycardia, and atrial fibrillation can occur (Tester, 2007). 

CARDIOMYOPATHIES 

Cardiomyopathies play a significant role in sudden cardiac death in adults but less is 
known on their contribution to SIDS. They are responsible for approximately 7% of 
sudden death cases in infants (Neubauer, 2017). Cardiomyopathies are associated with 
structural abnormalities in the cardiac muscle, which lead to dysfunction of the heart. 
Progressive alterations in the heart structure may result in left ventricular non-compa-
ction cardiomyopathy (LVNC), hypertrophic cardiomyopathy (HCM), and arrhythmo-
genic right ventricular cardiomyopathy (ARVCM) (Neubauer, 2017; Dettmeyer, 2010). 

LEFT VENTRICULAR NON-COMPACTION CARDIOMYOPATHY (LVNC) 

Left ventricular non-compaction cardiomyopathy is a rare disorder of the heart diagno-
sed in 9.5% of cardiomyopathy cases (Carillho-Ferreira, 2014). It is characterized by 
an excessive trabeculation of the left ventricle, especially in the cardiac apex, and the 
presence of deep intertrabecular myocardial recesses. The heart structure abnormalities 
may be followed by mitochondrial and musculoskeletal disorders (Carillho-Ferreira, 
2014; Dong, 2017).  

No specific gene mutation for LVNC has been detected, as all of these identified in 
cardiomyopathy cases are also involved in other heart disorders. They exhibit mitochon-
drial, X chromosome-linked, and autosomal, both dominant and recessive, patterns of 
inheritance. Mutations causing autosomal ventricular non-compaction are the most often 
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and may occur in the sarcomere, cytoskeletal, and channel encoding genes (Carillho-
Ferreira, 2014; Dong, 2017; Sedaghat-Hamedani, 2017) 

The most frequent mutation of sarcomere genes is related to MYH7, encoding the beta-
myosin heavy chain 7. MYH7, ACTC1 (cardiac alpha-actin), and TNNT2 (cardiac tro-
ponin T2) genes are detected in 20-25% of LVNC, but they are mainly known for their 
involvement in hypertrophic cardiomyopathy and dilated cardiomyopathy (Carillho-
Ferreira, 2014; Dong, 2017). Disorders in cytoskeletal genes are related to DTNA 
(encoding α-dystrobrevin), LDB3 (encoding LIM domain-binding protein 3), and 
LMNA (encoding lamin AC). Their occurrence ranges from 2 to 4% of all cardio-
myopathy-related mutations. Gene mutations associated with channelopathies are also 
involved in LVNC. SCNA5 (voltage-gated sodium channel) mutation was reported in 
30% of LVNC cases. The very rare dysfunction of the gene was found in the mind-
bomb homolog 1 (MIB1) encoding an E3 ubiquitin ligase, which is a crucial NOTCH 
pathway regulator. The mutation has been described in two families so far (Carillho-
Ferreira, 2014; Dong, 2017). 

HYPERTROPHIC CARDIOMYOPATHY (HCM) 

Hypertrophic cardiomyopathy (HCM) is probably the most common cardiomyopathy, 
affecting 1 per 500 individuals (Maron, 2006). However, very few cases were confir-
med in infants (Wong, 2014). 

The primary cause of HCM is a sarcomeric disorder resulting in myocyte function loss. 
It affects the force of cardiac cells contraction, leading to heart wall thickening and 
cardiomyocytes disarray as a compensation effects. The structural changes present as 
hypertrophied and non-dilated left ventricle (Brion, 2012). It is essential to diagnose 
other cardiovascular diseases, such as systemic hypertension, which can similarly affect 
the heart structure (Maron, 2006). 

Several gene mutations associated with HCM have been identified so far. Most of them 
are related to beta myosin heavy chain (MYH6, MYH7), myosin-binding protein C 
(MYBPC3), and cardiac troponins (TNNT2, TNNI3, TNNC1). Other gene mutations are 
much less frequent and affect myosin light chains (MYL2, MYL3), tropomyosin (TPM1), 
titin (TTN), and alfa-actin (ACTC) (Brion, 2012; Maron, 2006). Missense mutations 
most often result from insertions, deletions, and splice-site mutations (Maron, 2006). 

ARRHYTHMOGENIC RIGHT VENTRICULAR CARDIOMYOPATHY (ARVC) 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) or dysplasia (ARVD) is 
a cardiac muscle disease. The rough estimates say that one person in 5000 might be 
affected (Gemayel, 2001). The structural abnormalities are usually observed in the right  
ventricle lateral wall and include the replacement of the heart muscle by a fatty (fatty 
type) or fibrous (fibrofatty type) tissue (Burke, 1998). The pathological tissue becomes 
an ectopic pacemaker and is responsible for electric instability. There are two most 
likely explanations of ARVC. The first one corresponds to cardiac cell degeneration 
with transdifferentiation and apoptosis, which can be hereditary. The second is related 
to inflammatory or autoimmunological processes (Hecser, 2009). 
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About 30 to 50% of ARVC cases have genetic etiology. So far, four genes encoding 
desmosome proteins have been identified as responsible for the disease: plakophilin 
(PKP2), plakoglobin (JUP), desmoplakin (DSP), and desmoglein (DSG). The mutations 
are inherited mainly in the autosomal dominant mode with different penetrance and 
expressivity (Basso, 1996). Another type of ARVC is associated with RyR2 mutation, 
which encodes sarcoplasmatic calcium channels responsible for calcium release into 
the cytosol (Neubauer, 2017). 

SEROTONERGIC BRAINSTEM ABNORMALITIES 

The neurotransmitter network within the brainstem is crucial for homeostatic main-
tenance. The physiological functions of the brainstem consist of respiratory regulation, 
arousal, and thermoregulation (Kinney, 2009; Weese-Mayer, 2004). Its disorders can 
lead to asphyxia, hypercapnia, hypoxia, and cardiorespiratory dysfunction (Kinney, 
2004). The network comprises amino acid transmitters (glutamate, gamma-aminobutyric 
acid, taurine, and glycine), neuropeptides (substance P), catecholamines (dopamine), 
and serotonin (5-HT) in particular (Doi, 2008). Approximately 70% of sudden infant 
death cases are related to the brainstem 5-HT system (Kinney, 2009). 

SEROTONERGIC SYSTEM 

Serotonin (5-HT) is a biogenic amine derived from tryptophan. It is present in various 
sections of the central nervous system, with the particular emphasis on raphé, extra-raphé 
(medial and lateral reticular formation), and ventral surface (arcuate nucleus) (Kinney, 
2009). It is crucial in the caudal brain stem and is considered the key regulator of the 
autonomic nervous system (Rand, 2007). Tryptophan hydroxylase 2 (TPH2) is the rate-
limiting enzyme of 5-HT, primarily expressed in the midbrain. It catalyzes the hydro-
xylation reaction of L-tryptophan into 5-hydroxytryptophan in the presence of iron. 
The tryptophan hydroxylase 1 isoform is produced peripherally, mainly in the gastro-
intestinal tract, and is responsible for 90% of the total body volume of 5-HT (Haynes, 
2017). 

Serotonin contribution to SIDS cases is strongly related to its transporters. The serotonin 
transporter (5HTT, SERT) is encoded by 5HTT/SLC6A4 (Solute Carrier Family 6 
Member 4) gene, which was the first gene identified as related to SIDS (Barnes, 1999). 
It transports serotonin back through the presynaptic membrane from the synaptic cleft 
and is fundamental for the duration and strength of serotonin and its postsynaptic 
receptor interaction (Rand, 2007; Mőssner, 2001). The promoter region of SLC6A4 
contains a various number of repeats of 20-23 base pairs. A longer allele (L allele) of 
20 repeats leads to more effective transcription and decreased serotonin levels in the 
synaptic space (Van Norstrand, 2010; Rand, 2007). L allele effect may be enforced by 
monoamine oxidase A (MAOA) gene polymorphism, which can enhance serotonin 
inactivation (Van Norstrand, 2010). 5HTT gene expression may also be regulated by 
a polymorphic variable number tandem repeat (VNTR) within the intron 2 of SLC6A4 
with 9, 10, or 12 copies of 16-17 base pairs. The greater amount of copies is putative to 
increase the transporter gene transcription (Van Norstrand, 2010; Weese-Mayer, 2003). 

Serotonin receptors are divided into seven families 5-HT1-5, and fourteen subtypes. 
They are classified as metabotropic, G protein-coupled receptors with seven trans-
membrane spannings (Barnes, 1999). The receptor expression is much higher during 
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early development, which gradually declines with age. The high density is observed in 
nearly every brainstem nuclei, especially in the raphe nuclei (Machaalani, 2009). The 
reduced amount of 5 HT1A-D and 5HT2 was observed in SIDS cases compared to 
non-SIDS infants. The affected regions were the arcuate nucleus, the nucleus of raphe 
obscurus, the nucleus of the gigantocellularis and intermediate reticular zone, the nucleus 
of the solitary tract, and the dorsal motor nucleus of the nervus vagus (Machaalani, 2009; 
Duncan, 2010). Male infants showed a decreased density of 5HT1A in comparison to 
female infants (Kinney, 2009).  

The limited morphological maturity of 5HT cells, in the form of proliferation, migration, 
or differentiation disorders, has been found so far in few cases (Kinney, 2009). 

Table 1 presents the list of selected genes associated with channelopathies and cardio-
myopathies in humans, their location, the protein they encode, and the disease caused 
by the gene mutation. 

Table 1. Selected genes associated with channelopathies and cardiomyopathies in humans 

Gene Encoded protein Location Exon count Disease 

ACTC1 actin alpha cardiac muscle 1 15q14 7 HCM, DCM, LVNC 

CACNA1C calcium voltage-gated channel 

subunit alpha1 C 
12p13.33 56 BrS3, SQTS4, LQTS8 

CACNA2D1 calcium voltage-gated channel 

auxiliary subunit alpha2delta 1 
7q21.11 45 BrS13, SQTS6 

CACNB2 calcium voltage-gated channel 

auxiliary subunit beta 2 
10p12.33-p12.31 20 BrS4 

CASQ2 calsequestrin 2 1p13.1 11 CPVT2 

CAV3 caveolin 3 3p25.3 2 DCM, HCM, LQTS9 

DSG 2 desmoglein 2 18q12.1 16 ARVC, DCM 

DSP desmoplakin 6p24.3 24 ARVC, DCM 

DTNA dystrobrevin alpha 18q12.1 30 LVNC 

GPD1L glycerol-3-phosphate 

dehydrogenase 1 like 
3p22.3 8 BrS2 

JUP junction plakoglobin 17q21.2 19 ARVC 

KCND3 potassium voltage-gated 
channel subfamily D member 3 

1p13.2 14 BrS10, BrS12 

KCNE3 potassium voltage-gated 
channel subfamily E regulatory 

subunit 3 

11q13.4 6 BrS6 

KCNE5 potassium voltage-gated 

channel subfamily E regulatory 
subunit 5 

Xq23 1 BrS9, BrS11 

KCNH2 potassium voltage-gated 
channel subfamily H member 2 

7q36.1 19 LQTS2, SQTS1 

KCNJ2 potassium inwardly rectifying 17q24.3 2 LQTS7, SQTS3, 
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channel subfamily J member 2 CPVT3 

KCNQ1 potassium voltage-gated 

channel subfamily Q member 1 
11p15.5-p15.4 17 LQTS1, SQTS2 

LMNA lamin A/C 1q22 17 DCM, ARVC 

MIB1 MIB E3 ubiquitin protein  
ligase 1 

18q11.2 26 LVNC 

MOG1 multicopy suppressor of Gsp unknown 3 BrS8 

MYBPC3 myosin binding protein C3 11p11.2 35 HCM, DCM 

MYH6 myosin heavy chain 6 14q11.2 39 HCM, DCM 

MYH7 myosin heavy chain 7 14q11.2 40 HCM, DCM 

MYL2 myosin light chain 2 12q24.11 3 HCM 

MYL3 myosin light chain 3 3p21.31 7 HCM 

PKP2 plakophilin 2 12p11.21 14 ARVC, BrS 

RYR2 ryanodine receptor 2 1q43 107 CPVT1, LQTS14 

SCN1B sodium voltage-gated channel 
beta subunit 1 

19q13.11 7 LQTS16, BrS5 

SCN2B sodium voltage-gated channel 
beta subunit 2 

11q23.3 4 BrS16 

SCN3B sodium voltage-gated channel 
beta subunit 3 

11q24.1 7 BrS7 

SCN4B sodium voltage-gated channel 
beta subunit 4 

11q23.3 5 LQTS10 

SCN5A sodium voltage-gated channel 
alpha subunit 5 

3p22.2 29 DCM, LQTS3, BrS1 

SNTA1 syntrophin alpha 1 20q11.21 9 LQTS12 

TNNC1 troponin C1, slow skeletal and 

cardiac type 
3p21.1 6 HCM, DCM 

TNNI3 troponin I3, cardiac type 19q13.42 8 HCM, DCM 

TNNT2 troponin T2, cardiac type 1q32.1 17 HCM, DCM 

TPM1 tropomyosin 1 15q22.2 14 HCM, DCM 

TTN titin 2q31.2 365 HCM, DCM 

Abbreviations: ARVC – arrhythmogenic right ventricular cardiomyopathy, BrS – Brugada syndrome, CPVT 

– catecholaminergic polymorphic ventricular tachycardia, DCM – dilated cardiomyopathy, HCM – 
hypertrophic cardiomyopathy, LQTS – long QT syndrome, LVNC – left ventricular non-compaction 

cardiomyopathy, SQTS – short QT syndrome. 

SHORT CONCLUSION 

The molecular biology techniques enable having an detailed insight into DNA sequen-
cing, both nuclear and mitochondrial (Legati, 2016). They play a significant role in 
forensic medicine since the discussed disorders might not have any symptoms, signs, 
or morphological and biochemical alterations. Next-generation sequencing (NGS), 
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known as massively parallel or deep sequencing, is the most promising technology of 
the 2

nd
 generation techniques featuring a great increase in throughput and accuracy. It 

is used for genome analysis to detect inherited diseases and de novo alterations or 
tumor mutations at a nucleotide level (Yohe, 2017). 

Genetic variants can be classified into three groups based on their size: the single 
nucleotide variant/polymorphism (SNV/SNP), insertions and deletions (indel), and 
structural variants of more than fifty nucleotides, such as duplication and translocation 
(Guan, 2016; Xu, 2018). 

Potential uses of NGS in clinical practice or forensic medicine comprise detection of all 
three groups of genetic variants, including small base changes (substitutions), insertions 
and deletions of small (< 10 bp) and large DNA fragments, or even whole genes and 
structural variants. While Sanger sequencing (SS), the 1

st
 generation technique, is 

limited to substitutions and small insertions and deletions (Behjati, 2013). Chromosomal 
abnormalities, like microdeletions, often detected by fluorescence in situ hybridization 
(FISH), comparative genomic hybridization (CGH), or single nucleotide polymorphism 
microarrays, can also be revealed by NGS data analysis. NGS highly reduces the omis-
sion rate (Dai, 2019) (Behjati, 2013) (Li, 2020). 

The 2
nd

 generation technologies allow sequencing the massive amount of DNA 
fragments (Yohe, 2017) and simultaneously capturing the wider spectrum of mutations, 
significantly shortening the time to wait for results and making it increasingly cost-
effective (Behjati, 2013; Chang, 2017). Small genomes can be sequenced in just one 
day (Grada, 2013). Contrary, Sanger sequencing, as the 1st generation technology, 
enables exploring only up to 10 putative genes simultaneously. Massively parallel 
sequencing generates millions of short reads at the level of 21 to 400 base pairs instead 
of long DNA segments obtained by polymerase chain reaction (Reis-Filho, 2009). The 
maximum read lengths differ among various NGS methods (Børsting, 2015) . Next-
generation sequencing allows assessing changes in the human genome holistically 
(whole-genome sequencing, WGS) or in the parts encoding proteins (whole-exome 
sequencing, WES/ES). Using WES requires no knowledge or even suspicion of the 
causative gene responsible for a disorder. Exome sequencing alone allows to reveal up 
to 85% of mutations leading to various diseases or can be used for more targeted 
analyses of assumed genes (Rajcan, 2020; Sikkema-Raddatz, 2013). Since the coding 
sequences cover just 1% of the whole genome, WES is more cost-effective than WGS 
(Grada, 2013). These techniques have practical implications in highly heterogeneous 
diseases diagnosis, such as dilated cardiomyopathy caused by mutations in over 50 genes 
(Sikkema-Raddatz, 2013; McNally, 2013). All the features of the 2

nd
 generation tech-

niques supersede the Sanger sequencing, but it is still frequently used as a confirming 
test in genetic studies (Behjati, 2013).  

Next-generation sequencing can be used, as an alternative to microarrays, to obtain 
RNA sequence in gene expression studies (Grada, 2013). Moreover, NGS high sensi-
tivity effectively detects low-level mosaicism that could be otherwise omitted during 
the conventional, 1

st
 generation technology testing. With other advanced genomic tech-

nologies, such as single-nucleotide polymorphism microarrays and array-comparative 
genome hybridization, it is now possible to reveal sequence variants present in a few 
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percent of the cells (Behjati, 2013; Qin, 2016). However, NGS cannot be used for 
regions rich in G/C content or repeat architecture, like in Huntington's disease (Behjati, 
2013). 

Moreover the high sensitivity of NGS contributes significantly to low-level mosaicism 
detection that could be omitted in conventional first generation technology testing. 
With other advancing genomic technologies, such as single-nucleotide polymorphism 
microarrays and array-comparative genome hybridization it is now possible to reveal 
variants present in a few percents of the cells (Behjati, 2013; Qin, 2016).  

Next-generation sequencing in microbiology precisely characterizes the genomes of 
pathogens and their relationships with other serotypes and species. The knowledge of 
drug and vaccine sensitivity or diagnostic efficacy is now much more expanded thanks 
to NGS and can be widely used in infectious diseases management (Behjati, 2013; 
MacCannell, 2016).  

The 2
nd

 generation genetic testing, such as next-generation sequencing, enables obtaining 
more information at the molecular level than the 1st generation techniques. They provide 
additional information during a post-mortem examination, especially when autopsy 
and histopathological analyses are non-conclusive. At times, NGS is the only way to 
get a diagnosis, particularly in cases of such heterogeneous and multifactorial diseases 
as sudden infant death syndrome (SIDS), sudden cardiac death (SCD), and recurrent 
spontaneous abortion (RSA). NGS constitutes a promising technique in post-mortem 
investigation since clearly present genetic risk factors may often be followed by the 
absence of a phenotype. The detection of genetic changes should be considered a routine 
step in a post-mortem examination. The results of post-mortem genetic testing may be 
valuable for families affected by hereditary mutations. 
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ABSTRACT  

The purpose of this paper is to summarize foregoing knowledge about human intestinal microbiome’s 

correlation to nephrolithiasis. Kidney stones are frequently composed of calcium and the potential impact 
of intestine’s oxalate degrading bacteria (Oxalobacter formigenes, Lactobacillus spp . or Bifidobacterium 

spp .) became subject of many studies. Many researchers found O. formigenes to be the most auspicious 

subject and O. formigenes has been proven to be more abundant in stone forming patients. On contrary, 

some found no correlation between nephrolithiasis and O. formigenes occurrence. We notice similar outcomes 

while examining studies focusing on Lactobacillus spp. and Bifidobacterium spp. Apart from oxalate 
degrading bacteria, correlation between nephrolithiasis and quantity of other main intestinal microbiome’s 

bacteria is conspicuous. Antibiotics are altering intestinal microbiome therefore antibiotic usage is thought 

to increase risk of nephrolithiasis. Thus we decided to investigate the probiotics usage in reducing risk of 

developing nephrolithiasis. Different probiotic composition showed varied effects in reducing nephrolithiasis 

risk but fecal transplantations seem to be more promising. There are other factors inducing changes in gut 
microbiome composition. Diet seems to influence microbiome composition, therefore impacting risk of 

developing nephrolithiasis. Considering frequent occurrence of nephrolithiasis in patients with metabolic 

syndrome, we were exploring similarities in their intestinal microbiomes.  

Investigations show that intestinal microbiome impact develop ment of nephrolithiasis, however exact 

mechanisms controlling human gut microbiome are still unknown. Further examination of this subject is 
required to discover connection between intestinal bacteria and their impact on human organism. Gut micro-

biome can be altered hence we should explore new noninvasive ways to prevent and treat nephrolithiasis. 

INTRODUCTION 

The prevalence of kidney stones is reported to be increasing worldwide (Romero, 2020) 
The incidence is the most common between the age of 21-50 with the highest range 
between 31-40 (Sofia, 2016) Men are more likely to form stones than women (Scales, 
2012). Over time this difference has reduced (Tasian, 2016). Modern medicine can 
enumerate multitudinous agents which contributed to nephrolithiasis. Contributing risk 
factors for kidney stones are obesity, insulin resistance, gastrointestinal pathology, diet, 
lifestyle modification, geographical location, age, usage of antibiotics, low fluid intake, 
family history, and genetic factors (Sofia, 2016; Ferraro, 2019; Lee, 2016; Tasian, 
2014). There is an evident tendency to increase the occurrence of nephrolithiasis with 
time among all ethnic groups (Tasian, 2014; Hesse, 2003). 

Compilation European Association of Urology (EAU) Guidelines divide stones forming 
in the kidneys into four categories: infectious or non-infectious causes, genetic defects, 
or adverse drug effects. Each category has its material composition. We can also classify 
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stones according to size, location, X-ray characteristics, composition, and risk of recur-
rence (Olasveengen, 2020). The patients with nephrolithiasis may develop renal colic 
with typical symptoms: loin pain radiating to the pubic symphysis, external genital 
organs and inner surface of the thighs. Other symptoms as nausea, vomiting, pallor body 
surface, and restlessness also are observed. Unfortunately, it is estimated that appro-
ximately 40% of patients with urolithiasis will relapse. The likelihood of recurrence is 
greatest four years after an episode of nephrolithiasis. However, about 50% of patients 
experiencing a relapse only have it once in their life (Strohmaier, 2000). 

Recent years of researches have shown that the intestinal microbiome is highly correla-
ted with the risk of renal calculi (Miller, 2019; Suryavanshi, 2018). A better under-
standing of the mechanisms governing the gut microbiome and its influence on stone 
formation in the urinary tract will potentially allow us to better prevent this disease. 
Since nephrolithiasis is a common, painful, and relapsing disease, looking for ways to 
prevent or treat it is an important issue. In this review, we will summarize the current 
knowledge on the relationship between gut microbiota and calcium oxalate kidney 
stone disease. 

OXALOBACTER FORMIGENES  

Oxalobacter formigenes is gram-negative anaerobic bacterium that degrade oxalic acid 
and inhabit the intestinal tract of man and animals (Allison, 1996). These anaerobic 
bacteria utilize oxalate as an energy source by decarboxylating it to formate and CO2 
(Cornick, 1996). Oxalate is the end product of human metabolism and it can be either 
absorbed and eliminated from the body through urinary excretion or can be excreted 
unchanged in the feces (Menon, 1982). Therefore Oxalobacter regulates oxalate 
availability by degrading dietary oxalate which results in a reduction of intestinal 
oxalate absorption and urinary excretion causing hyperoxaluria – a major risk factor of 
forming kidney stones composed of calcium oxalate (Coe, 2005). Moreover, studies 
have shown that O. formigenes promotes oxalate secretion in the intestinal tract signifi-
cantly reducing urinary oxalate excretion (Hatch, 2011; Hatch 2014; Arvans, 2017). 

Researchers still try to determine the influence of gut microbiome on the development 
of nephrolithiasis, but multiple studies suggest just a correlation between the develop-
ment of urolithiasis and deficiency in O. formigenes (Batislam, 2012; Siener, 2013; 
Suryavanshi, 2016; Ravikumar, 2020; Tavasoli, 2020). We are going to focus on studies 
from the last ten years, even though the possible role of O. formigenes in kidney stone 
diseases has been investigated since late 1990s thanks to PCR-based method used for 
O. formigenes identification (Sidhu, 1999). 

Batislam et al. tested 27 patients with calcium oxalate stone disease. They noted signi-
ficantly lower levels of O. formigenes in patients with metabolic disturbances such as 
hyperoxaluria and hypercalciuria than in patients without metabolic abnormalities. 
They also noted considerably low O. formigenes level in recurrent stone-forming 
patients (Batislam, 2012). 

Siener et al. provide evidence that colonization with O. formigenes may reduce urinary 
oxalate excretion by considering dietary factors. They tested 37 patients with calcium 
oxalate urolithiasis, 26 of them tested negative for O. formigenes were compared with 
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the 11 patients who tested positive. The difference in urinary oxalate excretion was 
statistically significant only when patients were on a controlled standard diet (con-
taining 800 mg calcium and 63 mg oxalate) and it was significantly lower in O. formi-
genes-positive (0.318 and 0.367 mmol/24 h; p = 0.003) than in O. formigenes-negative 
patients (0.454 and 0.474 mmol/ 24h; p = 0.043). This first observation provides 
evidence that dietary factors may strongly affect urine composition. Intestinal oxalate 
absorption did not differ with the presence or absence of O. formigenes. However, 
plasma oxalate concentrations were significantly higher in patients without O. 
formigenes (5.79 mmol/l) than in colonized stone formers (1.70 mmol/l) (p = 0.003). 
Above all, a significant inverse association between the number of stone episodes and 
the colonization with O. formigenes (p = 0.029; 1 vs. 2-4 stone episodes: odds ratio 
4.00, p = 0.191 and 1 vs ≥5 stone episodes: odds ratio 10.67, p = 0.027) was observed 
(Siener, 2013) 

Pence et al. observed correlation between decreased lumbar bone mineral density and 
O. formigenes colonization and testosterone levels in patients with urolithiasis. They 
tested 50 stone-forming patients and 50 control adult male subjects. Reduced 
O. formigenes colonization in patients with lower bone mineral density among patients 
with urolithiasis was noted. In control group there was no correlation between bone 
mineral density and colonization of O. formigenes. Further they measured testosterone 
concentration as it is correlated with prevalence of reduced bone mineral density and 
determined lower testosterone concentration in lithogenic men (Pence, 2014). 

A previous study was published in 2014 and it was the first study to note lower testo-
sterone level in stone formers. In 2020 Ravikumar et al. observed similar correlation by 
examining association between kidney stone, bone mineral density, serum testosterone, 
colon cancer and O. formigenes colonization. Serum testosterone as well as urinary 
citrate reduced concentrations in stone forming patients in comparison to control 
subjects was described (Ravikumar, 2020). 

Suryavanshi et al. assessed differences between the compositions of the gut microbiota 
in individuals with recurrent urolithiasis and healthy individuals. Twenty four kidney 
stone formers were hyperoxaluric with multiple calcium oxalate stones, 15 healthy 
subjects did not have any apparent complications. O. formigenes was present in all 15 
healthy subjects, and in only 4 out of 24 kidney stone formers. They also confirmed 
negative correlation between urinary oxalate level and occurrence of O. formigenes 
(Suryavanshi, 2016). 

Bacterial communities can be tested for their ability to metabolize oxalate by molecular 
characterization of frc-gene. Suryavanshi et al. applied this method and found out that 
several gut inhabitants possess the frc-gene. Moreover, they found out increased 
diversity of frc-gene in group of patients with urolithiasis, indicating enrichment of 
other microbial communities with ability to metabolize oxalates. They presume it to be 
consequence of hyperoxaluria. They suggest hyperoxaluria to be the reason for changes 
in microbial composition, as it may prevent growth of O. formigenes (Suryavanshi, 2016). 

From all the previously mentioned studies we can see connection between hypero-
xaluria and occurrence of O. formigenes. But would it be possible to treat hyperoxaluria 
with orally administered O. formigenes? Hoppe et al. tried to answer this question. They 
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conducted a randomized, placebo-controlled, double-blind 8-weeks study. Unfortunately, 
treatment did not significantly reduce urinary oxalate excretion or plasma oxalate con-
centration (Hoppe, 2017). Next study likewise did not found treatment with O. formi-
genes to have an impact on urinary oxalate excretion (Milliner, 2018). 

All these studies suggest correlation between nephrolithiasis and colonization with 
O. formigenes, but some newer studies show different results. In 2018 Tang et al. used 
16S rRNA sequencing on 13 patients with multiple kidney stones and 13 healthy 
controls. They noted reduced diversity of gut microbiota within samples in the nephro-
lithiasis patients, but they found no significant difference of relative abundance of 
O. formigenes, Lactobacillus and Bifidobacterium (mentioned later in this work) between 
patients and control group (Tang, 2018). Another study conducted by Ticinesi et al. 
shows similar results. Fecal microbiota of stone-forming patients exhibited reduced 
diversity and lower representation of taxa predicted to be involved in dietary oxalate 
degradation (Ticinesi, 2018). This suggests that topic of gut microbiome influence on 
nephrolithiasis is not simply limited to O. fomigenes. This may be the reason why most 
studies with O. formigenes containing probiotics showed no influence of the probiotics 
on oxalate excretion. 

Studies from 2020 by Ravikumar et al. and Tavasoli et al. still mark abundance of O. 
formigenes in patients with urolithiasis in contrast to healthy patients (Ravikumar, 
2020; Tavasoli, 2020). 

There are a lot of factors contributing to changes in gut microbiome which will be dis-
cussed in this review. However, further studies to expand knowledge on the correlation 
between presence of O. formigenes in the human intestinal tract and nephrolithiasis are 
needed. 

OTHER BACTERIA 

BACTEROIDETES 

The significant amount of data collected from studies across the world shows that the 
most abundant bacteria in the human gut belong Firmicutes and the Bacteroidetes 
(Eckbur, 2005). In Bacteroidetes, Prevotella, and Bacteroides are the most dominant 
genres. 

Prevotella spp. is much more common if consumption of plant-rich diet dominates 
among others. It is also correlated with vegetarianism in Western populations and was 
linked to a low BMI (Liu, 2020). The association with plant diet can suggest that 
presence of Prevotella spp. is beneficial. However, this genera in the gut have also been 
linked with inflammatory conditions (Scher, 2013). The abundance of Bacteroides is 
generally more associated with US and European subjects using a Western diet, richer 
in animal protein, a variety of amino acids, and saturated fat (Gorvitovskaia, 2016; 
Pareek, 2019; Wu, 2011; Franco-De-Moraes, 2017). 

De Filippis et al. demonstrated that Prevotella and Bacteroides oligotypes show great 
heterogeneity. Some Prevotella oligotypes are vastly associated with plant-based diet 
but others are associated with animal-based nutrients. The same feature applies to 
Bacteroides. There is no doubt that different oligotypes within the same genus showed 
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distinctive correlation patterns with dietary components. They used the oligotyping 
technique to explore differences within Bacteroides and Prevotella populations in 
omnivore (n = 44) and non-omnivore (self-declared ovolactovegetarians and vegans, 
n = 93) subjects of a previously studied cohort. These results substantiate the current 
oversimplification of diet-dependent microbe-host associations and highlight that 
subgenus differences must be taken into account if modulation of gut microbiota is 
planned (De Filippis, 2016). 

Heading toward a comprehensive assay of the topic of the study, we analyzed Joshua 
M. Stern et al. study. They had engaged 29 patients in a pilot study out of which 23 were 
kidney stone formers and six were non-stone forming enrolled in a control group. 
Bacteroides was 3.4 times more abundant in urolithiasis, Prevotella was 2.8 times more 
abundant in the control group (34.9 vs 10.2 %; p = 0.001) (Stern, 2016).  

In a multivariate analysis including age, gender, BMI, and diabetes mellitus, urolithiasis 
remained an increased risk for high prevalence for Bacteroides (OR = 3.26, p = 0.033) 
while there was an inverted association with Prevotella (OR = 0.37, p = 0.043) (Stern, 
2016).  

FIRMICUTES 

Firmicutes are also the most common bacteria in the human gut microbiome (Miller, 
2019). As Bacteroides and Firmicutes are the most abundant groups in the human gut, 
often the Firmicutes/Bacteroidetes ratio is used to describe the state of the microbiome 
(Consortium, 2013). This ratio changes with age, it comes to 0.4 for infants, 10.9 for 
adults, and 0.6 for elderly individuals. Moreover, Clostridium leptum and Clostridium 
coccoides were highly represented in the microbiota of infants, while elderly subjects 
exhibited high levels of Escherichia coli and Bacteroidetes (Mariat, 2009). Overall, 
most of the Firmicutes sequences obtained from human intestines were members of the 
Clostridium spp. (Eckburg, 2005). 

The Firmicutes phylum is composed of more than 200 different genera such as Lacto-
bacillus, Bacillus, Clostridium, Enterococcus, and Ruminicoccus. Clostridium genera 
represent 95% of the Firmicutes phyla (Haakensen, 2008). Study based on 16S rRNA 
gene amplicons, shows that the number of Firmicutes in the intestinal microbiome is 
higher in patients with urolithiasis (Suryavanshi, 2016). For comparison, other 2 studies 
based on the same technique show different data. In these two studies, the total amount 
of Firmicutes was lower in nephrolithiasis individuals (Tang, 2018; Ticinesi, 2018).  

Patients with urolithiasis were found to be enriched with Bacilli and Lachnospiraceae 
belonging to Clostridia (Suryavanshi, 2016). Likewise Erysipelotrichales (Tang, 2018) 
and Carnobacteriaceae (Francino, 2017), were found to be enriched in urolithiasis. For 
comparison, Faecalibacterium prausnitzii was depleted in stone-forming subjects 
(Suryavanshi, 2016). Mollicutes, Roseburia, and Clostridium spp. also were less 
abundant among participants with urolithiasis (Francino, 2017; Denburg, 2020). 

However, Dialister – another member of Firmicutes phylum were solely present in 
healthy individuals (Suryavanshi, 2016). In another study Ruminococcus and Oscillo-
spira showed the same correlation and they were consistently present in healthy indi-
viduals and not in patients (Miller, 2019). These reports show that different members 
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of Firmicutes phylum are related differently to nephrolithiasis. Successive study 
associates bacteria from Firmicutes phylum with oxalate level. Veillonella spp., 
Clostridium spp., and Weisella spp. positively correlated with urine oxalate content 
(Suryavanshi, 2016). On the other hand Eubacterium spp. was inversely correlated 
with oxalate levels (Stern, 2016). 

Interesting data is related to Lactobacillus. In one study Lactobacillus showed no 
significant difference in abundance between the healthy control group and stone-forming 
group (Tang, 2018). However, different study did not confirm this correlation, because 
Lactobacillus plantarum and Streptococcaceae abundance were decreased in the stone-
forming group (Suryavanshi, 2018). A study of South African blacks/whites populations 
showed that the black group has significantly higher fecal Lactobacillus diversity, this 
potentially can be the reason for their relatively low risk of urolithiasis (Magwira, 
2012). Some Lactobacillus can degrade oxalate. However, in a study conducted on 30 
individuals 22 of them possessed lactic acid bacteria and out of 251 of these bacterial 
strains, only 17 were found to degrade oxalate significantly between 40.38% and 62.90%. 
Among these oxalate-degrading bacteria, 16S rDNA sequencing helped identify Lacto-
bacillus fermentum and Lactobacillus salivarius which exhibited substantial tolerance 
up to pH 3.0 and at 0.3% bile. Moreover, three strains, Lactobacillus fermentum TY5, 
Lactobacillus fermentum AB1, and Lactobacillus salivarius AB11, exhibited good 
adhesion to HT-29 cells and strong antimicrobial activity. In addition, this study con-
firms that the use of these three efficient oxalate degrading lactic acid bacteria is safe 
and so may serve as good probiotic candidates for preventing hyperoxaluria (Gomathi, 
2014). Another study shows different species which also have the ability to degrade 
oxalate and those are Lactobacillus acidophilus and Lactobacillus gasseri (Chamberlain, 
2019). Some researchers also suggest that some species of Lactobacillus are part of 
a correlation network with oxalate degrading bacteria (Denburg, 2020). 

BIFIDOBACTERIUM 

Genus Bifidobacterium belongs to Actinobacteria phylum (Garrity, 2004). In the study 
design by Klimesova et. al it is reported that colonization with B. animalis subsp. lactis 
in wild-type mice can decrease urinary oxalate excretion by degrading dietary oxalate 
thus limiting its absorption across the intestine but it did not promote enteric oxalate 
excretion as reported for O. formigenes. In this study wild-type mice (WT) and mice 
deficient in the hepatic enzyme alanine-glyoxylate aminotransferase (Agxt−/−, 
a mouse model of Primary Hyperoxaluria) fed an oxalate-supplemented diet were 
implemented with B. animalis subsp. lactis DSM 10140 and B. adolescentis ATCC 
15703. Out of these two strains, only B. animalis subsp. lactis was found to possess the 
genes encoding enzymes permitting oxalate utilization. The administration of B. animalis 
subsp. lactis led to a significant decrease in urinary oxalate excretion in WT and 
Agxt−/− mice although 64% of WT mice and only 37% of Agxt−/− mice were 
colonized (Klimesova, 2015). Different studies confirm this. B. animalis subsp. lactis 
possessed the oxc gene, encoding oxalyl-coenzyme A (CoA) decarboxylase, a key 
enzyme in oxalate catabolism (Federici, 2004; Turroni, 2010). Out of 14 Bifidobac-
terium strains belonging to the human species only the five B. animalis subsp. lactis 
strains showed oxalate – degrading activity with 100% of oxalate consumption after 
5 days of incubation (Turroni, 2010). Next studies indicate that Bifidobacterium is 
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present in subject with nephrolithiasis as well as in healthy persons (Miller, 2019; 
Suryavanshi, 2016). 

However, a study conducted on a group of South Africans revealed that Bifido-
bacterium was present at a significantly higher relative abundance in the black group 
which may potentially protect this group against calcium oxalate kidney stone disease 
(Magwira, 2012). 

PROBIOTICS 

Based on current knowledge researchers began looking for the perfect composition of 
bacteria that could effectively protect patients against the development of nephro-
lithiasis. 

The study where 46 hemodialysed partients received placebo or probiotic-containing 
Streptococcus thermophilus, Lactobacillus acidophilus, and Bifidobacterium Longum 
90 x 10

10
 CFU (colony-forming units) daily for 3 months revealed that this probiotic 

supplementation yield a significant increase in serum urea, potassium, and indoxyl 
sulfate. In this case, probiotic supplementation failed due to the reduction of uremic 
toxins and inflammatory markers [52]. Different study carried out on 20 healthy indi-
viduals who received 2.6 g/day of a lactic acid bacteria preparation containing Lacto-
bacillus acidophilus, Bifidobacterium infantis, Streptococcus thermophilus and Lactoba-
cillus brevis for 5 weeks also did not reduce oxalate concentration in plasma or urine 
(Siener, 2013). Moreover, in the study where nephrolithiasis patients took Lactobacillus 
casei and Bifidobacterium breve, 7 out of 14 patients presented a reduction in oxaluria. 
This shows that this kind of probiotic treatment possesses a variable effect upon 
urinary excretion. However, this effect may be dependent on dietary oxalate intake 
(Ferraz, 2009). 

Different studies note that some probiotics can affect oxalate metabolism or distribution. 
Study with probiotic containing live lactic acid bacterial culture consisting of Strepto-
coccus thermophilus, three strains of Bifidobacterium spp. (B. breve, B. longum, and B. 
infantis), and four strains of Lactobacillus spp. (L. acidophilus, L. plantarum, L. para-
casei and L. delbrueckii subsp. bulgaricus) show their ability to reduce oxalate 
absorption about 11.6% during apply (Okombo, 2010). Another study based on the 
same probiotic also shows the decrease in urinary oxalate in a population of 11 healthy 
individuals. This study was designed with use of load test, patients were split into 3 
groups (two study and one control), 2 study groups received for 4.5 x 10

11
 and 9 x 10

11
 

live abovementioned bacteria, respectively. Surprisingly, the oxalate reducing effect in 
both single and double doses was noted (Al-Wahsh, 2012). 

What’s interesting, numerous studies show that patients with the highest initial oxalate 
absorption induced the greatest reduction in oxalate absorption induced by probiotics 
(Okombo, 2010; Al-Wahsh, 2012).  

Different studies with herbs and probiotics indicate that to reduce urinary oxalate plant 
extracts are less effective then probiotics (Afkari, 2019). 

As we can see, ingestion of different probiotic composition shows varied effect however 
sequent researchers decided to look on it. In one study investigators examined the 
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reduction in oxalate excretion in a rat model using fecal microbes or fecal transplants 
from a mammalian herbivore adapted to a high oxalate diet. Both the transplantation of 
oxalate-degrading bacteria alone and the fecal transplantation increased oxalate meta-
bolism, however, the fecal graft showed a significantly greater effect. Furthermore, 
only in animals receiving fecal transplantation increased oxalate metabolism was main-
tained. A more diverse and cohesive network of bacteria associated with the Oxalo-
bacteraceae was found in rats receiving fecal transplants (Miller, 2017). This suggests 
that fecal transplants are more effective in reducing oxalate than microbial species 
alone. Another study confirms that fecal transplant modifies the risk factors for nephro-
lithiasis related to the composition of the urine. Urinary calcium decreased after fecal 
transplant by 55% and urinary oxalate levels were on average 24% lower than baseline 
levels. Also, urinary pH increased about 29%. Moreover in the caecum after transplant 
expression of Slc26a6 increased by 90% and gastrointestinal alkali absorption incre-
ased too (Stern, 2019). 

These studies indicate that we do not have a definite answer as to whether probiotics 
will be used in the treatment of kidney stones. Further research is advisable. 

Table 1: Comparison of probiotic treatments 

Microorganisms Dose Adminis-

tration time 

Subjects Effect Source 

Streptococcus 

thermophilus, 

Lactobacillus acidophilus, 

Bifidobacterium longum 

9 x 1010 

CFU per 

day 

3 months Hemodia-

lysis 

participants 

Significant 

increase in serum 

urea, potassium, 

and indoxyl 

sulfate. Failed to 
reduce uremic 

toxins and 

inflammatory 

markers. 

Natália A 

Borges et 

al. 

Lactobacillus acidophilus, 

Bifidobacterium infantis, 
Streptococcus 

thermophilus, 

Lactobacillus brevis 

2.6 g/day 

3.6 × 1011 
CFU 

5 weeks healthy 

individuals 

Neither reduced 

urinary oxalate 
excretion nor 

plasma oxalate 

concentration 

Siener R et 

al. 

Streptococcus 

thermophilus, 

Bifidobacterium breve, 

Bifidobacterium longum, 
Bifidobacterium infantis, 

Lactobacillus acidophilus, 

Lactobacillus plantarum, 

Lactobacillus paracasei, 

Lactobacillus delbrueckii 
subsp. bulgaricus 

8 x 1011 

live 

bacteria 

4 weeks healthy 

individuals 

Reduce oxalate 

absorption 

Okombo J 

et l. 
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Lactobacillus casei (LC) 

and Bifidobacterium breve 
(BB) 

50 mg  

2 x 107–109 

CFU of 

lyophilized 

(LC) 

5 x 107 to 

109 CFU 
(BB) 

2 weeks Nephro-

lithiasis 
patients 

Variable effect 

upon urinary 
excretion 

Ferraz 

RRN et al. 

Streptococcus 
thermophilus, 

Bifidobacterium breve, 

Bifidobacterium longum, 

Bifidobacterium infantis, 

Lactobacillus acidophilus, 
Lactobacillus plantarum, 

Lactobacillus paracasei, 

Lactobacillus delbrueckii 

subsp. bulgaricus 

4,5 x 1011 

live 

bacteria 

(first 

group),  

9 x 1011 
(second 

group) 

once healthy 
subjects 

Effective in 
reducing urinary 

oxalate 

Al-Wahsh 
I et al. 

*CFU – colony forming units 
Source: Own elaboration 

ANTIBIOTICS 

Antibiotics are widespread weapons to fight infectious diseases. Antibiotics are powerful 
medicines fighting certain infections and saving lives when used properly. Nowadays 
antibiotics are commonly abused. The main reason for this tendency in Europe is lack 
of public knowledge and awareness, access to antibiotics without prescription, inade-
quate medical training, or lack of rapid and sufficient diagnostic tests (Machowska, 
2019). Some researchers link corruption in the health sector, and the society at large, to 
higher antibiotic use (Rönnerstrand, 2017). This situation can be potentially precarious 
because antibiotics have the potential to modify the intestinal microbiome (Shaw, 
2019) Antibiotics may affect the risk of urolithiasis through altered oxalate metabolism 
by the microbiome (Lange, 2012). Prospective cohort study conducted on 5.010 nurses 
reported association between antibiotic use and higher risk for urolithiasis. A signi-
ficantly higher risk for developing nephrolithiasis has been associated with the use of 
antibiotics for a total of 2 or more months compared to no use in the age groups ranged 
between 20-59 years old. It means that the use of antibiotics for more than 2 months 
especially in early adulthood and middle age is associated with a higher risk for uro-
lithiasis in later life (Ferraro. 2019). This finding is also confirmed by other studies 
(Siener, 2013; Kelly, 2011; Tasian, 2018). Moreover, the original study which included 
247 patients aged 18-69 years with recurrent episodes of calcium oxalate kidney stones 
reports that the further in the past that an antibiotic had been used, the greater the 
likelihood of colonization by O. formigenes. The prevalence of Oxalobacter also depends 
on the type of antibiotic taken. Oxalobacter was present in 18% of 40 patients taking 
azithromycin, 26% of 19 taking erythromycin, and 29% of 24 taking other antibiotics 
with activity to Oxalobacter. In subjects taking antibiotics without activity to Oxalo-
bacter, the incidence was 33%, however, in amoxicillin users, the incidence was higher 
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at 38% (Kelly, 2011). O. formigenes sensitivity/resistance to the antibiotics is presented 
in table 2. Four human O. formigenes strains presented different MIC (minimum inhi-
bitory concentrations) to antibiotics, but all strains were sensitive to some antibiotics 
(Lange, 2012). In another study amoxicillin and clarithromycin taken simultaneously 
caused 62.5% of subjects to become negative for O. formigenes at 1 month, 56.2% 
remained negative for Oxalobacter at 6 months (Schelker, 2011). In another large study 
including 25.981 patients with nephrolithiasis and 259.797 controls observed for 
a median of 5.4 years, sulphinamides, cephalosporins, fluoroquinolones, nitrofurantoin/ 
methenamine, and broad-spectrum penicillins were associated with an increased odds 
of nephrolithiasis diagnosis 3-12 months after antibiotic prescription (Tasian, 2018). 

This knowledge indicates the need for further research into the influence of specific 
antibiotics on the development of kidney stones. In addition, it opens the possibility of 
selecting antibiotics in the future aiming not to increase the risk of developing kidney 
stones in prone individuals. 

Table 2. Selected antibiotics action on Oxalobacter formigenes (Lange, 2012) 

Antibiotics active against 

O. formigenes (sensitive) 

Antibiotics non-active against 

O. formigenes (resistant) 

Azithromycin,  

Ciprofloxacin,  

Clarithromycin,  

Clindamycin,  

Doxycycline,  

Gentamicin,  

Levofloxacin,  

Metronidazole,  

Tetracycline 

Amoxicillin 

Amoxicillin/clavulanate, 

Ceftriaxone,  

Cephalexin 

Vancomycin 

Source: (Lange, 2012) Lange J.N. et al. 

DYSBIOSIS RELATED FACTORS 

ETHNIC GROUP 

This part is concentrated on studies of the human microbiome regarding ethnicity. 
Most researchers have focused on westernized people with life-style practices that 
decrease microbial survival and transmission, or on traditional societies that are 
currently in transition to westernization (Gorvitovskaia, 2016). According to the 
following studies we will attempt to display the correlation between race or origin and 
nephrolithiasis. 

Multivariate analysis suggested that O. formigenes abundance was associated with 
particular host demographics such as non-US residence. Compared to Asians, Pacific 
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Islanders, Hispanics, African Americans, or people of other ethnicities, Caucasian 
ethnicity is positively correlated with a profusion of O. formigenes (Liu, 2017).  

Consecutive works compared the prevalence of O. formigenes among mothers and 
their infants for first three years of life, between the USA group and two distant areas. 
Among the American indians of the Yanomami-Sanema and Yekwana ethnic groups in 
Venezuela and the Hadza in Tanzania, O. formigenes were detected in 60-80% of the 
adult subjects, higher than found in adults from the only 19% prevalence (PeBenito, 
2019). This study shows that ethnics can have an impact on human microbiota compo-
sition and also indicates that modern medical practices can cause loss of O. formigenes 
colonization in populations. Other researchers confirmed that O. formigenes appear to 
be stably present in fewer than half of healthy young USA adults (Barnett, 2016). 

Magwira et al. displayed that the black group had a significantly higher (p = 0.029) level 
of oxalate utilization (median, 39%; range, 84.5% of the oxalate degraded) than that of 
the white group (median, 28%; range 83.5% of the oxalate degraded). Besides, 47% of 
the samples from black individuals utilized oxalate at a level above 40% compared to 
only 20% for their white counterparts. Researchers have shown that the low abundance 
of O. formigenes and increased diversity and abundance of oxalate-degrading Lacto-
bacillus spp. and Bifidobacterium spp. in the black South African population suggest 
that mentioned strains rather than O. formigenes may protect this group against calcium 
oxalate kidney stone disease (Magwira, 2012). 

To continue, Tasian et al. performed a population-based, repeated cross-sectional study 
in South Carolina, showing that the incidence of nephrolithiasis increased an estimated 
3% per 5 years among whites compared with an estimated 15% increase among blacks. 
Aiming attention on this issue will facilitate targeted secondary prevention strategies, 
particularly for those population in with rare, but increasing nephrolithiasis (Tasian, 
2016). 

In another study researchers compared Belgian and Japanese gut microbiota. 
Prevalence of Bifidobacterium catenulatum group, Atopobium cluster populations, and 
Bacteroides fragilis group were significantly lower in the Belgian gut microbiota than 
in the Japanese gut microbiota, however, the population size and prevalence of genus 
Bifidobacterium did not differ. Moreover, the amount of the Clostridium leptum sub-
group were significantly higher in the Belgian gut microbiota. This data also confirmed 
the diversity of gut microbiota among ethnic group (Ishikawa, 2013).          

However, the observations illustrated above should be considered as hypothesis-
generating, there is a need for carefully designed experiments to establish the essential 
causal relationships and to help design targeted clinical interventions in urolithiasis.  

DIET 

Delving deeper into the dietary impact of lowering urinary oxalate excretion, we cannot 
forget about the recommendations of the European Association of Urology (EAU). 
Oxalate excretion could be lowered by decreasing oxalate intake, which means avoiding 
oxalate-rich foods including spinach, chocolate, rhubarb, beets, nuts, wheat bran, 
sesame seeds; consuming 1000-1200 mg calcium/day (Harris, 2015; Asplin, 2016; Fink, 
2013; Fink, 2009). Also, decreasing vitamin C consumption, (Gordiano, 2014; Ferraro, 
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2016) because of vitamin C breakdown to oxalate in tissues as it performs its antioxi-
dant function, by evading supplements and excessive intake of vitamin C-rich products 
such as orange juice and increasing fluid intake (Bao, 2020). To strengthen previous 
thesis, it is important to mention that a stable fraction of urinary oxalate is of endo-
genous origin as a product of hydroxyproline and ascorbic acid catabolism (Knight, 
2006). 

In this section, we will analyze the role of nutrition in change of microbiota compo-
sition, and its relevance in modulation of urolithiasis risk. Focal points of this section 
are calcium, sodium, protein, oxalate, and water intake. 

CALCIUM INTAKE AND GUT MICROBIOME 

Due to the inverse relationship between dietary calcium and stone formation, calcium 
should not be restricted, unless there are strong reasons for doing so, like digoxin 
intake. Urinary oxalate excretion increases when calcium intake is low and decreases 
when calcium ingestion is raised. Increased intake of dietary calcium is correlated 
genesis of crystalline calcium oxalate in the intestinal lumen, as a consequence, this 
could be limiting intestinal oxalate absorption and reducing its urinary excretion. Cal-
cium supplements are not recommended except for enteric hyperoxaluria when supple-
mentary calcium should be taken with meals to bind intestinal oxalate (Fink, 2013; 
Taylor, 2013). 

It should be noted that hypercalciuria is one of the most common abnormalities which 
is found in patients with persistent calcium stones and is strongly influenced by diet 
[80]. Older adults without a history of renal stones who are taking calcium supplements 
should ensure adequate fluid intake since it may prevent increases in urine calcium 
concentration, and reduce or eliminate any increased risk of renal stones formation 
associated with calcium supplement use (Harris, 2015). Oxalate content of the diet 
modulates the effect of dietary calcium on stone-forming propensity. Also, the timing 
of calcium consumption can be influential (Lange, 2012). Proper calcium levels may 
regulate blood pressure by modifying intracellular calcium in vascular smooth muscle 
cells and by changing the blood volume via the renin–angiotensin–aldosterone (RAA) 
system (Villa-Etchegoyen, 2019). Actually, stone formers have a higher fractional 
intestinal calcium absorption than individuals without nephrolithiasis, and foods with 
high calcium content should be consumed during balanced meals to protect against the 
risk of hypercalciuria (Vezzoli, 2016; Sorensen, 2011). 

The relationship between calcium absorption and composition of gut microbiota is not 
broadly explored. However, there are some researches showing the correlation between 
the two (Whisner, 2014). It's essential to emphasize that positive modulation of calcium 
absorption through prebiotic can reduce the burden of hypercalciuria in kidney stone 
formers. Corrie M. Whisner performed a study and valid increases in fractional Ca 
absorption, she observed in adolescent boys and girls consuming soluble maize fiber 
(SCF), as a prebiotic. Generally, the consumption of SCF resulted in lower proportions 
of fecal bacteria of the phylum Firmicutes and a greater ratio of bacteria of the phylum 
Bacteroidetes (Whisner, 2014). Further research performed by Corrie M. Whisner et al. 
has shown that fractional calcium absorption was remarkably increased in adolescent 
females who consumed 10 and 20 g fiber/d from SCF compared with control. Dose 
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effects were observed for Parabacteroides proportions which significantly increased 
with larger SCF doses and negatively correlated with calcium absorption. Members of 
Firmicutes positively correlated with calcium absorption, suggesting that the role of the 
microbiota in fermentation and calcium absorption is complex and not mediated by 
a single species (Whisner, 2016). In another study release of calcium was reduced in 
the presence of Bifidobacterium bifidum, as calcium was probably utilized for growth 
of this bacterium (Nalepa, 2012). 

Calcium beneficially modifies the intestinal microflora, leading to an increase in the 
concentration of Lactobacillus spp. through the precipitation of bile acids and fatty 
acids and by reducing cytotoxicity and lessening impairments to the intestinal mucosa. 
These prebiotic properties of calcium beneficially affect the health of obese people and 
those suffering from type 2 diabetes. This topic also requires further exploration 
(Gomes, 2015). 

Urszula Krupa-Kozak et al. performed study, which emphasizes that the effect of inulin 
on gut microbiota characteristics and activity and mineral utilization in growing rats 
depended on the dietary calcium intake in a gluten-free diet (GFDs). Generally, dietary 
inulin stimulated the SCFAs formation, increased the lumina l acidification, and 
decreased caecal ammonia concentration. However, insufficient Ca intake in GFD 
affected negatively the structure of the prevailing caecal microbiota, while dietary 
inulin stimulated Bifidobacteria, in particular B. animalis, if recommended amount of 
Ca was provided in rats diet. Most benefits to mineral utilization from inulin consump-
tion were seen in rats fed GFD of restricted Ca amount where it increased the relative 
Ca absorption. Obtained results allow deducing that the administration of inulin to 
a GFDs could be a promising dietary strategy for beneficial modulation of intestinal 
ecosystem, and by that for the amelioration of the Ca absorption (Krupa-Kozak, 2017). 
The study shows weight gain in mice offspring, which may be mediated by calcium's 
modulation on the gut microbiota with increased Firmicutes and decreased Bactero-
idetes in calcium insufficiency, and decreased Verrucomicrobia in calcium excess. 
Several genera, including Bacteroides, were reduced, and Lactobacillus increased by 
maternal insufficient or excessive calcium intake (Li, 2019). 

All these studies establish that the connection between calcium and nephrolithiasis 
needs to be investigated through gut microbiota influence. 

SALT INTAKE AND GUT MICROBIOME 

Following the EUA guides, daily sodium (NaCl) intake should not exceed 3-5 g. 
Moreover, high intake adversely affects urine composition, because calcium excretion 
increased by reduced tubular reabsorption. Also, urinary citrate is reduced due to loss 
of bicarbonate. To conclude, higher salt intake has been associated with hypercalciuria 
and hypocitraturia, which are major risk factors for calcium stone formation (Ticinesi, 
2016). 

Unsurprisingly, modern diets in industrialized countries contain an excessive amount 
of salt. For example, the average intake in an Italian cohort was 186,3 mmol/day in 
men and 145,3 mmol/day in women (Donfrancesco, 2013); in a Spanish cohort, it was 
167,5 mmol/day (Ortega, 2011) and in large epidemiologic studies set in the USA, it 
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was 143,6 mmol/day (Sebastian, 2013) Actually, during the Paleolithic era, diet 

contained very low amounts of salt, estimated at ∼17 mmol/day, so kidneys, from an 
evolutionist’s perspective, are not used to handle so much salt as what is universally 
present in modern diets (Konner, 2010).  

What is pronounced, a low-salt diet can reduce calcium excretion in hypercalciuric 
stone formers, (Nouvenne, 2010) showing the explanation based on renal physiology. 
In the renal proximal tubule, calcium handling is strongly dependent on sodium. 
A high dietary salt intake induces a high-sodium load to the kidney and status of 
relative hypervolemia. According to the mechanisms of glomerulotubular balance, this 
condition diminishes the efficacy of sodium and water reabsorption in the proximal 
tubule. At the same time, the reabsorption of calcium, which handling is passively 
coupled with sodium and water, is less effective. Since in the distal sections of nephron 
calcium reabsorption is unrelated to volume status, this condition leads to higher 
urinary calcium excretion (Friedman, 1993; Friedman 2000). 

Some studies focusing on dietary habits of idiopathic calcium stone formers and indi-
viduals with idiopathic hypercalciuria have clearly demonstrated that these individuals 
have a significantly higher daily intake of salt and more frequent consumption of salty 
foods, such as sausages and ham, than healthy controls, especially among younger 
females (Friedman, 2000; Damasio, 2011). 

The ability of salt to alter the gut microbiota, which was recently identified as an instru-
mental factor for health and disease, remains poorly explored. To confer, most of them 
are rodent studies (Wang, 2018; Bielinska, 2018). Seck et al. linked high fecal salinity 
to decreased diversity (linear regression, p < .035) and depletion in anti-obesity 
Akkermansia muciniphila and Bifidobacterium spp., especially B. longum and 
B. adolescentis (Seck, 2019). Salt-dependent depleting of Lactobacillus spp., particularly 
Lactobacillus murinus is going along with an increase in pro-inflammatory TH17 cells 
and salt-sensitive blood pressure changes in mice. Consequently, treatment of mice 
with L. murinus prevented salt-induced aggravation of actively induced experimental 
autoimmune encephalomyelitis and salt-sensitive hypertension by modulating TH17 
cells. In line with these findings, a moderate high-salt challenge in a pilot study in hu-
mans also performed by Wilck et al. reduced intestinal survival of Lactobacillus spp., 
increased TH17 cells and increased blood pressure. Moreover, this study presents that 
Escherichia coli posseses higher salt tolerances (Wilck, 2017). Interestingly, newborn 
infants have the greatest abundance of Lactobacillus spp., which decreases over time 
(Tamburini, 2016).  

As was mentioned above, compared to microbiomes from indigenous populations, an 
abundance of Lactobacillus strains in ‘Western’ gut microbiomes is low (Martínez, 
2015). Salt consumption that starts at a young age may have contributed to the relative 
loss of Lactobacillus strains from Western microbiomes and hence may have a role in 
the development of hypertension and autoimmunity (Wilck, 2017). 

The study depicted below investigated how high salt intake (HSI) triggers early renal 
injury by considering the 'gut-kidney axis'. Hu et al. fed mice 2% NaCl in drinking water 
continuously for 8 weeks to induce early renal injury. Subsequently, they analyzed the 
occurrence of enteric dysbiosis. In addition, intestinal immune gene expression was 
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impaired in those mice. Gut permeability elevation and enteric bacterial translocation 
into the kidney were detected after chronic HSI. The analysis shows that chronic HSI 
markedly lowered levels of Firmicutes and increased levels of Bacteroidetes. The 
bacterial composition in the HSI was significantly different from that of the control 
mice in terms of both phylum and class level in the cecal content. In particular, the 
percentages of Actinobacteria, Firmicutes, and Bacteroidetes at the phylum level and 
Actinobacteria, and Clostridia and Bacteroidetes at the class level were markedly 
altered in the cecum. For example, Clostridia and Lachnospiraceae were enriched in 
the control mice, while Burkholderiales and Alcaligenaceae were enriched in the high 
salt-fed mice (Hu, 2017). 

In another research, the HSI increased Firmicutes/Bacteroidetes ratio, the abundances 
of genera Lachnospiraceae and Ruminococcus (p < 0.05), but decreased the abundance 
of Lactobacillus (p < 0.05) [108]. Compared to control diet, a HSI altered fecal micro-
biota composition and function, reducing Lactobacillus spp. relative abundance and 
butyrate production (Miranda, 2018). A depletion in Lactobacillus spp. may in part be 
responsible for associated lower butyrate levels because they are eager to cross-feeding 
between lactate-producing bacteria and lactate-utilizing, butyrate-producing bacteria 
(Louis, 2009).  

Some studies suggest that at this time, no conclusion can be drawn towards the efficacy 
of dietary sodium restriction for the prevention of stone recurrence (Fink, 2009). In 
fact, we must emphasize, in any case, the existence of age- and gender-related diffe-
rences in the epidemiological connection between salt intake and nephrolithiasis cannot 
be eliminated, also because of complications in estimating the actual sodium intake. 

The relationship between salt and gut microbiota has not been explored in kidney stone 
formers yet. However, all mentioned studies support the hypothesis that gut microbiota 
dysbiosis associated with nephrolithiasis is at least partly dependent on dietary salt 
intake. 

ANIMAL PROTEIN INTAKE AND GUT MICROBIOME 

EAU instructs that protein intake should be limited to 0.8-1.0 g/kg body weight, 
following the opinion that excessive consumption of animal protein has several effects 
that favor stone formation, including hypocitraturia, low urine pH, hyperoxaluria, and 
hyperuricosuria. It is considered an important risk factor for calcium nephrolithiasis 
(Heilberg, 2013; Gambaro, 2016). Animal proteins increase purine metabolism, 
according to hyperuricosuria in both uric acid and calcium nephrolithiasis (Choi, 2004).  

Vezzoli et al. gathered 157 calcium stone formers and 144 controls. Diet was analyzed 
in these subjects using software that evaluated nutrient intake from a three-day food 
intake diary. Their analysis showed that calcium excretion was associated with sodium 
excretion and that citrate excretion was associated with the potential renal acid load 
and animal protein intake in stone formers. To conclude, according to the study, animal 
proteins raise the renal acid load, which is associated with reduced excretion of 
lithogenesis inhibitors such as citrate (Vezzoli, 2015).  

The protein source should also be taken into consideration. Ferraro et al. made a con-
clusion from 3.108.264 person-years of follow-up and 6308 incident kidney stones. 
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Urolithiasis risk may vary by protein kind. In contrast with vegetable and dairy protein, 
non-dairy animal protein may be related to a slightly higher risk of urolithiasis among 
men and older women. Diets high in potassium or with a relative abundance of 
potassium compared with animal protein could represent a means of stone prevention 
(Ferraro, 2016). 

Researchers show that a DASH-style diet (Dietary Approaches to Stop Hypertension), 
rich in vegetables and low in animal proteins, has the lowest risk of incident kidney 
stones in three large prospective cohorts (Ferraro, 2017). It was estimated that con-
suming high amounts of fruits and vegetables in addition to low-fat dairy products is 
capable of lowering the risk of stone events by up to 45% [117]. Reducing protein 
intake in patients with chronic kidney disease as compared with higher or unrestricted 
protein intake, reduces the occurrence of renal death by 31% (Fouque, 2006). 

In a broad epidemiologic study of 3.123 participants of the Chronic Renal Insufficiency 
Cohort, Waikar et al. found that urinary oxalate correlated positively with proteinuria 
(r = 0.22, p < 0.001), and contravene with estimated glomerular filtration rate (eGFR) 
(r = −0.13, p < 0.001) and urinary calcium. Moreover, analyses suggested that diabetes 
and obesity modified the associations between urinary oxalate and renal outcomes 
(Waikar, 2019). The fact that the benefit of low-protein diet therapy on proteinuria was 
significant also was noticed by Pan with coworkers (Pan, 2008). Interestingly, there 
was observed a very-modest reduction in the rate of progression of renal disease with 
a low-protein diet in type 1 diabetes and, to a lesser extent, in type 2 diabetes (Fouque, 
2006; Pan, 2008). 

Even if some researches are reassuring relevance of low-protein intake in improving 
renal function (Jesudason, 2013) there is a necessity to respond to those who have been 
exploring the impact of protein on gut microbiota. Particular attention is drawn by 
Lactobacillus. Zhu et al. manage to feed rats with proteins from different sources: red 
meat (beef and pork), white meat (chicken and fish), and other sources (casein and soy). 
Intriguingly, Lactobacillus genus was higher in the white meat than in the red meat or 
non-meat protein groups. Moreover, rats fed with meat proteins and casein had 
significantly lower levels of LBP (lipopolysaccharide-binding proteins), suggesting 
that the intake of meat proteins may support a more balanced composition of gut 
bacteria, thereby reducing the antigen load and inflammatory response in the host (Zhu, 
2015). 

The next study by Zhu et al. examined growing rats fed with casein, beef, chicken, or 
soy proteins for 90 days, and analyzed the compositions of gut microbiota and meta-
bolites. Compared to the casein group (control), the chicken protein group showed the 
highest relative abundance of Lactobacillus spp. and the highest levels of organic 
acids, including lactate, which can, in turn, promote the growth of Lactobacillus spp. 
The soy protein group had the highest relative abundance of Ruminococcus but the 
lowest relative abundance of Lactobacillus. All, these results confirmed that meat 
protein intake may maintain a more balanced composition (Zhu, 2017) Zhao et al. 
assigned mice to either a chicken‐ or a soy protein‐based diet for 4 weeks. In a study at 
the phylum level before the experimental protein diets were provided (day 0), Bacte-
roidetes was the dominant phylum in fecal samples, and the shift to the experimental 
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diets increased the abundance of Firmicutes group. At the genus level, intake of both 
diets increased the abundance of Lactobacillus (Zhao, 2019). 

To concentrate on the differences between protein intake, compared with the normal-
protein diet, the adversely altered the colonic microbiota by increasing (P < 0.05) 
Escherichia/Shigella, Enterococcus, Streptococcus, and sulfate-reducing bacteria by 
54.9-fold, 31.3-fold, 5.36-fold, and 2.59-fold, respectively. However, the high-protein 
diet reduced Ruminococcus and Faecalibacterium prausnitzii; Akkermansia was not 
detected in high-protein diet group, generally regarded as beneficial bacteria in the 
colon. The abundance of Escherichia/Shigella, Enterococcus, and Streptococcus was 
positively correlated with genes and metabolites generally regarded as being involved 
in disease pathogenesis, suggesting these bacteria may mediate the detrimental effects 
of high-protein diet on colonic health (Mu, 2016). 

In Kostovcikova et al. study animal protein-based diets led to the increased relative 
abundance of genera Enterococcus, Streptococcus, and Escherichia, and families Pepto-
streptococcaceae and Ruminococcaceaea. On the contrary, plant protein-based diets 
enriched OTUs belonging to families Bifidobacteriaceae and Desulfovibrionaceae in 
a diet containing a normal amount of plant protein and Coriobacteriaceae in diet rich 
in plant protein and both showed increased abundance of Lactobacilli and families 
Lachnospiraceae and Erysipelotrichaceae. In addition, they found a significant 
increase of Escherichia coli in all groups; most notably in both HPDs. It was enriched 
from 2.02, 1.01, 0.04, and 0.27 to 10.03, 38.03, 17.34, and 34.03% in diet containing 
normal amount of animal protein, diet rich in animal protein, diet containing normal 
amount of plant protein, and diet rich in plant protein, respectively (Kostovcikova, 
2019). Deviations of protein intake were not able to significantly modify gut micro-
biota composition when diets include constant amounts of calories and fibers but could 
modulate bacterial metabolism towards different metabotypes (Beaumont, 2017; Wei, 
2018). 

Therefore, protein intake could represent, together with the general dietary model, one 
of the main elements driving the modifications of gut microbiota composition revealed 
in calcium stone formers. 

OXALATE INTAKE AND GUT MICROBIOME 

Daily dietary oxalate intakes are in the range of 0.05-0.2 g but may surpass 1 g if oxalate-
rich foods are eaten (Taylor, 2007). Abundance of oxalate in the food can differ 
according to growth conditions and the food cooking processes (Miller, 2016). Oxalate 
source in the body is both exogenous, which applies to food, and endogenous as 
regards by liver metabolism. In a normal healthy person, 2-10% of the food oxalate is 
absorbed in blood while 90-98% is retained in the intestine and utilized by the gut 
microbiomes as their energy production source. Merely traces of oxalate return back to 
hepatocytes (Brzica, 2013). Intestinal oxalate absorption is much more influenced by 
the calcium/oxalate ratio in the diet than by absolute oxalate intake (Lange, 2012). 
Depletion of oxalate intake can paradoxically enhance urinary oxalate excretion and 
stone risk if it is not associated with other dietary standards (Thomas, 2008). The 
diminution of indirect dietary sources of oxalate, such as animal proteins or ascorbic 
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acid, is in general, more effective than a low-oxalate diet for reducing oxaluria and 
preventing calcium oxalate stones (Noori, 2014). 

Juquan Jiang et al. recruited seven females and four males colonized with O. formi-
genes, and five females and six males non-colonized. The main purpose of this study 
was to show the impact of dietary oxalate and calcium on the quantity of O. formigenes 
in feces. Increasing dietary oxalate empowered the fecal population of O. formigenes to 
expand almost 12-fold as dietary oxalate increased 15-fold while increasing dietary 
calcium 5-fold resulted in a 5-fold decrease (Range, 2011). 

When the levels of oxalate and alternative factors in the urinary system reach the upper 
meta-stable limits, which provide the formation of crystals, additional prerequisites 
seem to be needed before stones start to form, such as damage to the cell membranes of 
renal tubules. That confirms the notion that high oxalate intake is associated with 
a mildly increased risk of CaOx lithiasis. 

We cannot forget about specific changes of gut microbiota composition, associated 
with high intake of foods with elevated oxalate content, such as almonds, hazelnuts, 
walnuts, and pistachios (Ukhanova, 2014). Walnuts increased the abundance of Firmi-
cutes and reduced the abundance of Bacteroidetes also enriched the microbiota for 
probiotic-type bacteria including Lactobacillus, Ruminococcaceae, and Roseburia 
(Byerley, 2017; Holscher 2018). Almond consumption increased the relative abundances 
of Lachnospira, Roseburia, and Dialister (Holscher, 2018). Appealingly, Haaskjold and 
colleagues submit the main cause of renal failure due to undue intake of almonds as it 
may result in absence of O. formigenes (Ticinesi, 2017). 

There is no doubt that highly rich-oxalate products have an impact on gut microbiota. 
Advantages resulting from the consumption appear to be prevailing above elimination 
of these products. 

WATER INTAKE AND GUT MICROBIOME  

The concept that high fluid intake decreased the risk of recurrent nephrolithiasis has 
been repeatedly demonstrated (Fink, 2009). Theoretically, increased urine output may 
have two effects largely dependent on physicochemical factors and renal physiology.  
Firstly, mechanical diuresis may prevent urine stagnation and the formation of sympto-
matic stones. Secondly, dilute urine alters the super-saturation of stone components. 
Daily water intake > 2 L represents a cornerstone measure for preventing recurrences, 
but there is no evidence concerning the actual benefit for primary prevention of urinary 
stones (Bao, 2020; Ticinesi, 2017). 

Lotan et al. evaluated that increasing water intake is really effective from an econo-
mical point of view. The use of high water intake by 100% of the population results in 
annual cost savings of €273 million and 9265 fewer stones. Even if only 25% of the 
population is compliant, there is still a cost savings of €68 million and 2316 stones 
(Lotan, 2012). 

Recent studies imply that hydration, and the type of drunk water, may also affect the 
gut microbiota. To concentrate on how water intake could influence lithogenesis through 
the gut-kidney axis has to be said that this field is not broadly explored and most 
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studies are focusing on water pH. Studies in mice models have shown that alterations 
in drinking water pH such as acidification affect the composition of the gut microbiota. 
Including overrepresentation of several taxa that are substantial components of humans 
microbiota, such as Bacteroides, Alistipes, Barnesiella, and Lactobacillus (Johnson, 
2019). Some researches accentuate that water can be a significant source of variability 
depending on the geographical location of the animal facility, the time of year, the 
presence or absence of agriculture within the surrounding area, and the sterilization and 
filtration methods employed by the animal facility itself, which should be taken into 
consideration during microbiome studies (Barnett, 2019; Dias, 2018). 

In contrast to what has been reported in rodents, a change in drinking water pH had no 
impact on the composition of the gut microbiota in young male adults (Hansen, 2018). 

METABOLIC SYNDROME 

Metabolic syndrome is defined as a combination of impaired glucose metabolism, 
dyslipidemia, abdominal obesity, and elevated blood pressure which can have several 
renal implications. The occurrence of metabolic syndrome is associated with a signi-
ficantly higher prevalence of nephrolithiasis (odds ratio 1.29, 95 % confidence intervals: 
1.11-1.51) (Rendina, 2014). 

Yee Wong et al. made a systematic review which included 22 full-text articles and 6 
abstracts (219.255 patients). All studies demonstrate increasing odds of kidney stone 
disease with an increasing number of metabolic disease syndrome traits. It is most 
observable when patients have three or more MetS traits (Wong, 2016). Multivariable 
analysis showed that the presence of metabolic syndrome traits was associated with 
a significantly increased chance of having low urine pH, hypercalciuria, hyperuricosuria, 
hyperoxaluria, and hypocitraturia. These unfavorable trends are driven in part by 
insulin resistance and higher intakes of organic acids in the form of animal proteins and 
purine-containing compounds (Kohjimoto, 2013; Maalouf, 2007). 

Takagi et al. involved 239 Japanese subjects to analyze the fecal microbiota to reveal 
that lifestyle-related diseases such as hypertension, hyperlipidemia, and type 2 diabetes 
mellitus may alter the composition of gut microbiota. They found a significant difference 
in the α-diversity between healthy controls and the patients in whom two diseases 
coexisted. Also, they found that Actinobacteria levels were significantly increased, 
although Bacteroidetes levels were significantly decreased in all disease groups. 
Looking closely at the genus level, Bifidobacterium levels were significantly increased 
in the hyperlipidemia and type 2 diabetes mellitus groups. Captivatingly, the structure 
and function of the gut microbiota showed similar profiles in all the studied diseases 
(Takagi, 2020). 

Some studies present the statement that all factors mentioned in this chapter did not 
reach statistical significance (Xie, 2020; Stern, 2016). 

OBESITY AND DIABETES  

The current global obesity epidemic, linked to lifestyle changes that are characterized 
by excessive energy intake and reduced physical activity urges us to summarize the 
changes in the gut microbiome composition also in this case. Ussar et al. presented the 
study on mice, where reshaping the gut microbiota prevented certain features of 
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metabolic syndrome and environmental reprogramming of microbiota resulted in 
becoming obesity-resistant (Ussar, 2015). 

Type 2 diabetes mellitus (T2D) is a highly prevalent metabolic disorder characterized 
by an imbalance in blood glucose level, peripheral insulin resistance, altered lipid 
profile, and high blood pressure. Obesity and type 2 diabetes mellitus often occur 
together, tracking down the changes that are specific to each condition is a great chal-
lenge. Thingholm et al. analyzed the gut microbiomes of 633 lean individuals (BMI 
≤25 kg/m

2
) who did not have T2DM, 494 individuals with obesity (BMI >30 kg/m

2
) 

but not T2DM, and (Ussar, 2015) individuals with obesity and diagnosed T2DM or 
fasting plasma levels of glucose > 125 mg/dl. Research shows that obesity was asso-
ciated with specific gut microbial taxa, whilst T2DM had only a weak association. 
Obesity is related to changes in 17 genera, including a decreased abundance of Akker-
mansia, Faecalibacterium, Oscillibacter and Alistipes. What was noticeable, small 
increases in Escherichia and Shigella were associated with T2DM but not obesity 
(Thingholm, 2019). There is a difficulty with compounding these factors with nephro-
lithiasis, but we perceive the need for further exploration. 

HYPERTENSION (HTN) 

Through the years epidemiological studies had observed that hypertension is associated 
with an increased frequency of nephrolithiasis, independent of age, body mass, or renal 
function (Tang, 2013; Cappuccio, 1999). Hypertension is considered as a risk factor for 
stone formation; conversely, stone formers are at risk of hypertension, chronic kidney 
disease (CKD), and end-stage renal disease (ESRD) [157, 158] but according to some 
scientists, this issue is debatable (Kittanamongkolchai, 2017). Proper blood pressure is 
an outcome of genetic, kidneys, the renin-angiotensin-aldosterone pathway, and envi-
ronmental factors. Recent studies have shown that blood pressure is also influenced by 
the human metagenome. Liu et al. displayed that there were significant differences in 
the urinary microbiomes not only between KSD patients and HCs but also between 
KSD-pHTN or KSD-HTN patients and KSD-NTN patients. This implicates that 
patients with KSD complicated with HTN have a unique urinary microbiome profile. 
Inversely, in this chapter, we will deepen into differences in the gut microbiome in 
connection to hypertension and nephrolithiasis (Liu, 2020). 

There is a connection between high consumption of fiber and increased abundance of 
acetate-producing bacteria, which is associated with improved cardiovascular health 
and function. In Francine Z. Marques studies the favorable effects of fiber is explained 
by the generation and distribution of the short-chain fatty acid acetate, which decreased 
gut dysbiosis. That is measured by the ratio of Firmicutes to Bacteroidetes, and incre-
ased the prevalence of Bacteroides acidifaciens (Marques, 2017). Both high-fiber diet 
and acetate supplementation significantly reduced systolic and diastolic blood pressures, 
cardiac and renal fibrosis, and left ventricular hypertrophy. They also observed down-
regulation of the renin-angiotensin system in the kidney. 

The SCFAs were more likely produced in individuals on plant material-rich diet and 
they were beneficial in preventing the growth of potentially pathogenic microorga-
nisms (De Filippo, 2010). One way that SCFAs can influence host cells is by interacting 
with host GPCRs (G protein-coupled receptors), including Gpr41 and Olfr78 
(Natarajan, 2016; Hsu, 2019). 
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Figure 1. Diagram shows the roles of SCFAs, Olfr78, and Gpr41 in blood pressure (BP) regulation. 

Source: Renal and cardiovascular sensory receptors and blood pressure regulation (Pluznick, 2013). 

SCOFA – short-chain fatty acid; BP – blood pressure; Gpr41 – endothelial G protein-coupled receptor 41;  

Olfr78 – olfactory receptor78 

Jennifer L. Pluznick data supports the idea that propionate activation of Gpr41 leads to 
a hypotensive response and that propionate activation of Olfr78 favors a hypertensive 
response, which drives to situations that mice null for Olfr78 are hypotensive, whereas 
mice null for Gpr41 are hypertensive (Hsu, 2019; Pluznick, 2013). 

To explore the difference between the microbial communities at different stages of HTN, 
Li et al. clustered the 196 samples into two distinct enterotypes. Prevotella was the 
most presented genus in enterotype 1; Bacteroides was the most presented genus in 
enterotype 2 (P = 6.31e−31 and P = 2.09e−15, respectively). More healthy controls 
(73.17%) were found in enterotype 2 (P =0.02, C vs P; P=0.03). Higher percentage of 
pre-hypertensive and hypertensive patients assigned with enterotype 1 (48.21% for 
pHTN, and 45.45% for HTN). Focusing at 12 genera, which were negatively correlated 
with Prevotella, it is noticeable that all of them were diminished in enterotype 1 as 
compared with enterotype 2. 

Fecal transplantation from hypertensive human donors to germ-free mice, has elevated 
blood pressure, in conclusion, they observed that hypertension is transferable through 
microbiota at least in mice (Pluznick, 2013). 

Nosheen Mushtaq et al. performed qPCR analysis to quantify the changes in Bacteroides 
spp., Prevotella spp., Clostridium spp. and Escherichia coli in fecal samples collected 
from 50 patients diagnosed with grade 3 hypertension and 30 healthy controls (Li, 
167). In the hypertension group compared with the healthy controls was a significant 
increase in Clostridium spp., and Prevotella spp. (P < 0.05). E. coli was also increased 
in the hypertension group, but did not reach statistical significance. Level of Bacteroides 
with emphasis Bacteroides uniformis and Faecalibacterium was decreased. Also, 
Faecalibacterium prausnitzii, which states up to 14% of the total fecal microbiota and 
has been reported to be the major source of butyrate, was significantly diminished in 
the hypertension group (Mushtaq, 2019). 

Prevotella copri may promote the development of inflammation and is associated with 
intensifying susceptibility to arthritis (Scher, 2013). Also, Prevotella copri was dis-
played to enhance body weight loss and aggravate epithelial inflammation in a mouse 
model of colitis. In the present study, Prevotella was overrepresented in patients with 
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hypertension, which is consistent with Kovatcheva-Datchary et al. who showed that 
Prevotella copri was the most abundant of the Prevotellaceae (Eeckhaut, 2013). 

In another study, fecal bacteria analysis was done to determine specific bacterial genera 
that may be associated with the observed changes in permeability and inflammation in 
the adult spontaneously hypertensive rat. They observed a significant increase in gram-
positive Streptococcus genus and Streptococcaceae family, both belonging to the order 
of Lactobacillales (lactic acid-producing bacteria) and the phylum of Firmi-
cues. Furthermore, they observed a significant decrease in the Bifidobacterium genus 
and the related Bifidobacteriaceae family of Actinobacteria phyla, a gram-positive 
bacterium with probiotic properties, and a decrease in several bacterial genera of the 
Bacteroidetes phyla (Kovatcheva-Datchary, 2015). 

CONCLUSION 

Through the years new researches presented the negative correlation between the pre-
sence of O. formigenes and nephrolithiasis. This is coherent with the knowledge that 
O. formigenes is breaking down oxalate which is the main energy source, and also is 
stimulating oxalate excretion in the intestine. At nearly the same time some researchers 
showed no correlation between colonization with O. formigenes and nephrolithiasis. 
Moreover, evidence has shown that treatment with O. formigenes have no impact on 
urinary oxalate excretion or on plasma oxalate concentration. Should not be forgotten 
that fecal microbiota of stone-forming patients exhibited reduced diversity and lower 
representation of bacteria involved in dietary oxalate degradation. This suggests that 
gut microbiome influence on nephrolithiasis is not limited to O. fomigenes. It is pro-
bably the reason why the majority of studies with probiotics containing O. formigenes 
showed no influence on oxalate excretion. Speculation that there are other bacteria that 
may influence oxalate regulation in the intestine is additionally confirmed by fact that 
there are some healthy non-stone-formers without the occurrence of O. formigenes. 

As Bacteroidetes and Firmicutes are the most abundant phylum in the human gut, it is 
clear that all correlations should be considered. Regarding Bacteroidetes studies are 
consistent about the negative correlation between Bacteroides and Prevotella. This 
correlation is influenced by lifestyle and also occurs in nephrolithiasis. 

Presumably promising are studies of probiotics containing live lactic acid bacterial 
culture consisting of Streptococcus thermophilus, three strains of Bifidobacterium 
(B. breve, B. longum and B. infantis), and four strains of Lactobacillus (L. acidophilus, 
L. plantarum, L. paracasei and L. delbrueckii subsp. bulgaricus) showing their ability 
to reduce oxalate absorption. However fecal transplants had a significantly greater effect. 

It is necessary to remember also that antibiotics are capable of affecting the risk of 
nephrolithiasis by altering microbiome responsible for oxalate metabolism. 

Comprehensive insight into dysbiosis-related factors has shown an interesting conclu-
sion. The black group had a significantly higher level of oxalate utilization than that of 
the white group. Nowadays we are facing an interesting tendency that the incidence of 
nephrolithiasis increased an estimated 3% per 5 years among whites compared with an 
estimated 15% increase among blacks. This conclusion leads us to look closely at diet 
impact. Generally, urinary oxalate excretion increases when calcium intake is low and 



 

The influence of environmental factors and intestinal microbiome upon urolithiasis pathophysiology 
 

183 

decreases when calcium ingestion is raised. Moreover recent researches opened the 
door to show impact of calcium on gut microbiome. Also, the hypothesis that animal 
protein intake affects the microbiome has been partly proven. Although there are some 
studies that demonstrate the correlation between metabolic syndrome and gut micro-
biome dysbiosis, there are some difficulties with connecting them to nephrolithiasis. 

Despite the human genome, we can modify the metagenome; therefore, further research 
about prebiotics, probiotics, and symbiosis is reasonable. There is a need to evaluate 
comprehensively the gut-kidney axis from a nutritional perspective. In coming years, 
careful investigations will be eligible to uncover the amount of potential in this curious 
field. 
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ABSTRACT 

Phytoestrogens, e.g., biochanin A and genistein, belong to the family of flavonoids that have been found in 
large quantities of soybeans, green beans, chickpeas, and peanuts. Their characteristic feature is a structural 

similarity to 17-β-estradiol, which determines different affinity for estrogen receptors (ERs). They may evoke 

agonistic or antagonistic potential against ERs. Estrogen receptor α (ER α) is responsible for stimulation of 

cell proliferation while estrogen receptor β (ER β) evokes anti-proliferative and pro-apoptotic activity. The 

structural similarity of these compounds with estradiol finds application in the treatment of postmenopausal 
symptoms and other estrogen-dependent disorders such as osteoporosis and metabolic diseases, e.g., obesity , 

insulin resistance. Moreover, they exert anti-cancer and anti-inflammatory effects through mediation of 

various signaling pathways, e.g., nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 

mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase/ protein kinase B (PI3K/AKT). 

They have anti-proliferative effects by arresting cell cycle phases and enhance apoptosis in various cancer 
cells. In addition, natural anti-estrogens have antioxidant, antibacterial, hepatoprotective, neuroprotective 

effects and protect against ultraviolet radiation-induced skin photodamage. Phytoestrogens are used as an 

alternative to estrogen replacement therapy (ERT), can be administered in the form of dietary supplements, 

and are used in cosmetology to produce rejuvenating cosmetics. 

INTRODUCTION 

Phytoestrogens are bioactive plant compounds capable of interacting with the estrogen 
receptor (ER) (Paterni, 2014). The main sources of phytoestrogens are soybeans, green 
beans, chickpeas, peanuts, and some fruits and vegetables (from Gramineae, Cucurbi-
taceae, Solanaceae, Cruciferae family) (Rietjens, 2013; McKay, 2007; Ko, 2014). There 
are three classes of phytoestrogens – flavonoids, lignans, and stilbenes. Among flavo-
noids, isoflavonoids are specially important group of phytoestrogens (e.g. genistein, 
biochanin A) (Krizova, 2019; Fickler, 2019). Although, phytoestrogens have a non-
steroidal structure, they are structurally similar to 17-β-estradiol (the endogenous estro-
gen produced by the ovaries). Due to their structural similarity to estrogens, phytoestro-
gens can bind to their receptors (Rietjens, 2013; Paterni, 2014; Younes and Honma, 
2011). Two types of ER have been classified: estrogen receptor α (ERα) and estrogen 
receptor β (ERβ). They are distributed in different tissues and thus have various biolo-
gical functions. ERα is mainly placed in the uterine endometrium and ovarian stroma. 
The principal purpose of ERα is the stimulation of cell proliferation (Rietjens, 2013). 
ERβ is present in the brain, bones, blood vessels, intestines and lungs and evokes anti-
proliferative and pro-apoptotic function (Rietjens, 2013). Phytoestrogens binding to 
ER, elicit an estrogenic response (agonist) or, conversely, an anti-estrogenic effect 
(antagonist) (Younes, 2011). Their action depends on the configuration they form with 
receptors, the concentration of the compound, and the type of target tissue. Due to this 
feature, phytoestrogens are called selective ER modulators (SERMs) (Messina, 2016). 
The biological effects of selected phytoestrogens are shown in the table 1. 
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Table 1. Biological effects of biochanin A and genistein 

Effect Phytoestrogen References 

Anticancer Biochanin A Seo, 2011; Rice, 2002; Hsu, 2018; Chen, 2015; Ming, 

2013 

Genistein Upadhay, 2001; Ramos, 2007; Ismail, 2007; Ouyang, 
2009; Huang, 2005; Wang, 2010 

Anti-inflammatory Biochanin A Kim, 2004; Ming, 2015; Zhang, 2015; Chung, 2013; 
Liu, 2016; Oh, 2016; Qiu, 2012 

Genistein Yellayi, 2003; Kim, 2001; Naucler, 2002; MacGregor, 
2005; Verdrengh, 2003 

Antioxidant Biochanin A Liang, 2019; Kumari, 2016; Jalaludeen, 2016 

Genistein Lima de Jesus, 2018; Menze, 2015; Yang, 2017 

Anti-diabetic Biochanin A Lee, 2005; Wu, 2014; Chundi, 2016 

Genistein Ming, 2013; Thangavel, 2019; Lappe, 2013 

Preventing metabolic 

diseases 

Genistein Choi, 2009; Ascencio, 2004; Szkudelska, 2007 

Antibacterial Biochanin A Teka, 2015; Hanski, 2014; Sklenickova, 2010; Zou, 

2014; Lechner, 2008; Jin, 2017 

Neuroprotective Biochanin A Wang, 2016; Wang, 2015; Yu, 2017; Li, 2019 

Genistein Borque, 2012; Valles, 2010; Wang, 2016; Wang, 2015; 

Genolet, 2004 

Hepatoprotective Biochanin A Breikaa, 2013; Jalaludeen, 2016 

Skin protection Biochanin A Lin, 2008; Alves, 2020; Lee, 2005 

Genistein Alves, 2020; Melendez-Martinez,2019; Cavinato, 2017 

SEARCH STRATEGY AND S ELECTION CRITERIA 

The study aimed to present the multifunctional properties of selected phytoestrogens 
and molecular mechanism of their action. Particular attention was paid to their anti-
cancer, anti-inflammatory, antioxidant, antibacterial, neuroprotective and hepatoprotec-
tive properties. The authors reviewed the literature indexed in PubMed and Google 
Scholar databases searching primary original articles and reviews published from 2002 
until 2021, by entering: phytoestrogens, function of phytoestrogens, mechanism of action 
of phytoestrogens, biochanin A, genistein.  

REVIEW 

ANTICANCER PROPERTY OF PHYTOESTROGENS 

Cancer is the main cause of death worldwide. Many chemotherapeutic agents have 
been developed, but they have considerable limitations due to their general significant 
cytotoxicity (Safraz, 2017, Cayetano-Salazar, 2021). Studies on cancer pharmacotherapy 
are focused on compounds with a high cytotoxic potential against cancer cells and low 
toxicity against normal cells (Safraz, 2017). Studies on natural flavonoid and glycoside 
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compounds have proved their anticancer potential (Rajesh, 2015) and a low toxicity 
profile towards normal cells (Greenlee, 2012). Biochanin A and genistein inhibit cancer 
cell growth by arresting cell cycle at G1, G0/G1, G2/M phases (Seo, 2011; Rice, 2002; 
Upadhay, 2001; Ramos, 2007; Ismail, 2007; Ouyang, 2009). Moreover, this natural 
flavonoids enhance cancer cell apoptosis and counteract angiogenesis, thus inhibiting 
cancer metastasis (Chen, 2015; Hsu, 2018; Upadhay, 2001; Huang, 2005; Wang, 2010). 
The effects are mediated by interaction of phytoestrogens with ERs, however, they also 
evoke anti-cancer potential through ER-independent pathways (Viedma-Rodrigues, 
2014, Rietjens, 2013). 

Several studies have proved that the soy isoflavones genistein and biochanin A block 
the nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) (Ming, 2013; 
Vina, 2011) and phosphatidylinositol 3-kinase/ protein kinase B (PI3K/AKT) (Bourque, 
2012) and in this way they inhibit new vessel formation and metastasis (Sarkar, 2003). 
The mechanism has been proved in in vitro studies on colon, breast, endometrial, 
ovarian cancer cell lines (Wang, 2002; Eden, 2012; Andres, 2011) and in in vivo 
studies (Branca, 2005). Although some studies suggested ineffectiveness of red-clover 
phytoestrogens in breast cancer chemoprevention (Tomar, 2008; Andres, 2011), most 
studies recommend using phytoestrogens in the treatment of hormone-dependent 
cancers (Martinchik 2012). 

ANTI-INFLAMMATORY EFFECTS OF PHYTOESTROGENS 

Inflammation is the body's reaction to stimuli that damage tissues. The inflammatory 
response is characterized by infiltration of stromal cells and immune cells that produce 
various pro-inflammatory cytokines (Wu, 2014).  

The anti-inflammatory effects of phytoestrogens result from their ability to block the 
NFĸB and mitogen-activated protein kinase (MAPK) pathways and secretion of tumor 
necrosis factor-alpha (TNF-α) and interleukin 1 beta (IL-1β) (Zhang, 2015; Vina, 2011; 
Yanagihara, 2014). Soy isoflavone biochanin A is potent regulator of peroxisome 
proliferator-activated receptor gamma (PPARϒ) (Kim, 2004; Ming, 2015; Liu, 2016). 
Isoflavones attenuate also production of nitric oxide (NO) and cyclooxygenase-2 
(COX-2), reducing inflammation (Kole, 2011; Oh, 2016). When used with phloretin, 
biochanin A inhibits reactive oxygen species (ROS) generation and allergic cytokines 
production suggesting that phytoestrogens may also have potent anti-allergic properties 
in vitro (Chung, 2013). In vivo studies have also shown the anti-inflammatory potential 
of biochanin A (Oh, 2016; Qiu, 2012; Lim, 2013). Soy isoflavone genistein can modulate 
immunity at several levels. Genistein stimulates macrophage and neutrophil functions 
(Yellayi, 2003; Kim, 2001; Naucler, 2002). Moreover, genistein inhibits the migration 
of inflammatory cells (MacGregor, 2005; Verdrengh, 2003). Overall effect of these 
phytoestrogens is down-regulation of inflammatory pathways. 

ANTIOXIDANT EFFECTS OF PHYTOESTROGENS 

An imbalance between the oxidation and reduction processes contributes to the gene-
ration of ROS that leads to several diseases such as allergy, inflammation, cardiovas-
cular disease, cancer, neurodegenerative diseases, diabetes, and aging (Possik, 2015). 
One of the strategies to counteract these diseases is searching for substances that could 
lead to redox homeostasis. It has been found that natural isoflavonoids such as biochanin 
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A, protect liver cells HepG2 from oxidative damage and reduce arsenic-induced hepa-
totoxicity in vitro (Liang, 2019; Kumari, 2016). Biochanin A and genistein increase the 
activity of antioxidant enzymes such as glutathione, catalase, and superoxide dismutase 
(Jalaludeen, 2016; Lina de Jesus, 2018; Menze, 2015; Yang, 2017). Therefore, these 
flavonoids are considered as an anti-oxidative agents. 

PHYTOESTROGENS AND OSTEOPOROSIS 

Estrogens are relevant in maintaining proper bone mass. Women of menopausal age 
are more susceptible to osteoporosis because estrogen level radically decreases (Branca, 
2005). It was found, that the application of phytoestrogens can prevent osteoporosis. It 
is well established that phytoestrogens (biochanin A, genistein) inhibit the growth and 
differentiation of osteoclasts, the cells which resorb bone tissue (Thangavel, 2019; 
Chiang, 2013; Wu, 2014). Moreover, this phytoestrogens increase the level of osteo-
calcin and alkaline phosphatase, contributing to the increase in bone mineral density 
and also stimulate collagen type 1 biosynthesis (Lappe, 2013; Chundi, 2016). Ming 
et.al showed that genistein (soy isoflavone) strongly stimulates the differentiation and 
maturation of osteoblasts, the bone-forming cells (Ming, 2013). The property of these 
phytoestrogens could be considered in treatment of osteoporosis.  

PHYTOESTROGENS IN METABOLIC DISEASES 

Insulin resistance is a metabolic disorder involving decreased sensitivity of body 
tissues to insulin. It is well established that obesity and insulin resistance lead to type 2 
diabetes (Saltiel, 2021). Adipocytes are fat tissue cells of secretory properties. They 
produce inflammatory cytokines contributing to overproduction of ROS and directly to 
the failure and apoptosis of the pancreatic β cells (Behloul, 2013; Szkudelska, 2007). 
Phytoestrogen genistein decrease adipocyte survival. Furthermore, they reduce 
oxidative stress and inflammation and protect pancreatic β cells. Isoflavone genistein 
enhances pancreatic β cell proliferation (Choi, 2009; Ascencio, 2004). However, this 
effect is not dependent on stimulation of ER but rather via acting on the mitogen-
activated protein kinase ERK1/ERK2 (MAP/ERK1/2) pathway and protein kinase A. It 
has been found that genistein could increase the concentration of high-density lipoprotein 
(HDL) (good cholesterol) and decrease the concentration of low-density lipoprotein 
(LDL) (bad cholesterol), which is recommended in patients with type 2 diabetes 
(Powles, 2008).  

ANTIBACTERIAL ACTION OF PHYTOESTROGENS 

The use of excessive amounts of antibiotics promotes the development of antibiotic 
resistance mechanisms by bacteria. Therefore, recent studies are focused on new natural 
compounds with antimicrobial activity. In this regard, new properties of phytoestro-
gens were discovered. One of the best-described isoflavonoids in terms of antibacterial 
activity is Biochanin A (Teka, 2015). Some evidence suggests that biochanin A acts 
against Leishmania chagasi, Chlamydia pneumoniae, Clostridia spp. (Hanski, 2014; 
Sklenickova, 2010). Furthermore, biochanin A interacts synergistically with ciproflo-
xacin against resistant strains of Staphylococcus aureus (Zou, 2014). Biochanin A, 
used in company with fluoroquinolones, acts on resistant strains of Urea plasmas spp. 
Isoflavonoids show a toxic effect on Mycobacterium smegmatis (Lechner, 2008; Jin, 
2017). More studies has to be done to establish antibacterial potential of phytoestrogens. 
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NEUROPROTECTIVE PROPERTIES OF PHYTOESTROGENS 

Several pharmaco-epidemiological studies suggest that the effects of phytoestrogens 
are related to cognitive brain function and sleep (Sumien, 2013). The molecular mecha-
nism of this activity is not well understood. However, some phytoestrogens such 
as kava, kudzu, licorice have been shown to affect neurons by promoting serotonin re-
uptake or acting on 5-hydroxytryptamine receptors (Hijirahimkhan, 2013). In addition, 
flavonoids such as biochanin A may regulate the production of catecholamines (Yu, 
2017; Li, 2019; Wang, 2015; Wang, 2016). For example, genistein can regulate 
noradrenaline uptake by neuroblastoma cells (Bourque, 2012). The data suggested that 
estrogen as well as phytoestrogen therapy has a neuroprotective effect and reduces 
oxidative stress. In fact, isoflavones were found to reduce risk of Parkinson's and 
Alzheimer's disease (Wang, 2016; Wang, 2015; Valles, 2010; Genolet, 2004; Yu, 
2017; Li, 2019). This achievement in treatment of Parkinson s̀ and Alzheimer s̀ diseases 
encourage further studies on the role of phytoestrogens in therapy of neurodegenerative 
diseases. 

HEPATOPROTECTIVE PROPERTIES OF PHYTOESTROGENS 

Liver diseases are caused by various factors as alcohol, drugs, viruses, and are closely 
related to oxidative stress. In searching for a new natural compounds that are safe for 
the liver, a new application of phytoestrogens has been discovered (Jalaludeen, 2016). 
In vivo studies in rats have established that biochanin A exhibits hepatoprotective 
properties against arsenic- and carbon tetrachloride-induced liver toxicity (Breikaa, 
2013). The mechanism of hepatoprotective properties of phytoestrogens requires to be 
explored. 

PHYTOESTROGENS ACTION ON SKIN 

Phytoestrogens evoke high capacity for protection against ultraviolet radiation-induced 
skin photodamage. Phytoestrogen biochanin A and genistein increase the production of 
glycosaminoglycans (e.g. hyaluronic acid), extracellular matrix proteins (e.g. collagen) 
and other proteoglycans (Alves, 2020; Mendelez-Martinez, 2019; Lin, 2008). They 
also provide antioxidant properties, described in the above chapter. Therefore, they were 
considered as anti-aging compounds, that have found application in the production of 
dietary supplements (Lee, 2005). In addition, they are used in cosmetology for the 
production of rejuvenating cosmetics (Cavinato, 2017). 

SHORT CONCLUSION 

Phytoestrogens (biochanin A, genistein) are of great interest because of their wide-
spread pharmacological potential. This article discusses their anti-cancer, anti-inflam-
matory, antioxidant, antibacterial, neuroprotective, and hepatoprotective properties. 
The role of phytoestrogens in osteoporosis, metabolic diseases, and protection against 
skin photodamage is also pronounced. Despite great progress in the study of phyto-
estrogen properties, the mechanisms of their action are not fully understood. Since 
phytoestrogens exhibit multifunctional effects, the mechanism of their action may 
involve multiple regulatory systems. Another problem in understanding the mechanisms 
of action of natural compounds is their dual nature - they can evoke ER agonistic or 
antagonistic function, depending on concentration and ER status of particular tissue. 
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Another problem is discrepancy between phytoestrogen effects in experimental and 
clinical studies. In conclusion, phytoestrogens show many therapeutic properties, but 
further clinical studies are needed to know their full therapeutic potential. 
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ABBREVIATIONS 

COX-2 – cyclooxygenase-2 

ER – estrogen receptor 
ER α – estrogen receptor α 

ER β – estrogen receptor β 

ERT – estrogen replacement therapy 

HDL – high-density lipoprotein 

IL-1β – interleukin 1 beta 
LDL – low-density lipoprotein 

MAP/ERK1/2 – mitogen-activated protein kinase ERK1/ERK2 

MAPK – mitogen-activated protein kinase 

NF-κB – nuclear factor kappa-light-chain-enhancer of activated B cells 

NO – nitric oxide 
PI3K/AKT – phosphatidylinositol 3-kinase/ protein kinase B 

PPARϒ – peroxisome proliferator-activated receptor gamma 

ROS – reactive oxygen species 

SERMs – selective ER modulators 

TNF-α – tumor necrosis factor-alpha 
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ABSTRACT 

Introduction:Rosacea is a chronic dermatosis which affects adults, women especially, characterized by  the 

occurrence of erythematous, papular and pustular eruptions on the facial skin. The rosacea etiopathogenesis 

has not been explained completely yet and inflammation is caused by disorders of various mechanisms, 

possibly also responsible for programmed cell death.  

Objective: Evaluation of the level of the expression of p53 and Bcl-2 proteins in rosacea patients.  
Material and methods: The study group involved 52 patients with clinically recognized rosacea (33 women 

and 19 men). For the immunohistochemical test with the use of EnVision + System HRP, to determine p53 

and Bcl-2 protein expression, samples were taken from the subjects' affected areas of the skin.  

Results: A high p53 protein expression level was significantly more frequently  identified in men. In the 

study group, both in women and in men, more often a low level of expression of Bcl-2 protein or its lack 
were found. The p53 and Bcl-2 protein expression level was similar both in the patients with photoprotection 

and without it.  

Conclusions: The p53 protein expression level depends on the gender, unlike the Bcl-2 expression level. 

No significant dependence is found between the photoprotection application and the subjects' p53 and Bcl-2 

protein expression. In the course of rosacea there is a positive correlation between the Bcl-2 and p53 
protein expression level.  

Keywords: rosacea, apoptosis, p53 protein, Bcl-2 protein  

INTRODUCTION 

Rosacea is a chronic inflammatory dermatosis, mostly located in the central facial part, 
affecting some women. Characteristics of the condition include flushing, erythema, 
inflammatory papules and pustules that mainly affect the facial skin. However the 
process of apoptosis is necessary for the proper functioning of the body through main-
taining a balance between proliferation and cell elimination. Disorders of the mecha-
nisms controlling the programmed cell death lead to the development of many disease 
processes. The incidence is increasing and, according to the study performed by the  
National Rosacea Society, it already concerns about 10-22% of people with the first 
and the second skin type; the Fitzpatrick classification (Feldman, 2014). In 2002 the 
National Rosacea Society developed a standard rosacea species classification: erythe-
matotelangiectatic, papulopustular, phymatous and ocular (Feldman, 2014; Wilkin, 
2002). Updating the diagnostic approach to rosacea focussing on individual features: 
major, and minor features of rosacea (van Zuuren, 2021; Thiboutot, 2020).  

The rosacea development pathomechanism is very complex and not completely 
explained. That dermatosis also coexists with other disorders of internal organs, espe-
cially hormonal imbalance, digestive system or vascular disorders (Zegarska, 2009; 
Robak, 2010). The key role is definitely played by vascular disorders, congenital immune 
response disorders, the effect of proteolytic tissue enzymes damaging extracellular 
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matrix and constantly triggering infection factors; Demodex folliculorum or Helicobacter 
pylorii infections. The environmental factors, especially UV, very frequently result in 
the exacerbation of skin changes (Zegarska, 2009; Steinhoff, 2013; Melnik, 2014). 

Over the recent years a hypothesis has been developed about a vascular hyperreactivity 
in rosacea patients following their exposure to UV radiation. UV radiation is an 
essential cause of erythema which deteriorates the skin condition in the course of the 
disease. UV damages vessels and skin matrix by generating reactive oxygen species 
(ROS) as well as by activating metalloproteinases. ROS can induce the release of pro-
inflammatory cytokines by fibroblasts and keratinocytes. Not all the rosacea patients 
(81-85%), however, report on intensifying symptoms after exposure to UV (Jones, 
2004; Melnik, 2014; Placek, 2016).  

The pathomechanism of rosacea development is very complex and not fully understood. 
There is also a hypothesis on the immune dysregulation in the course of rosacea which, 
due to the affect of environmental factors, can increase the expression of apoptotic 
proteins; p53 and Bcl-2 (Wilkin, 2002; Yamasaki, 2009). 

OBJECTIVE OF THE PAPER: 

1. Evaluation of the p53 and Bcl-2 protein expression level in rosacea patients' skin; 
2. Determination of the dependence of the p53 and Bcl-2 protein expression level on 

the gender; 
3. Analysis of the dependence of the occurrence of p53 and Bcl-2 protein in patients 

applying and non-applying photoprotection.  

MATERIAL AND METHODS  

The group included 52 (37 women and 15 men) patients clinically diagnosed with 
rosacea. With the ''Biopsy punch'' the material was sampled for immunohistochemical 
study using EnVision + System HRP, to determine p53 and Bcl-2 protein expression.  

To determine p53 expression, the Monoclonal Mouse Anti-Human p53 Protein Clone 
DO-7 and to assessment of Bcl-2 expression, the Monoclonal Mouse Anti Human Bcl-2 
Oncoprotein Clone 124, both supplied by DakoCytomation (a two-step technique of 
immunohistochemical staining), were applied. The staining system was developed on 
the HRP - the enzyme horseradish peroxidase and hematoxylin which is conjugated to 
the second devices. The evaluation of p53 and Bcl-2 protein expression in the material 
involved the observation of the preparation under light microscope (magnification 
×200 and ×400). It was assumed that the colour reaction covering 5-25% of the study 
area is a slightly positive reaction (+), 25-50% – average positive (++) and above  
50% – high (+++). 

The statistical analysis was performed with Microsoft® Excel for Windows 2007 and 
STATISTICA for Windows 8.0 StatSoft® at the significance level of p < 0.05. To eva-
luate the compliance of the parameters distribution with normal distribution, the 
Kolmogorov–Smirnov test and the Shapiro-Wilk test were used and the correlations 
between the parameters were determined with the Spearman's rank-order method. The 
analysis of differences across the parameters not derived from the population with the 
normal distribution was performed with the non-parametric test; to compare the Mann–
Whitney U test.  
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RESULTS  

According to the p53 protein expression intensity, the study group was divided into 
three subgroups;  

 low p53 protein expression; 17 subjects (16 women, 1 man); 

 average p53 protein expression; 20 subjects (15 women and 5 men); 

 high p53 protein expression; 15 subjects (6 women and 9 men). 

However, depending on the Bcl-2 protein expression level, the study group was divided 
into two subgroups: 

 a lack and a low Bcl-2 protein expression, 33 subjects (24 women and 9 men); 

 moderate and high Bcl-2 protein expression; 19 subjects (13 women and 6 men). 

ANALYSIS OF THE RELATIONSHIP OF THE BCL-2 AND P53 PROTEIN EXPRESSION 

LEVEL ON THE GENDER IN THE STUDY GROUP  

It has been demonstrated that in 43.24% of women the p53 protein expression level 
was low, in 40.54% of the cases an average level was identified, while in 16.22% – high 
(fig. 1 and 1a). However, in the male study group, in 6.67% cases – a low level of p53 
protein expression, in 33.33% – a moderate level protein expression level and in 60% – 
protein expression was high (fig. 1 and 1b).  

The analysis has shown that a low p53 protein expression level concerned more women 
and a high expression level was much more frequent in men; the difference was signi-
ficant (p = 0.003).  

 
Figure 1. p53 Protein percentage distribution depending on the gender  
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Figure 1a. Low p53 protein expression level in 

woman's biopsy tissue (magnified x 40)  

Figure 1b. High p53 protein expression level in 

man's biopsy tissue (magnified x 20) 

In the study group, both in women and in men, a low level of Bcl-2 protein expression 
or its lack were recorded much more often. Only in 35% of women and 40% of men an 
average and high protein expression were found (fig. 2, 2a, 2b). With the analysis of 
the test for two fractions no significant differences were recorded between Bcl-2 
protein expression and the gender of the subjects. 

 
Figure 2. Percentage distribution of Bcl-2 protein depending on the gender  

 

Figure 2a. Low Bcl-2 protein expression level in 

woman's biopsy tissue (magnified x 20) 

Figure 2b. Low Bcl-2 protein expression level 

in man's biopsy tissue (magnified x 20) 
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ANALYSIS OF DEPENDENCE OF THE P53 AND BCL-2 PROTEINS EXPRESSION LEVEL 

DEPENDING ON THE PHOTOPROTECTION APPLICATION IN THE STUDY GROUP 

In the study group of 26 people applying photoprotection, the following were observed: 
in 42% of the subjects – a low p53 protein expression level, in 35% – average and in 
23% – a high p53 protein expression level, whereas in the group of 26 people without 
photoprotection – in 23% the level was low, in 42% – moderate, and in 35% – high 
p53 protein expression level (fig. 3). The differences were non-significant (χ

2 
= 2.27 < 

5.99 = χ
2

kr, p = 0.32). 

 
Figure 3. Percentage distribution of applying photoprotection in the subgroups  

with a different p53 protein expression level 

In the group of 26 people with photoprotection, in 68.4% of the subjects there was 
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protein expression level was low, or the reaction was not observed, and in 27.3% of 
people the protein expression level was average or high (fig. 4). 

The analysis of the dependence of Bcl-2 protein expression level, depending on the 
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Figure 4. Percentage distribution of applying photoprotection in the subgroups  

with a different Bcl-2 protein expression  

ANALYSIS OF CORRELATION BETWEEN BCL-2 AND P53 PROTEIN 

Spearman's rank correlation coefficient was calculated between the Bcl-2 and p53 
protein expression level which accounted for 0.5053 and it was significant (p = 0.0001), 
which points to a positive correlation between Bcl-2 and p53 (fig. 5). 

 
Figure 5. Correlation between Bcl2 and p53 protein  
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seases, the pathophysiology of that dermatosis has not been completely explained yet. 

An strong exposition to UV radiation is an unquestionable factor triggering and inten-
sifying rosacea. It is well established that UVB radiation is a key exacerbator of rosacea. 
This may be explained in part, by increased KLK5 and LL-37 production (Margalit, 
2016). In histopathological examinations in rosacea patients no typical photodamage 
symptoms are identified (Wilkin, 2004; Melnik, 2014).  
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UV radiation can result in the damage of p53 gene which, as commonly known, is 
responsible for p53 protein synthesis and, finally, disturbs the process of apoptosis 
(Wolnicka-Głubisz, 2007; Oliveira, 2014). 

Our studies facilitated an observation in the diseased group; a higher percentage of 
women with a low and moderate p53 protein expression, as compared with the men. 
A higher p53 protein expression could suggest a dependence between the protein 
expression level and the severity of the disease and acute course of the condition in 
men. The available literature seems to offer no reports determining the dependence 
between p53 protein expression in rosacea. The studies of the expression of apoptotic 
proteins and their correlation with the gender most frequently concern cancerous chan-
ges, especially carcinomas of internal organs and they are one of the basic predictive 
elements. p53 Protein disorders and mutations are related to a poorer response to 
treatment and thus a worse prognosis (Shiota, 2000). Authors of most studies did not 
observe any connection between the occurrence of anti-p53 antibodies and the gender 
(Shiota, 2000; Lawniczak, 2007; Oliveira, 2014; Zhang, 2019), while Maehara et al. 
reported a dependence between the patients' gender and the carcinoma infiltration 
depth; they also observed that patients with anti-p53 antibodies were dominated by 
women, as compared with the group of patients in which antibodies did not occur 
(Maehara, 2000).  

p53 Protein expression disorders play also an essential role in the pathomechanism of 
skin carcinomas. The activity of p53 protein was mostly examined in squamous cell 
carcinoma (SCC) and basal cell carcinoma (BCC) where its intensified expression was 
recorded (Bakowska, 2007). 

The studies performed by the authors on the role of p53 protein in the pathogenesis of 
other non-neoplastic dermatoses demonstrated some malfunction of that protein. The 
studies, which covered mostly diseases with an intensified proliferation and 
inflammation (psoriasis, lichen planus and pityriasis rubra pilaris (PRP), noted the 
presence of that protein within the epidermis. The authors found that, as compared with 
the healthy subjects, p53 expression was significantly higher in the skin affected by 
psoriasis than in the unaffected skin as well as in the skin of patients with lichen planus 
and pityriasis rubra pilaris (PRP), as opposite to the healthy subjects. The researchers 
have concluded that a lack of significant differences between p53 immunoreactivity in 
the skin of the diseased can suggest a similar final effect of the cascade of the patho-
mechanism of their occurrence (Baran, 2006). As reported by El-Domyati et al. and 
Batinac et al., on the other hand, an increased p53 protein expression in skin samples 
keratinocytes with psoriasis changes, as compared with unchanged skin (Batinac, 2007; 
El-Domyati, 2007). 

Drawing on our analysis of the test for two fractions, no significant differences were 
noted between Bcl-2 protein expression and the subjects' gender. Similarly, as reported 
by Zhang et al., no dependence between Bcl-2 expression and the gender, age was noted 
(Zhang, 2019). With that in mind, one can assume that the Bcl-2 protein expression 
level is not related to gender. 

In our own study there was identified no significant relationship between the application 
of photoprotection and p53 and Bcl-2 protein expression. One can note that in the group 
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of patients where p53 protein expression is low, the percentage of persons applying 
photoprotection is bigger in number than in the group where protein expression is high. 
As a result, one can assume that not applying photoprotection can increase the expression 
of p53 protein. Photoprotection seems to demonstrate a very important impact on skin 
protection from the effect of UV radiation. However, in our own research no signi-
ficant difference was reported between the photoprotection applied by the subjects and 
the expression of also Bcl-2 protein. 

The studies by authors evaluating the Bcl-2 and Bcl-XL protein expression level in the 
course of different types of skin ageing have shown that in the group of persons using 
the solarium services and sunbathing, without photoprotection, the intensity of Bcl-2 
expression in epidermis in 70% of the subjects was strong and concerned almost the 
entire basal layer. The difference in Bcl-2 expression was significant, as compared with 
the persons applying photoprotection, where expression was low (Zegarska, 2009). 

In our own study Spearman's rank correlation coefficient was calculated between the 
concentration of Bcl-2 and p-53 proteins and a significant positive correlation between 
Bcl-2 and p53 was received.  

Hussein et al., in the group of 66 patients with hyperproliferative changes of keratino-
cytes, determined the expression of Bcl-2 and p53 proteins and also recorded a positive 
correlation between p53 and Bcl-2 in the sections from healthy skin, as well as in the 
case of psoriasis, wart, chronic dermatitis, seborrheic keratosis, lichen planus, epider-
modysplasia verruciformis, genital warts and lichen simplex chronicus. The studies 
demonstrate a gradual activation of those proteins in precancerous and cancerous con-
ditions as well as in the case of diseases with intensified proliferation of keratinocytes, 
as compared with healthy skin (Hussein, 2004). 

Drawing on our research and literature reports, one can claim that an increased expres-
sion of p53 and Bcl-2 proteins occurs in the course of various dermatoses, including 
rosacea, and it is often connected also with no photoprotection applied (Hussein, 2004; 
Baran, 2006; Batinac, 2007; El-Domyati, 2007).  

CONCLUSIONS  

1. The p53 and Bcl-2 protein expression level does not differ significantly depending 
on gender, however, the percentage of women with a low and average p53 protein 
expression is higher, as compared with the men, where a high level of expression 
of that protein is more frequent. 

2. No significant dependence has been found between the application of photo-
protection and p53 and Bcl-2 protein expression, however, in the group of patients 
with a low p53 protein expression, the percentage of those applying photopro-
tection is bigger in numbers than in the group where the expression of that protein 
is high.  

3. In the course of rosacea a positive correlation has been reported between the Bcl-2 
and p53 protein expression levels. The higher the p53 protein expression level, the 
higher the Bcl-2 protein expression level, which points to a greater activation of 
those proteins. 
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ABSTRACT 

Telocytes (TCs) are a special type of interstitial tissue cells that were first described in 2005. Since then, 

their presence has been found in most organs, and their function is gradually recognized. These cells 

characterize very long and thin cytoplasmic processes – telopodes, which can be in contact with multiple 

surrounding cell types, including immune cells, muscle fibers, blood vessels endothelium and epithelial cells . 
It is supposed that TCs contributes to the maintenance of local tissue homeostasis and their dysfunction 

may occur in several disorders. The aim of the presented work is to briefly summarize the knowledge on 

the locations and functions of telocytes in various organ in normal and pathological conditions.  

INTRODUCTION 

In 2005 Popescu et al discovered presence of cells similar to gut’s Cajal cells in human 
and rat’s pancreas. Due to their characteristic phenotype, similar to the cells observed 
by famous scientist Santiago Ramón y Cajal in the gut, they labelled them as pancre-
atic Cajal – like cells. Soon after that they were renamed as interstitial Cajal-like cells 
(ICLCs), due to the fact that (however at first glance they may seem similar to interstitial 
cells of Cajal – ICCs) they clearly were another type of cell (Popescu, 2005; Kucybala, 
2005). Later studies have shown, that, besides their mesenchymal origin, ICLCs have 
even less in common with ICCs as it was previously thought. Accordingly, in 2010 
Popescu and Faussone – Pellegrini in their article proposed a new name for this newly 
discovered cell – telocytes (Popescu, 2017). In that article authors have also proposed 
criteria for distinguishing telocytes among other cells using electron microscopy, which 
has been a golden standard in observation of telocytes since their discovery. Since that 
time telocytes have gained more and more attention among scientists, as they are 
suspected to be involved in pathophysiology of various diseases (from cholelithiasis to 
gastrointestinal tumours) (Varga, 2019). 

SEARCH STRATEGY AND S ELECTION CRITERIA 

All data presented in this review was collected based on the PubMed database, using 
keywords: telocytes, telopodies, Cajal – like cells. 
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STATE OF THE ART 

TELOCYTES IN THE NORMAL AND PATHOLOGICAL CONDITIONS  

LOCATION OF TELOCYTES  

Telocytes have been observed in virtually every organ, and have been described in 
detail in organs varying from heart and lungs to gastrointestinal tract and (both male 
and female) reproductive organs. Although they precise location in particular organs 
vary, as a rule they belong to the interstitium of said organs (Crețoiu, 2021).  

Heart 

In the heart TCs have been spotted not only in both atrial and ventricular myocardium, 
but in sinoatrial node and pulmonary vein myocardial sleeves as well. Several resear-
chers have proved that telocytes are not evenly dispersed throughout cardiac tissue, as 
they are more abundant in atria than in ventricles, where they accompany cardiomyo-
cytes, capillaries, nerves and stem cells (Kucybala, 2005).  

Central nervous system 

Cerebral telocytes were widely described in literature, they have been spotted in dura 
mater, choroid plexus of the ventricles and in the subventricular zone of the brain, 
where they form junctions with stem cells and guide them. They also maintain their 
usual contacts with blood vessels and nerve fibres. All that together makes researchers 
believe that they might be involved in regenerative processes in the CNS. Their darker 
side however, is that they can be an accomplice to growth of gliomas (Mitrofanova, 
2020). 

Lungs 

Telocytes have been described in lungs and trachea. In lungs they are located inter-
stitially and adjacent to terminal bronchioles. They form connections with alveolar 
epithelial cells using their telopodies (Zheng, 2012). 

Gastrointestinal tract 

Gastrointestinal TCs are located in all layers of GI wall, especially around gastric 
glands and intestinal crypts. They are mainly associated with collagen fibres, smooth 
muscle cells and stem cells, but can also form traditional connection with neurons, 
capillaries and other cells. Moreover they can be observed as main cells in particular 
types of gastrointestinal tumours (Zhu, 2021). 

Kidneys, renal pelvis, ureters and urethra 

TCs were described as a part of renal interstitium. They are located in the cortex, nearby 
blood vessels and alongside renal tubules. They are also present in renal capsule, where 
they may be a starting point for connective tissue tumours. In renal pelvis they place 
themselves next to blood vessels and nerve endings. In addition to this, ureteral and 
urethral TCs are located right below epithelium (Sanches, 2021). 

Urinary bladder 

TCs in the urinary bladder are organised into two main networks – one located directly 
below the urothelium, and the other in the submucosa and detrusor muscle. There they 
form even more complex nets than usually and take part in conducting chemical and 
electrical stimuli (Cretoiu, 2019). 
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Female reproductive system 

TCs were observed in fallopian tubes (throughout the thickness of their walls and in 
fimbriae as well), uterus (in endometrium, myometrium and cervix) and in vagina. 
There they form both homo- and hetero-cellular junctions with various cells, but their 
role in reproductive system’s physiology is unclear (Cretoiu, 2019).  

Male reproductive system 

In testis TCs are located both in the peritubular and intertubular space. They are located 
below seminiferous epithelium, nearby Sertoli cells, as well as blood vessels and 
myoid/myofibroblasts, and form networks around Leydig cells. In prostate they are 
positioned close to epithelial alveoli and smooth muscles. They can also be found in 
the interalveolar space. They can be also observed in the interstitium of both epididymis 
and seminal vesicles (Cretoiu, 2019). 

MORPHOLOGY OF TELOCYTES 

Telocytes are cells with small, oval shaped body and nucleus taking up to 25% of its 
volume with eccentric clusters of heterochromatin. The shape of cell body depends on 
the number of telopodies in the cell, and varies from piriform to stellate. Perinuclear 
cytoplasm is rich in mitochondria; it also contains small Golgi apparatus, RER, SER, 
both thin and intermediate filaments as well. The cells are bordered by normal cells 
membrane, with no or discontinuous basal lamina. An abundance of caveolae can be 
spotted in the membrane, which seems to be one of the distinguishing characteristics of 
telocytes (Cretoiu, 2017). As for cytoskeleton, telocytes contain thin and intermediate 
filaments (made of vimentin) as well as microtubules. No thick filaments were 
observed (Kostin, 2016).  

However, the most interesting element of these cells are telopodies. These long and 
thin processes not only are crucial in discriminating telocytes from other cells, but also 
seem to play an important part in their physiological functions. One telocyte can have 
from 1 up to 5 telopodies protruding from the body of the cell in order to connect with 
other cells directly or indirectly (Cretoiu, 2019; Rusu, 2012; Gherghiceanu, 2012; 
Faussone-Pellegrini, 2016). Ease with which telocytes can be mistaken with lymphatic 
endothelial cells or fibroblasts has made it necessary to describe characteristic features 
of telopodies in order to use them in identification of telocytes. These features are, as 
follows (Gherghiceanu, 2012): 

1. Number. Each telocyte have between one to five telopodies (usually two or three). 
2. Length. Measuring up to hundreds of micrometers, telopodies are probably the 

second longest cells protrusions of human body, just after axons. 
3. Thickness. Telopodies are uneven in callibre, generally below 0,2 μm (which 

happens to be resolving power of light microscopes – that causes difficulties in 
viewing telocytes via methods different than EM). Exact callibres range between 
0,03 μm  and 0,24 μm  with mean value of 0,1 μm ±0,05 μm.  

4. Beaded structure. Telopodies constitute of thicker fragments (podoms) interlaced 
with much thinner podomers.  
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5. Presence of Ca
2+ 

– handling units. Podoms contain mitochondria, caveolae and 
endoplasmatic reticulum, which are thought to serve for uptake and release of 
Ca

2+
 ions.  

6. Dichotomous branching. 
7. Organisation in a so-called labyrinthine 3D network. Telopodies connect with 

various cells (such as immunoreactive cells or cardiomyocytes) mainly via macro-
molecular communication, as well as with other telopodies via gap junctions 
(called interstitial synapses). 

IDENTIFICATION OF TELOCYTES 

Immunophenotype of telocytes varies between different organs and even between 
different populations of telocytes in the same organ. Additionally, many other cell types 
(such as lymphatic endothelial cells) might mimic telocytes’ phenotype when it comes 
to the most popular markers. That makes definitive and certain identification of telocytes 
using immunohistochemistry difficult (if not impossible), which is why transmission 
electron microscopy (TEM) is considered to be a golden standard in their observation.  

Since their discovery many researchers have tried to standardise criteria used to identi-
fication of ICCs using TEM. Of these attempts the most widely used was so called gold 
standard invented by Huizinga et al. in 1997 (Huizinga, 1997). Later discoveries (such 
as describing ICCs or telocytes in locations outside of the gastrointestinal tract) brought 
further refining to this standard and so in the year 2005 Popescu et al. have proposed 
platinum standard (Popescu, 2005). It consists of 10 criteria, which are: 

1. Presence of numerous and large mitochondria. 
2. Presence of intermediate filaments. 
3. Absence of thick filaments. 
4. Presence of caveolae. 
5. Presence of variable developed basal lamina. 
6. Presence of contact between telocytes and nerve cells. 
7. Presence of well-developed smooth and rough endoplasmatic reticulum. 
8. Close apposition (or forming gap junctions) with smooth muscle cells or other 

telocytes. 
9. Forming junctions with certain structures: epithelium, capillaries, smooth muscle 

cells or nerve fibers. 
10. Presence of telopodies fulfilling the beforementioned criteria. 

IMMUNOHISTOCHEMISTRY  

Table 1. Examples of cardiac Telocytes’ markers (16) 

CD 34 

PDGFRα 

PDGFRβ 

αSMA 

Vimentin  

c-kit 

Sca-1 

nanog 
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Ever since researchers began to study telocytes they have tried to use immunohisto-
chemistry in order to label then unambiguously without using TEM (Popescu, 2005).  
Several markers have been proposed, unfortunately the one which is specific just for 
telocytes is yet to be discovered. Currently the only way to stain telocytes is to use 
cocktail of various antibodies. That, in turn, raises questions about the quality of certain 
staining protocols, as various cells can be mistakenly taken for telocytes. Three most 
commonly used combinations are CD34/PDGFR-β, CD34/Vimentin and CD34/c-kit 
(although the last one has been disputed). Staining with CD34/PDGFR-α, however 
typically used to stain telocytes in the GI tract, has been recently considered as 
a marker for cardiac telocytes (Iancu, 2018). Some papers suggest, that c-kit/collagen I 
combination can be used, as TCs are c-kit positive and often located adjacent to 
collagen bundles (Richter, 2015). 

FUNCTION OF CARDIAC TELOCYTES 

Telocytes play crucial role in growth and regeneration of the cardiac muscle. First of all, 
their telopodies connect forming a 3D net, which serve as a scaffold for other cardiac 
cells. [10] The heart of a newborn mice consists of bundles of undeveloped myocardial 
cells, which are bordered and supported by adjacent telocytes. Similar structures can be 
seen in adult hearts, except for the fact that bundles of cardiomyocytes are now matured 
and fully functional. Telocytes interact with these cells both via direct contact and extra-
cellular vesicles. Videomicroscopic footage of murine foetal hearts has shown that 
telopodies provide guidance for forming bundles of cardiomyocytes as well as help 
them aggregate (Bani, 2010). Moreover, Telocytes are believed to provide proper envi-
ronment for cardiac stem cells to live in their niches, thus allowing them to divide. In 
order to do so, they establish bidirectional exchange of miRNA-loaded exosomes with 
CSCs. That suggests they can regulate heart’s ability to regenerate using epigenetic 
mechanisms. Consequently, they play a role in various regenerative processes, such as 
exercise-induced cardiac growth. These exosomes can be also rich in agents mediating 
neoangiogenesis, examples of which can be VEGF and NOS (Marini, 2017; Varga, 
2017; Xu, 2019). Thanks to forming synapses with various cells of the myocardium 
TCs can also partake in conducting electrical impulses through myocardium, which 
synchronises contractions of cardiomyocytes. What is more, TCs can help protect 
cardiac muscle from oxidative stress. They have exceptionally high level of mito-
chondrial superoxide dismutase (SOD2), which allows them to degrade reactive oxygen 
species – thus countering oxidative stress and aging processes (Kucybala, 2005). 

PARACRINE FUNCTIONS OF TELOCYTES 

Telocytes are said to be involved in paracrine regulation of several processes in both 
healthy and diseased tissues. The most important are angiogenesis and maintaining 
homeostasis of stem cells niches. For instance cardiac telocytes secrete molecules such 
as VEGF, NO and several types of miRNA, which act as proangiogenic agents in 
ischaemic heart (Xu, 2019). 
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TELOCYTES IN PATHOLOGICAL CONDITIONS 

Heart 

After discovering how important TCs are in a healthy cardiac muscle it was only 
natural to ask what happens to TCs involved in a pathological process. Cardiac TCs 
population depletes in two main cases: during myocardial infarct and when cardiac 
fibrosis followed by cardiac failure occurs. 24 hours after inducing acute myocardial 
infarct in rats heart by intrapericardial injection of isoproterenol the TCs population in 
the heart depletes to a point in which it is almost undetectable, however this numbers 
normalize after 14 days from injection. Interestingly, oral application of grape seed 
extract (natural antioxidant) seems to prevent TCs from dying from ischaemia (Nour, 
2017). More detailed research has shown that ligation of left anterior descending 
coronary artery also causes depletion of telocytes in the infarct zone, numbers of which 
decrease progressively from the day 1 after ligation and become undetectable on day 5. 
TCs of the border zone also underwent apoptosis and their numbers decreased, but they 
never reached such low levels as in the infarct zone (Zhao, 2013). TCs are also more 
prone to apoptosis in diseases associated with cardiac fibrosis. Research has shown that 
in conditions such as isolated atrial amyloidosis or systemic sclerosis (Marini, 2017; 
Ibba-Manneschi, 2016). TCs population is depleted. Heart failure, being a disease in 
which fibrosis is involved, also causes TCs number to drop proportionally to the 
increase in number of collagen type I fibrils in the ECM. Interestingly TCs population 
is more numerous in specimens which have higher level of products of collagen type I 
degradation (Richter, 2015). 

Gastrointestinal tract 

Ever since TCs were discovered in GI tract, there were numerous inquiries whether 
they take part in pathogenesis of its diseases. According to their outcome, TCs are 
suspected to be a cell population from which PDGFR α-mutant gastrointestinal stromal 
tumours grow as well as their extragastrointestinal variant – eGISTs. Both these tumours 
consist of mainly c-kit positive cells, which leads to claim, that they should rather be 
called ‘Telocytomas’. Other type of tumour pretending to that title are inflammatory 
fibroid polyps, localised in the submucosal membrane of the GI tract. The reason for 
that being fact, that they also typically  bear mutations of PDGFRα (Varga, 2019). 

Testes 

Another disease which can be described as telocytopathy is testicular seminoma. 
Research has shown that in this type of tumour typical structure of testicular TCs’ 
labyrinthine network is basically missing, rendering them accomplice in the patho-
genesis of this tumour. To support that notion it was observed that depletion of TCs 
population in gonads is linked with hyperplasia of myoid cell/myofibroblast popu-
lation, which plays huge part in growth of seminomas (Marini, 2019). 

Female reproductive system 

TCs could possibly be engaged in pathogenesis of astounding number of diseases con-
cerning female reproductive system. Through their interactions with peritoneal macro-
phages they can elevate levels of proinflammatory interleukins leading to implantation 
failure, endometriosis or immunologically-mediated abortion. Poor expression of 
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connexin 43 by uterine TCs may in turn lead to recurrent pregnancy loss. Various 
defects were also observed in TCs harvested from uterine tube of a rat suffering from 
acute salpingitis. Both acute salpingitis and tubal ectopic pregnancy were linked with 
decreased population of tubal TCs. Similarly, TCs population could be both depleted or 
overgrown in neoplastic tissue of the breast (Janas, 2018). 

TELOCYTES AND THEIR THERAPEUTIC POTENTIAL 

Ever since their discovery cardiac telocytes have acquired researchers’ attention as 
possible agents in therapy of various diseases. That interest has peaked when their role 
in nursing cardiac stem cells became evident. Extreme example of TCs’ role in cardiac 
regeneration is experiment carried out on amphibian hearts, apices of which had been 
excised. Researchers have noticed, that firstly, the heart can recover almost unharmed 
and secondly, the first population of cells to multiply after such injury are indeed 
telocytes. It is their telopodies that allow cardiomyocytes to rebuild destroyed organ 
(Lv, 2020). Mammalian heart doesn’t possess such astounding abilities to regenerate, 
nonetheless Telocytes do take part in whatever repairs our heart is able to carry out. 
Most common case of cardiac injury is that caused by myocardial infarct, so it did not 
come as a surprise that this is main object of interest in therapy involving TCs. Several 
experiments were carried out, in which infarcted hearts were injected with TCs. These 
have shown, that injecting c-kit positive TCs into the ischaemic area as well as into the 
border zone not only decreases the infarct size, but also improves overall cardiac 
function. It is suggested that such effects are mediated by TCs’ ability to promote neo-
angiogenesis as well as reconstruction of myocardium. They seem to be doing that by 
shedding exosomes rich with various agents promoting function of stem cells, but also 
by directly contacting newly-formed blood vessels and cardiomyocytes (Zhao, 2013; 
Zhao, 2014). Telocytes either contact those vessels directly, or are located in much 
smaller distance, compared to pre-existing capillaries (Zhao, 2013). It was also obser-
ved that miRNAs present in before mentioned exosomes can inhibit apoptosis of endo-
thelial cells in ischaemic area (Liao, 2021). All that allow us to hope that TCs can be 
used as a therapeutic agent in cardiac diseases in the future. Other field of medicine 
where TCs could be used as a therapeutic agent is gynaecology, as they show some 
potential in uterine regeneration mediated by low-level laser stimulation (Janas, 2018). 

SHORT CONCLUSION 

We have reviewed the current state of knowledge about the presence, morphology and 
function of telocytes in the normal and pathological conditions. Taken into consideration 
the implication of TCs in a variety of pathologic conditions in humans, to understand 
the mechanism by which telocytes contribute to tissue homeostasis in both health and 
disease future functional studies of these cells are needed.   
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ABSTRACT 

Macrophages are extremely plastic cells. In the changing conditions of the surrounding microenvironment 
they may exhibit two opposite phenotypes: classically activated M1 phenotype and alternatively activated 

M2 phenotype. The activity of M1 macrophages, due to their cytotoxic effects, should be strictly control-

led, e.g. through their polarization into M2 immunosuppressive macrophages. The mechanism responsible 

for macrophages phenotypic transition still remains unknown.  

The aim of this work was to obtain macrophages with the M2 phenotype under the influence of Interleukin 6. 
Bone marrow cells were isolated from femurs and tibias of C57BL/6 6–10 weeks of age mice. Isolated cells 

were differentiated into macrophages by incubation with M-CSF for 7 days. After one week bone marrow 

macrophages were incubated for 48h with four different concentration of Interleukin 6 (25, 50, 100 or 200 

ng/mL). The control M2 macrophages were incubated for 48h with IL-4 (10 ng/mL) or with IL-10 (10 

ng/mL). Macrophages proliferation during in vitro differentiation was assessed using the MTS assay after 
48 hour. The macrophages phenotype was determined after 48 hours by flow cytometry. 

 IL-6 greatly increased the viability of isolated bone marrow macrophages. IL-6 increased the expression of 

CD206 (characteristic for M2 macrophages) in all used concentrations. The obtained macrophages also 

differed in morphology. 

 We hope our work will provide new information on the properties of M2 macrophages obtained under the 
influence of IL-6. 

INTRODUCTION 

Macrophages are important cells of the innate immune response. They remove debris 
of viruses, bacteria, apoptotic cells and cancer cells from the organism. Macrophages 
through the release of cytokines and growth factors regulate processes associated with 
inflammation or maintaining homeostasis in tissue (Das, 2015). Phenotypic diversity 
reflects functional specialization of macrophages depending on their anatomical location. 
Resident tissue macrophages act as specific guards maintaining the integrity of tissue 
by eliminating or repairing of damaged cells and the extracellular matrix (Italiani, 
2014). They are also the first line of defense of the organism in the immune response 
induced by the presence of pathogens and environmental factors, due to targeted trans-
criptional profile differentiated by the respective tissues (Davies, 2013). The differen-
tiation of macrophages determines the pleiotropicity of their action depending on the 
unique needs of a given tissue, including defense, maintenance, as well as the resto-
ration of homeostasis (Lech, 2012). As indicator cells, macrophages use a variety of 
receptors on their surface and secrete signaling molecules to monitor and react quickly 
in the event of environmental changes (Murray, 2011). Resident macrophages are also 
responsible for performing functions typical for this population of phagocytic cells, i.e. 
removal of cellular debris, immune surveillance, wound healing, or the initiation and 
suppression of an inflammatory reaction. 
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Macrophages secrete more than one hundred low- and high-molecular compounds with 
biological activity. These are i.e. enzymes (lysozyme, proteases, lysosomal acid hydro-
lases), protein inhibitors (protease inhibitors, phospholipase inhibitors), blood coagula-
tion cascade factors, complement components, reactive forms of oxygen, a number of 
cytokines and chemokines, and arachidonic acid metabolites (cyclooxygenase and 
lipoxygenase products) (Nazimek, 2012, Siveen, 2009).  

Macrophages are extremely plastic cells. In the changing conditions of the surrounding 
microenvironment macrophages show two opposite phenotypes: classically activated 
M1 phenotype and alternatively activated M2 phenotype. M1 macrophages are activated 
after recognition of molecular patterns associated with pathogens (PAMPs), like 
lipopolysaccharides (LPS), lipoteichoic acid, or dsRNA. They are also activated under 
the influence of cytokines (IFN-γ, TNF-α) or endogenous factors (heat shock proteins). 
Classically activated macrophages through the secretion of proinflammatory cytokines 
(IL-1β, TNF-α, IL-6, IL-12), reactive oxygen species and nitric oxide have strong 
cytotoxic, bactericidal and anticancer effects. Alternatively activated macrophages 
participate in inhibiting the inflammatory response and initiate repair processes. They 
are activated by anti-inflammatory cytokines: IL-4, IL-10 and IL-13. M2 macrophages 
stimulate angiogenesis by secretion of proangiogenic factors (VEGF, TGFβ and EGF), 
as well as by degradation of extracellular matrix due to released proteases. Due to the 
various functions of M2 macrophages, they may be divided into four subpopulations:  

 M2a: activated by IL-4 and IL-13; 

 M2b: activated by IL-1β;  

 M2c: activated by glucocorticoids, TGF-β or IL-10; 

 M2d activated by IL-6, TLRα (Martinez, 2014, Novak, 2013).  

The activity of M1 macrophages, due to their cytotoxic activity, should be strictly con-
trolled, e.g. through their polarization into M2 immunosuppressive macrophages. The 
mechanisms responsible for this phenotypic transition of macrophages still remains 
unexplained. Many cytokines take part in the polarization of M1 to M2 macrophages, 
including Interleukin 6, which activity in the alternative reprogramming of macro-
phages has been confirmed by in vitro studies (Sanmarco, 2017; Mauer, 2014; Luckett 
Chastain 2016; Fernando, 2014). 

The protein, which today is called Interleukin 6, was initially known as interferon-β2, 
cell-stimulatory factor-2 (BSF2), hepatocyte stimulating factor or 26 kDa protein. The 
names assigned to this protein reflected their biological functions. Only after cloning or 
purification of the studied proteins, it turned out that scientists were dealing with the 
same protein, therefore at the turn of 1986/87 its name was proposed – "Interleukin 6" 
(Keller, 1996) . Interleukin 6 is secreted mainly by cells of the immune system (T and 
B lymphocytes, monocytes, macrophages). IL-6 can also be secreted by keratinocytes, 
fibroblasts, chondrocytes, mesangial cells, endothelial cells, mesenchymal stromal cells, 
and some neoplastic cells (Nishimoto, 2006; Hunter, 2015).  

IL-6 is a glycoprotein with a molecular weight of 20-28 kDa – the mass depends on the 
species and post-translational modifications. This protein consists of 212-amino acids 
containing a 28-amino acids signal peptide. The human IL-6 gene is located on chro-
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mosome 7 and contains 5 exons and 4 introns. Interleukin 6 has a characteristic structure 
consisting of four long α-helices that are arranged in an up-up-down-down orientation. 
The murine IL-6 protein is 42% homologous to the human form of this cytokine 
(Gabay, 2006). 

IL-6 activity is largely regulated at the transcription level. However, this cytokine is 
also regulated by activation of nuclear transcription factors such as NFkB, NF-IL-6 (also 
known as C/EBP) or AP-1. Moreover, the production of IL-6 is induced by many 
signaling molecules, including TNF-α (tumor necrosis factor α), interferons, Inter-
leukin-1, viruses, bacterial lipopolysaccharides or growth factors: EGF (epithelial growth 
factor), PDGF (platelet-derived growth factor) or TGF-β (transforming growth factor 
beta) (Hunter, 2015). 

The IL-6 receptor consists of a ligand binding α chain, also known as IL-6Rα, CD126 
or gp80 having a molecular weight of 80kDa, and a β chain with a molecular weight of 
130 kDa – hence its other names: gp130, CD130, responsible for intracellular signaling. 
The complete receptor complex of this cytokine consists of one α subunit and two β 
subunits. There are two types of IL-6Rα – receptor which is associated directly with 
the cell membrane (mIL-6Rα) and the soluble receptor (sIL-6Rα), that remains 
unbound to a cell membrane. Soluble IL-6Rα has lower molecular weight (50-55 kDa) 
due to the lack of a cytoplasmic part in its structure. Human sIL-6Rα may be generated 
by alter-native mRNA splicing. The second mechanism of the formation of the soluble 
IL-6Rα molecule is the proteolytic removal of the transmembrane segment of the 
receptor by the metalloproteinase ADAM10 and ADAM17, which occurs in approxi-
mately 90% of cases (Nishimoto, 2006). 

The IL-6Rα receptor is found on few types of cells, including monocytes/macrophages, 
hepatocytes, neutrophils and some lymphocytes. Moreover, Bethin et al. demonstrated 
the presence of this receptor on endocrine glands such as the pituitary gland and adrenal 
cortex. The soluble form of IL-6Rα, by binding to IL-6, protects the protein against 
enzymatic degradation and increases its affinity for the CD130 receptor. gp130 does 
not bind to single molecules of IL-6 and sIL6-Rα, but binds to the entire IL-6/sIL6-Rα 
complex, blocking the trans-transduction pathway of this cytokine. Unlike to sIL6-Rα, 
the soluble form of CD130 is antagonistic to Interleukin 6 (Rose-John, 2012). 

The extracellular domains of both gp130 and mIL-6Rα contain the WSXWS motif 
(Trp-Ser-X-Trp-Ser, where X is any amino acid) and a four cysteine motif. Both of 
these motifs are cytokine binding domains. In turn, the intracellular domain of CD130 
has regions responsible for JAK binding (Janus kinases) and tyrosine residues, which 
are phosphorylated after ligand binding. The intracellular domain of mIL-6Rα is shorter 
than that of CD130 and is not involved in intracellular transmission (Keller, 1996).  

The classical signaling pathway of Interleukin 6 (cis) is mediated by the mIL-6Rα 
transmembrane receptor. It involves the attachment of IL-6 to mIL-6Rα on the surface 
of target cells. The formation of the IL-6 / IL-6Rα causes the combination of two 
receptors molecules CD130, which then dimerize. Only few cells have on their surface 
IL-6Rα, which is required to activate intracellular pathways. Due to the soluble form of 
sIL-6Rα, which binds to Interleukin 6, it is possible to activate the signal on all cells 
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with the CD130 receptor. This form of signal transmission is called trans-signaling 
(Mihara, 2012, Rose-John, 2012). 

The gp130 molecule itself does not show catalytic properties, however, is responsible 
for signal transduction into the cell by the activation of the JAK kinases (JAK1, JAK2, 
and TYK2) and proteins STAT- Signal Transducer and Activator of Transcription. 
Dimerization of two CD130 molecules results in conformational changes within their 
structure. These changes bring JAK kinases on the surface of gp130 closer together, 
thereby activating them. These kinases catalyze the phosphorylation of tyrosine resi-
dues in the CD130 region to create a binding site for STAT proteins. STAT proteins 
attached to the endothelial receptor are phosphorylated by JAK tyrosine kinases. This 
leads to the formation of dimers of these proteins (STAT1-STAT1, STAT1-STAT3, 
STAT3-STAT3) which translocate to the nucleus where they induce the transcription 
of target genes (Rose-John, 2012).  

MATERIALS AND METHODS 

ISOLATION AND DIFFERENTIATION OF MURINE BONE MARROW DERIVED 

MONOCYTES  

Bone marrow monocytes were harvested from eight to ten-week-old male C57BL/6NCrl 
mice. Mice were sacrificed by cervical dislocation, then were rinsed in 70% ethanol. 
Femurs and tibias were removed and the bone marrow was flushed with RPMI-1640 
medium supplemented with 10% FBS. Then cells were centrifuged and bone marrow 
monocytes were plated at a density of 8x10

6
 cells in RPMI-1640 medium with M-CSF 

(supplemented with 20% FBS, 1% penicillin-streptomycin and 10 ng/mL rmM-CSF 
(R&D Systems) (acc. to Francke, 2011) on 10 cm petri dishes. After 3 days of culture, 
contaminating nonadherent cells were eliminated by washing with sterile PBS and 
adherent cells were allowed to differentiate for next 4 days.  

IN VITRO MACROPHAGES STIMULATION  

48 h before all experiments, cells were stimulated with control medium (RPMI-1640 
medium supplemented with 20% FBS and 1% penicillin-streptomycin) to obtain M0 
macrophages. To obtain M2 macrophages, cells were stimulated with recombinant 
mouse IL-6 (25, 50, 100 and 200 ng/mL, Abcam). Control macrophages M2 were stimu-
lated with IL-4 (10 ng/mL, Abcam) or IL-10 (10 ng/mL, Abcam) (acc. to Villalta 2009).  

EVALUATION OF MORPHOLOGY 

For morphology evaluation cover glass were placed on a petri dishes and monocytes 
were plated as described in 2.1. After BMDMs incubation with appropriate medium as 
described in 2.2 the cells on cover glass were fixed with 4% paraformaldehyde (Sigma 
Aldrich) and stained with Phalloidin conjugated with Alexa Fluor 594 (Abcam, 
Cambridge, UK). Sections were mounted in VECTASHIELD Mounting Medium with 
DAPI (Vector Laboratories). Imaging of the fluorescence of the stained cells was 
performed with the confocal microscope LSM710 (Carl Zeiss Microscopy). 
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PROLIFERATION ASSAY 

Cell viability was assessed by MTS colorimetric assay. Isolated from bone marrow 
monocytes were seeded in 96-well plates at a density of 4 x 10

4
 cells per well in 100 µl 

RPMI-1640 medium with M-CSF (supplemented with 20% FBS, 1% penicillin-strep-
tomycin and 10 ng/mL rmM-CSF). After 3 days in culture, contaminating nonadherent 
cells were eliminated by washing with sterile PBS and adherent cells were allowed to 
differentiate for next 4 days. On the 7th day of culture cells were stimulated as descri-
bed in 2.2. After 48 hours MTS reagent (Promega, Madison, WI, USA) was added and 
were further incubated for an additional 2h. The optical density of the cells was then 
read with a microplate reader (Tecan, Maennedorf, Switzerland) at 490 nm. Each expe-
riment was made in triplicates, and the mean value was calculated. The percentage of cell 
viability was normalized to the control – non differentiated bone marrow macrophages. 

ANALYSIS OF BONE MARROW DERIVED MACROPHAGES PHENOTYPE  

After BMDMs incubation with appropriate medium the phenotype of cells were 
analyzed using flow cytometry (BD FACSCanto™, BD Biosciences). Single cells 
suspension was blocked for 15 min with anti-mouse CD16/32 antibody (eBioscience) 
and then was incubated for 30 min at 4ºC with antibodies directed against the following 
mouse antigens: CD11b, CD45, F4/80 (eBioscience), CD86 (BD Pharmingen), and 
CD206 (Serotec a Bio-Rad Company), or with irrelevant isotype control antibodies. 
After the incubation, the unbound antibodies were washed away. Subsequently the 
cells were incubated with 7AAD (BD Pharmingen) (10 min RT). labeled cells were 
acquired and analyzed using a flow cytometer (BD FACSCanto™, BD Biosciences). 

STATISTICS 

The results were analyzed with the appropriate tests using the Statistica software (Dell 
Inc. (2016). 

RESULTS  

CHARACTERISATION OF BONE MARROW DERIVED MACROPHAGES MORPHOLOGY 

 

Figure 1. Morphology of bone marrow derived macrophages differentiated from monocytes stimulated  

for 7 days with M-CSF and next with IL-4, IL-10 or IL-6 for 48 hours. Unstimulated cells were control. 

Immunofluorescence phalloidin staining of actin filaments (red) in isolated macrophages. Nuclei were stained 
with DAPI (blue), scale bars = 50μm 
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Bone marrow macrophages morphology was assessed microscopically by staining the 
cells with fluorescently labelled phalloidin in order to visualize the actin cytoskeleton. 
Cell images were analyzed using confocal microscope.  

Morphological differences were observed between the all macrophages groups (fig. 1). 
Unstimulated, control macrophages had elongated morphology with protrusions. M2 
macrophages after stimulation with IL-4 and IL-10 had irregular shape. M2 macro-
phages after incubation with IL-6 in concentration 25 and 50 ng/ml were elongated and 
formed circles. In turn, macrophages after incubation with IL-6 in concentration 100 
and 200 ng/ml had distinct morphology. Cells were more irregular in shape like macro-
phages after stimulation with IL-4 or IL-10. 

PROLIFERATION OF BONE MARROW DERIVED MACROPHAGES 

 

Figure 2. The influence of Interleukins on bone marrow macrophages proliferation.  

Bone marrow macrophages were differentiated from monocytes and stimulated for 7 days with M-CSF and 

next with IL-4, IL-10 or IL-6. Unstimulated cells were control. After 48 h, MTS assay was performed. 
*p < 0.05, ***p < 0.0001 evaluated with Kruskal-Wallis one-way analysis of variance and multiple 

comparison of mean ranks for all groups 

After differentiation with the use of 10 ng/mL IL-10 a twofold increase in cell viability 
compared to control was observed. In remaining groups, both after treatment with 
10 ng/mL IL-4 and each concentrations of IL-6, a significant increase in cell viability 
compared to control was observed (fig. 2).  

3.3 PHENOTYPE OF BONE MARROW DERIVED MACROPHAGES  

The macrophage phenotype (F4/80, CD11b) (fig. 3) were determined after 48 hours by 
flow cytometry. M2 phenotype in macrophages were determined by the expression of 
mannose receptor (CD206), a well-accepted marker for M2 macrophages.  

All analyzed bone marrow derived macrophages expressed CD11b and F4/80 antigens, 
a characteristic markers for macrophages. A half of the bone marrow derived macro-
phages after incubation with IL-6 in concentration of 25 and 100 ng/ml expressed 
CD206

 
antigen compared to the control, unstimulated macrophages (fig. 3A). 

As a control M2 macrophages bone marrow macrophages incubated with IL-4 or IL-10 
were used. The greater percentage of CD206

+
 cells (75%) were observed after IL-10 
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treatment. All macrophages had a low percentage of CD86 antigen, which is characte-
rized as a marker of M1 macrophages (fig. 3B). Also a small percentage of cells 
expressed both the CD86 and CD206 markers (fig. 3C). 

 

Figure 3. The influence of Interleukins on bone marrow macrophages phenotype.  

Bone marrow macrophages differentiated from monocytes were stimulated for 7 days with M-CSF and next 

with IL-4, IL-10 or IL-6. Unstimulated cells were control. After 48h, cells were analyzed by flow cytometry. 
*p < 0.05, ***p < 0.0001 evaluated with Kruskal-Wallis one-way analysis of variance and multiple 

comparison of mean ranks for all groups 

SUMMARY 

The obtained macrophages differed in morphology. IL-6 greatly increased the viability of 
isolated bone marrow derived macrophages. IL-6 increased the expression of CD206 
(characteristic for M2 macrophages) in isolated bone marrow derived macrophages in 
all used concentrations. We hope that our work will provide new information on the 
properties of M2 macrophages obtained under the influence of IL-6. 

 

This study was financed by Grant UMO-2018/29/N/NZ4/01689. 
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ABSTRACT 

The aim of the chapter is to present new informations in the field on biomarkers of mental and neurodege-
nerative disorders. Discoveries presented here were carried out on the platform of various mass spectro-

metry methods (MS). Autism spectrum disorders (AuSD) and fragile X syndrome (FXS) were discussed. 

In AuSD, MS was used to assess three theories of etiology: on exogenous toxic substances, heavy metals 

and opioid ASD theory. There are conditions that patients with autism have a difficult excretion of heavy 

metals. A larger amount of data is needed. Then, Alzheimer’s and Parkinson’s diseases were discussed. There 
are many diagnostic controversies in these neurodegenerative units. No determined specific diagnostic 

biomarkers were detected and the diagnosis is mainly based on clinical symptoms. Probably the develop -

ment of mass spectrometry methods can help in searching for relevant diagnostic traces. Similar situation 

exists in the field of schizophrenia biomarkers. Candidates are much, but not every marker is characterized 

by required validity and reliability. Some axes coincide with those in affective disorders. An example is the 
tryptophan pathway and its metabolites. Perhaps, thanks to more accurate methods, it will be possible to 

differentiate them in this respect. The last anxiety disorders were discussed. Studies in this part of psychiatry 

and clinical psychology focused in particular on the hypothalamic-pituitary-adrenal axis function.  

INTRODUCTION 

Growing number of cases of mental illnesses and increasing isolation of people put at 
the front of modern clinical psychopathology a need for faster and more effective 
methods of diagnosis. One way to improve this process is look for potential biomar-
kers. The database of available data on these endogenous substances, abnormalities and 
changes is constantly growing, but there is a need to systematize these information. 
Moreover, there is much controversy around this topic. The discovered dependencies 
are not always significant in all cases. An explanation for these observations is not 
possible, which is required a reasonable diagnosis. For the use of biomarkers in the 
diagnosis of mental disorders make a sense to create a reliable and objective diganostic 
system that would combine behavioral and biological symptoms; take into account 
psychosocial factors and the patient’s relations.  

Apart from neuroimaging methods, the methods offered by analytical chemistry and 
clinical biochemistry provide a large field for the discovery of new biomarkers. Mass 
spectrometry analysis is a promising candidate for biomarker research. It has been used 
in many studies, such as in neurodevelopmental disorders or neurodegenerative dis-
orders, like Alzheimer’s and Parkinson’s diseases (Cilento, 2019; Wetie, 2014). Other 
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studies have focused on typically psychiatric illnesses, such as schizophrenia and 
affective disorders (Xu, 2018; Zhang, 2018). The wide application of mass spectro-
metry and its specificity make it possible to reach and detects such biomarkers that are 
not possible to find with the use of neuroimaging methods; which are very popular at 
that time, especially among neurocognitive sciences. Using only neuroimaging techni-
ques may give us points for further research into disorders without a clearly defined 
organic cause, but it is not sufficient to try explaining these phenomena. Only interdi-
sciplinary cooperation gives the opportunity to explain such abnormalities or bio-
markers, becouse it provides a wider level of explanatory possibilities. 

Mass spectrometry has a great application in the biomedical sciences. For example, it  
can be used to the identification of drug metabolites (Bommer P., 1971). However, it is 
limited to the organic compounds samples, which can be volatilized in a high vacuum 
at temperatures below those which cause thermal decomposition.  

This kind of compound, when heated, must reach a vapor pressure of approximately 
10

-6
 mm Hg at temperatures of about 250-300°C. Most pharmaceuticals can be 

classified under this kind of compounds. It should be noted that the tested substances 
must not be too large in structure domain. Sometimes too large compound has to be 
break down such a large structure, for example protein, into smaller units and then 
assemble the structure from these units.  

The limitations of mass spectrometry (MS) result from the physical assumptions of this 
method. It is clear that it is not universal technique. Nevertheless, MS stands out from 
other analytical techniques with good measurement accuracy. In the analytical process, 
molecules are ionized and the analysis concerns ions. Therefore, it must be taken into 
account that MS is a destructive process and the starting material is not obtained back. 
Ionization of an organic molecule proceeds according to the following formula: 
   
     

     , where   
 is a molecular ion. It has a positive charge z and mass m. 

The essence of the mass spectrometer is that MS separates ions depending on the m/z 
ratio, i.e. mass to charge, determining the concentration of these ions. In addition, the 
molecular – ion can decay in the mass spectrometer. It cleaves a neutral molecule or 

radical according to the following schemes:   
     

    or   
       , where: 

A
+ 
– fragmentary cation;   

 - fragmentary radical cation; B – neutral molecule; and B• – 
radical. This process is called fragmentation. As a result of secondary fragmentation 
processes, ions, neutral molecules and radicals are formed from the molecule under 
study. The separated ions give a spectrum depends on the m/z ratio. This spectrum 
gives informations about the structure and composition of the analyzed substance.  

NEURODEVELOPMENTAL DISORDERS BIOMARKERS 

The search for biomarkers for neurodevelopmental disorders such as autism has found 
wide application in kind of research, which is called proteomics. Identifying the diffe-
rences between two different states of organism, including health and disease, at the 
molecular level is one of the major challenges in modern biomedicine. Mass spectro-
metry is leading branch in this field (Bantscheff, 2007). 

Several subgroups of neurodevelopmental diseases have been distinguished in DSM-5 
(American Psychiatric Association, 2017): intellectual disabilities, communication 
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disorders, disorders belonging to the autism spectrum, attention deficit and hyperactivity 
disorder, specific learning disorder, movement disorders and other neurodevelopmental 
disorders.  

Autism spectrum disorders (AuSD; 299.00; F84.0) include following groups of symp-
toms: I. difficulties in social communication and social interactions; II. limited, repe-
titive patterns of behavior, interests or activities; III. the onset of symptoms falls in the 
early stages of development. There are three levels of severity of symptoms: level 1 – 
need for support; level 2 – substantial support needed; level 3 – very substantial 
support needed. Prevalence of autism spectrum disorder in developed countries is 
estimated at around 1.5% (Lyall, 2017).  

In AuSD, a significant influence of genetic factor on the development of disorder was 
detected. Currently, about 1000 genes are indicated and may constitute risk factors for 
AuSD. The AuSD inheritance rate is alarmingly high. It was estimated that infants 
born in a family where older siblings are ill, have 20% chance to developing the 
disease (Ozonoff, 2011).  

Some studies have focused on finding regions on chromosomes that are co-inherited by 
sick patients (Geschwind, 2015). Two loci have passed through replication studies, first 
located on chromosome 20p13 (Weiss, 2009) and second on chromosome 7q35, which 
has been suggested to be related to the CNTNAP2 gene (Alarcon, 2002; Alarcon, 2008; 
Ramaswami, 2018). Moreover, it has been established that symptoms such as language 
delay and social responsiveness are related to the CNTNAP2 on chromosome 7q35 and 
two prominent regions chromosome 8 (Constantino, 2003; Geschwind, 2008; Lowe, 
2015).  

Studies on exogenous toxic substances constitute an important group of research. Parti-
cular attention in this respect is paid to checking their presence in urine. Importent 
theories relate to opioids or heavy metals as the etiological factors of autism. The first 
of them did not receive strong empirical support. Urine tests performed with high 
pressure liquid chromatography (HPLC) and matrix-assisted laser desorption/ionization-
time-of-flight mass spectrometry (MALDI-TOF MS) did not reveal any significant 
differences between boys with autism and the control group in terms of opioids (Lam, 
2006; Wormwood, 2019). Another study used liquid chromatography-ultraviolet-MS 
(LC-UV-MS) also failed in detect endogenous opioids in both autistic patients and 
their non-autistic siblings (Hunter, 2003). This may suggest that, indeed, autism has no 
association with endogenous opioids. Or it may indicate that measuring opioids 
directly is not an appropriate way to detect this relationship. An indirect way to test this 
theory would be, for example, to measure the metabolites of the indicated opioids in 
the urine. This has limitations, however, as checking for metabolites is not as direct as 
an opioid test. Nevertheless, if this etiological factor is constant, there should rather not 
be significant fluctuations in the opioid system and differences would be apparent 
between the autism patients and non-autism healthy controls.  

In second toxin theory, which concerns the involvement of heavy metals in the etiology 
of autism, urine was also checked by mass spectrometry. Inductively coupled plasma-
mass spectrometry (ICP-MS) was used in the study. 15 children with autism and 
4 controls were examined. The aim was to determine the levels of following elements: 
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arsenic, cadmium, mercury and lead. Despite fluctuations in levels, this theory has 
generally not been proven to be correct (Soden, 2007). After hair examination of AuSD 
patients, it was indicated that they may have a problem with the excretion of heavy 
metals (Kern, 2007). However, more empirical data would be needed to explain this.  

It is possible to indirectly study the state of neurotransmitter systems using mass spec-
trometry. This is permissible by collecting data on metabolites of specific neurotrans-
mitters. Thus, many important discoveries were made through urine analysis. Particularly 
important confirmations have been made in the field of serotoninergic system. Empi-
rical data suggest a significant dysregulation of this system in AuSD (Lam, 2006; Dölen, 
2015). A study exerted LC-MS/MS has shown that urine in both autism and schizo-
phrenia patients has higher levels of bufotenine than healthy controls (Emanuale, 
2010). It is indicated, that its level correlated with hyperactive behaviors in patients. 
Bufotenine is a tertiary amine composed of N,N-dimethyltryptamine with an additional 
hydroxyl substituent in the 5 position. It is a tryptamine alkaloid. Bufotenine has got 
hallucinogenic properties (McBride, 2000). 

Table 1. Bufotenine properties. Based on: (National Center for Biotechnology Information, 2021)  

Bufotenine C12H16N2O 204,27 g/mol Synonyms:  

N,N-Dimethylserotonin, 

Mappin 

Further support for the dysregulation of the serotonin system in autism was provided 
by gas chromatography-mass spectrometry (GC-MS) urine testing. The subject of 
analysis was tryptophan, which is a precursor for serotonin. It has been shown that 
urinary tryptophan levels in autistic patients were lower than in healthy controls, even 
when patients were restricted by strict diets (Kaluzna-Czaplinska, 2010). Previously, it 
was confirmed by HPLC and mass spectrometry that the majority of tested autistic 
patients showed increase in serotonin-uptake peptide in urine (Woods, 2013).  

The above research showed that mass spectrometry works very well in looking for 
abnormalities in AuSD. Perhaps there will be more such studies and they will provide 
a large amount of relevant data. If there are more datas, there will be more possibilities 
for systematization. 

Fragile X syndrome (FXS) is a neurogenetic disease that is inherited as an X-linked 
dominant trait. This is a dynamic mutation. FXS is caused by the multiplication of the 
number of CGG trinucleotide repeats in the 5’ untranslated segment of the FMR1 gene. 
FMRP is a protein associated with this gene. It is involved in the selective binding of 
RNA and the control of protein synthesis. FMR1 is responsible for the regulation of 
many genes involved in synaptic formation and neuroplasticity. Decreased FMRP 
levels lead to disturbances in brain development and neuronal pathways (Lisik, 2011). 
Both cognitive and autistic symptoms are discernible. In men, they are more intense. 
The main symptom after puberty is intellectual disability of varying intensity and 
coexistence of concentration disorders, emotional lability and motor stereotypes.  

FX is known to account for approximately 5% of autism cases (McCary, 2012). Research 
using MS on FXS has been focused mainly on animal models of the disease. In the 
mice FXS model, the expression of a 56 total proteins was abnormal in the cerebellar 
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cells, which 16 had decreased levels and 40 had increased levels (Liao L. et al., 2008). 
The primary neuronal culture in FXS knock-out mice was checked by SILAC tech-
nique. More than 100 proteins, that are associated with the functions of nervous system 
showed levels deflected from the standard (Wormwood, 2019).  

Loss of FMRP protein has a negative impact, among other things, to activation of 
GABA-ergic neurons. This particulary includes the expression of GABAA mRNA 
receptor subunits. Abnormalities from this occur on the downregulation of γ-amino-
butyric acid (GABA) membrane transporters and receptor scaffolding proteins (Gao, 
2018). Therefore, there are problems in excitation-inhibition terms. It is indicated that 
the mainly stimulatory or inhibitory system disregulation gives different phenotypes in 
the FXS cognitive and functional impairment (Paluszkiewicz, 2011). Important study 
in this area was carried out by Reyes et al. (Reyes, 2020). 

1
H magnetic resonance 

imaging (
1
H-MRS) measurements and LC-MS/MS were used to the GABA compa-

rison tests of brain homogenates in FMR1 KO mice. Authors demonstrated with  
1
H-MRS that there was significantly less GABA in the frontal cortex than in the thalamus 

in both wild type and FMR1 KO mice. These results were confirmed by LC-MS/MS. 
Tested animals were 5 years old. Moreover, 

1
H-MRS was not able to detect differences 

between the same structures in wild type and FXS mouses – it was only possible 
through LC-MS/MS. Significantly lower GABA levels in the frontal cortex and 
thalamus was found in FSX mice, compared to wild type mice.  

THE US E OF MASS SPECTROMETRY IN NEURODEGENERATIVE DISORDERS 

Central nervous system diseases with dementias are defined as a psychopathological 
syndromes caused by a brain disorder, usually chronic or progressive, where the higher 
functions of the cerebral cortex are impaired. Problems arise in following areas of 
cognitive functioning: memory, thinking, orientation, counting, language, evaluation, 
understanding and learning. Other symptoms of the disorder include decreased control 
of emotional and social reactions, behavior, and motivation. One of the most common 
disorders is Alzheimer’s disease (AD). Probability of correct diagnosis of the AD is 
about 90% and even the best methods of diagnosis do not give full certainty. This can 
be only verified post-mortem. Macroscopic neuropathological changes include atrophy 
in the areas of frontal, temporal and parietal cortex. Filamentous changes in neurons, 
neuronal loss, and the presence of β-amyloid plaques can be detected microscopically; 
a characteristic feature is the increasing number of β-amyloid plaques with age. AD is 
characterized by gradual increase in the psychopathological dementia syndrome, and 
due to lack of specific biomarker, the diagnosis is made mainly on the basis of clinical 
symptoms.  

Protein biomarkers in both AD and Parkinson’s disease (PD) have been extensively 
studied. These proteins may have potential value in assessing disease progression and 
serve as predictors of disease development (Hartl, 2017; Sweeney, 2017). Clinical 
research on AD biomarkers have focused mainly on β-amyloid and tau proteins/peptides 
in the cerebrospinal fluid (CSF) (Olsson 2016). Increased levels of total tau or tau 
protein phosphorylation and decreased β-amyloid (1-42) levels were detected in CSF, 
which enabled the differentiation of AD from the control group (Cilento, 2019).  
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Widely used technique for the analysis of AD biomarkers is SRM (selected reaction 
monitoring). It is an important analytical method in proteomics. In an experiment based 
on SRM technology (or multiple reaction monitoring), a predefined precursor ion and 
one of its fragments are selected by the two mass filters of a triple quadrupole instru-
ment and monitored over time for exact quantification (Lange, 2008). Several studies 
with using this technology have focused their measurements of potential biomarkers on 
the cerebral cortex of AD patients, especially frontal and temporal cortex (these areas 
include high cognitive functions as working memory and concolidation of memories). 
In frontal lobe have been detected increased levels of clusterin by SRM and QconCAT 
(heavy-labeled quantification concatemer) (Chen, 2012). The same method was also 
used to determine β-amyloid and amyloid precursor protein (APP) (Chen, 2013). It 
turned out that in AD patients the β-amyloid was higher than in the control subjects; 
the APP level was similar in both groups, while APP695 was significantly lower in AD 
patients.  

Parkinson’s disease (PD) is a neurodegenerative disorder of unknown etiology. Neuro-
pathological studies indicate that in patients’ brains there are neuronal defects and 
Levy’s bodies in the nuclei of the brainstem, such as locus caeruleus, ventral tegmental 
area, substantia nigra and basal ganglia, frontal and temporal cortex. The main symp-
toms of this disease include resting tremor, increased muscle tone, hypokinesia and 
asymmetry of symptoms. Among the mental disorders that appear in the course of PD, 
following can be distinguished: depression (often may begin before motor symptoms), 
psychotic symptoms (visual and auditory hallucinations, sometimes delusions of 
various content) and dementia (damage of the fronto-striatal circuit, deficits in the 
cholinergic system in the cortex and Meynert nucleus). In general, mental disorders 
result from disturbances in most of the brain’s neurotransmitter systems.  

In PD, the α-syn protein has been proposed as a key candidate of clinical biomarker 
(Kalia, 2015). Research studies have shown that the α-syn protein has lower levels in 
PD patients than in helathy subjects. Unfortunately, it is not specific marker for PD, 
because abnormalities appear in other diseases, such as AD. However, it cannot be 
unequivocally said that this reduces its predictive value for PD. Another important 
marker may be Aβ42, also present in AD. There is a link between the levels of Aβ42 in 
the CSF and cognitive impairment (Terrelonge, 2016). It is also worth pointing out the 
correlation between the DJ-1 protein and the early onset of PD (Bonifati, 2003).  

SRM was used to search for biomarkers of PD. It has been shown, that glycolysation 
PTMs (post-translational modifications) may be associated with PD progression (Pan, 
2014). By means of peptide fractonation and SRM targetting, it was determined that 
the α-syn protein in unmodified form in PD and PD-related illnesses did not show 
variable expression compared to the control group (Oeckl, 2016). In addiction, without 
fractionation, one peptide was found to be particularly correct in differentiating PD 
from the control group with similar potency, such as in the immunoassay (Yang, 2017).  

In general, when combining SRM with other techniques and comparing the results 
between them, conflicting results can sometimes be obtained. Therefore, each tested 
reaction should be controlled, being aware that the laboratory environment is different 
from the organic one. Providing the same conditions can often be difficult to fulfill.  
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ASSESSMENT OF BIOCHEMICAL ABNORMALITIES IN SCHIZOPHRENIA –  

THE EFFECTIVENESS OF MASS SPECTROMETRY 

There is much controversies around the group of schizophrenic diseases, when it 
comes to their etiology. One of the leading modern theories on the development of 
schizophrenic disease is the neurodevelopmental theory, which highlights perinatal 
factors and abnormal development of brain tissue. In addition, there have also been 
theories focused on specific neurotransmitter systems, for example dopamine and 
serotonin. In practice, it could be wrong to consider each other’s system in isolation, as 
all of them constantly interact with each other at different levels, regulating behavior. 
This makes it difficult to make a clear diagnosis relying only on neurochemical data. In 
any case, the disease assessment should be comprehensive and cover as many aspects 
of individual’s functioning as possible.  

Common symptoms of schizophrenia include: ambivalence, that is, the coexistence of 
conflicted and mutually exclusive feelings; ambisentence, which means coexistence of 
conflicted judgements; and ambitendence, i.e. the coexistence of conflicted aspirations. 
Another important negative symptom is autism. The sick person turns away from reality 
and focuses on his inner life. During the course of the disease, the patient also expe-
riences the blunt affect, i.e. emotional stiffness. It is a state in which the constriction of 
emotional expression does not reflect internal experiences. There may also be a signi-
ficant number of thinking disorders, for example impaired logical thinking and percep-
tion disorders, such as hallucinations from various senses, most often auditory. Some 
of these symptoms can be linked to the neural circuits in the brain. For example, there 
is a neural circuit associated with psychotic symptoms, which includes structures: 
anterior hippocampus, anterior cingulate cortex, medial prefrontal cortex (32 Brodman’s 
area), thalamus, ventral area of globus pallidus, striatum, substantia nigra and ventral 
tegmental area. The neural circuit associated with negative symptoms in the sphere of 
affect was also indicated. It includes: dorsolateral prefrontal cortex (dlPFC), parietal 
cortex, amygdala, anterior part of hippocampus, thalamus, ventral part of globus pallidus, 
striatum, substantia nigra and ventral tegmental area. The second network related to ne-
gative symptoms concerns the cognitive sphere. The following structures are included: 
dlPFC, anterior hippocampus, anterior cingulate gyrus, thalamus, ventral part of globus 
pallidus, striatum, substantia nigra and ventral tegmental area. These circuits are sup-
ported by recent scientific research.  

Protein profiling could be a good solution for the rapid diagnosis of schizophrenia. 
Studies have shown a relationship between this disease and some single nucleotide 
polymorphisms (SNPs) (Shi, 2011; Duan, 2010). Both proteomic and metabolic abnor-
malities were found. Altered levels were determined for: selected apolipoproteins, 
phosphorylated proteins, plasma and serum proteins, and abnormal immune responses 
(Xu, 2018; Mausch, 2003). 

Xu et al. (2018) used the 7% polyethylene glycol (PEG) precipitation method for large-
scale enrichment of serum immune complexes. They assessed serum proteomic profiles 
in groups of patients with schizophrenia, depression, bipolar disorder and healthy 
controls. No tag was used for relative quantitative proteomics analysis. Researchers 
also used sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to 
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separate abnormal band and then analyse it by liquid chromatography-mass spectro-
metry (LC-MS). It has been shown, that the 150 kD or zinc finger protein 729 have the 
potential to be considered as biomarkers of schizophrenia. However, further research in 
this area should be carried out on larger samples.  

The correct release of the neurotransmitter from the synaptic terminal depends on the 
interaction of three neuronal soluable NSF-attachment receptors (SNAREs). They in-
clude: syntaxin, vesicle-associated membrane protein (VAMP) and SNAP-25 (Nagy, 
2005; Washbourne, 2002). It indicates an increased amount of SNAP-25 in gluta-
matergic terminals and decreased number in GABAergic terminals. In contrast, in 
schizophrenia, decreased levels of glutamate transporters in the striatum are detected. 
Therefore, there may be some abnormalities in the presynaptic glutamatergic nerve 
endings. The levels of dopamine transporters are not deflected, but increased dopamine 
synthesis is observed in patients. In general, quantitative and functional abnormalities 
within SNAP-25 may be significant in the course of mental illnesses, including 
schizophrenia (Ramos-Miguel, 2015). This is also supported by studies on animals and 
animal models, where changes in SNAP-25 have been shown to result in abnormal 
behavior and neurotransmitter excretion (for example: Raber, 1997).  

Besides the fact that dopamine is an important starting point in the search for biomarkers, 
the tryptophan pathway in the etiology of schizophrenic diseases is also in great 
interest. The special role of tryptophan derivatives is emphasized in cognitive impair-
ments (Platten, 2019; Schwarz, 2012). Recently, the role of kynurenic acid (KYNA) in 
regulating working memory and attention has been highlighted. KYNA is a metabolite 
and noncompetitive antagonist of α-7 nicotinic acetylcholine receptor (α7nAChR). 
There is an important relationship between schizophrenia and abnormal α7nAChR-
mediated neurotransmission (Martin, 2007; Deutsch, 2005) and between cognitive 
impairments and cortical KYNA through the α7nAChR action (Chess, 2007; Kindler, 
2019). Another metabolite, 5-hydroxyindole (5-HI) also has an effect on α7nAVhR. It 
has a appropriate lipophilic solubility and was shown to permeate epithelial plasma 
membrane, which allows it to cross the blood-brain barier (BBB). Moreover, both of 
these metabolites act on the function of the γ-aminobutyric acid system, but in a comple-
tely different ways. 5-HI facilitates GABAergic neurotransmission by excitation of 
α7AChR while KYNA concentration-dependently reduces GABA levels by modu-
lation of α7AChR function. Furthermore, the abnormalities around the GABA system 
are associated with memory impairment in schizophrenia (Lewis, 2004; Tse, 2015; 
Lett, 2014; Huang, 2021) assessed the influence of three metabolites, KYNA,  
5-HI and quinolinic acid (QUIN), on cortical structures and working memory in 
schizophrenic patients and healthy controls with use of liquid chromatography-tandem 
mass spectrometry. Generally, patients exhibited lower QUIN and KYNA levels than 
controls. Patients with high 5-HI levels and low KYNA concentrations had better 
working memory action than other subgroups, but high 5-HI was positively associated 
with cortical thickness in the left orbitofrontal cortex. This last condition was signifi-
cantly associated with working memory effectiveness in schizophrenics. In conclusion, 
it is possible that the facilitation of 5-HI and controlled inhibition of KYNA could help 
in the neurorehabilitation of executive functions and working memory in patients with 
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schizophrenia, who require it. Nevertheless, orbitofrontal cortex turns with such therapy 
should be constantly monitored. 

In addition to the search for biomarkers of schizophrenic process, mass spectrometry 
was also used to determine the concentrations of antipsychotic drugs in blood serum. 
An important study in this area was carried out by Wu et al. (2021), using ultra-high 
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) to 
determine the levels of following drugs: aripiprazole, amisulpride, olanzapine, paliperi-
done and ziprasidone in schizophrenic patients. Important is what has been established, 
that UHPLC-MS/MS performs very well in detecting drug concentrations in patients 
with mental disorders. This entire process is referred to as therapeutic drug monitoring 
(TDM) and is especially important in clinical practice. Monitoring the correct concen-
tration level of drug in different patients is related to their ability to metabolize drugs 
rapidly. This way, it can be avoided to overdose or unpleasant side effects, while main-
taining an optimal blood concentration at all therapy time. Thanks to this, better thera-
peutic effects can be obtained. It also could help establish a patient’s pharmacological 
response profile.  

INVESTIGATION AND MONITORING COURS E OF THE AFFECTIVE DISORDERS 

WITH VARIOUS MASS SPECTROMETRY METHODS 

Affective disorders are a complex group of diseases that include both, episodic and 
chronic states. The clinical characteristics of such diseases may include extreme, 
depressive or manic mood conditions. In The Diagnostic and Statistical Manual of 
Mental Disorders, Fifth Edition, affective disorders were divided into bipolar disorder 
(BP) and other related disorders, and depressions separately.  

There is a distinction between BP I and II type. The first is characterized by a manic 
episode (lasting at least a week, may be characterized by dysphoria, and in acute states 
by delusional features) and an episode of major depressive disorder. Hypomania can 
also occur as a separate period, which should last at least 4 days and be present most of 
the day, almost every day. Hypomania is a milder form of mania that does not cause 
significant functional impairment, but can nevertheless have detrimental consequences 
for the patient and his environment. The second type of disease is characterized pri-
marily by a hypomanic episode and similar episode of major depressive disorder. Seve-
rity, symptom remission, and other additional considerations such as catatonia, seasonal 
course, psychotic symptoms, or rapid phase cycling must be determined for each.  

A mood disorder with a change of phases that occurs chronically but with lower inten-
sity of symptoms can also be indicated. This one is called cyclothymia. Symptoms must 
last for a two years and must not fulfil the criteria for a hypomanic episode and an epi-
sode of major depression. For more than two years, periods of hypomania and depres-
sion are expected to last at least half of the time, where asymptomatic periods never 
last longer than two months.  

Other disease states of this type, such as those caused by drugs or medical conditions, 
will be ignored in this paper, because the etiology of the diseases is known there. The 
focus in this context should be on states with no explainable organic cause.  
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In the area of BP research, tryptophan pathway is also of great interest field to  
researchers. Similarly as in schizophrenia, the metabolites QUIN, KYNA and picolinic 
acid (PIC) were tested here. PIC is a small molecule, which has a neuroprotective 
properties (Grant 2009). Particularly KYNA seems to have elevated parameters in 
patients with BP who had a psychotic episode as detected by cerebrospinal fluid and 
post-mortem examinations (Sellgren, 2019; Lavebratt, 2014). Taking into account the 
data from research on schizophrenia on this area, it can be hypothesized that patients 
with BP who show higher levels of KYNA would experience greater cognitive 
difficulties after going through a psychotic episode. However, it is useful to determine 
whether this episode was secondary to a depressive or manic episode, becouse patients 
may be impaired in different cognitive domains. Nevertheless, KYNA levels are not 
elevated in all cases. Some studies on BP have provided data on decreased levels of 
this substance in patients (Poletti, 2018; Liu, 2018; van den Amelee, 2020). It may 
probably depend on previously experienced psychotic episode. Low KYNA concen-
trations may be associated with depressive symptoms. This condition was correlated in 
patients treated for treatment-resistant depression (Kadriu, 2019; Bay-Richter, 2015). 

Another issues that need to be quickly introduced are metabolites from a different 
tryptophan pathway, QUIN and PIC. CSF QUIN levels are elevated in patients 
attempting suicide in close proximity to a suicide attempt, and there is also an asso-
ciation between the level of QUIN and suicide intent (Erhardt, 2013). In peripheral 
plasma, both low and normal concentrations were observed in depression (Liu, 2018; 
Ryan, 2020). In contrast, PIC levels were lower in patients who attempted suicide 
(Brundin, 2016). This suggests, that a low PIC may be a predictor of suicidal tendencies. 

Trepci et al. (2021) effectively used UPLC-MS/MS to test the levels of five substances 
from the tryptophan pathway in patients diagnosed with BP. Examined were: tryptophan, 
kynurenine, KYNA, QUIN and PIC. Patients exhibited an increased CSF kynure-
nine/tryptophan ratio; there were not any differences between patients and healthy 
controls in CSF tryptophan concentrations. This study also showed an increased CSF 
PIC levels and PIC/QUIN ratio in subjects with BP. Furthermore, it was indicated that 
in patients with previous suicidal attempts CSF PIC levels was lower than in patients 
without this symptoms, This is in line with recent studies. Despite many variables, this 
work provided a lot of important informations regarding the tryptophan pathway than 
can be compared to other data in this area.  

An important problem from the group of unipolar affective disorders is major affective 
disorder, described in the DSM-5 classification. Main symptoms are following: 
depressed mood, which lasts almost every day; reduction of interest and anhedonia; 
significant weight loss, without deliberately restricting meals; insomnia or excessive 
speepiness; psychomotor agitation or slowness; fatigue or lack of energy; feeling of 
lack of self-worth or inadequate guilt; decreased ability to think and concentrate 
attention; and recurring thoughts about death. Five of the listed criteria must occur over 
a two-week period. In this case, it is reffered to as a psychopathological syndrome, 
which is called a major depressive disorder.  

Recently, attention has been paid to the role of lysophosphatidilic acid (LPA) in cen-
trally running depressive processes. LPA has extensive biological functions in the 
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central nervous system that can potentially be disrupted in depression: myelination 
(Anliker, 2013), immunogenic response in the central nervous system (Schilling, 2004), 
synaptic transmission (Trimbuch, 2009), neuroprogenitor cell function (Yung, 2011) 
and chronic inflammation (Barbayianni, 2015). LPA is not a single molecule, but 
a collection of processes with different effects on individual tissues. Six G-protein 
coupled receptors have been identified for LPA: LPA1-6 (Yung, 2015). The enzymes 
that catalyze their degradation is a family of the phospholipid phosphatases (PLPPs: 
PLPP1-3). These carry out the hydrolysis of the phosphate head group from LPA. This 
reaction produces monoacylglycerol (MAG) (Benesch, 2016). In psychiatry, LPA 
attracts attention becouse it is associated with many neuropsychological functions. In 
addition, LPA1 is one of the binding targets for antidepressants, therebay, they can 
increase the expression of glial cell line-derived neurotropic factor, which is important 
in major depression disorder (Tsybko, 2017). Furthermore, attention must be paid also 
on the autotaxin (ATX), the enzyme that produces LPA from lysophosphatidylcholine 
(LPC). Research indicate its lowered levels in endogenous depression. In 2021 (Omori, 
2021), a study was published, which used liquid chromatography-tandem mass spectro-
metry or enzyme-linked immunosorbent assay to assess lysophospholipids species, 
including LPA and related metabolic enzymes in CSF. As a result, it was possible to 
detect decreased levels of LPA 22:6 in CSF in both depressive and schizophrenic 
patients.  

It should be noted that LPC 22:6 is specially transported across the blood-brain barier 
thanks to the Mfsd2a, which is specific LPC. Mice after deletion of the Mfsd2a gene 
showed severe psychiatric symptoms such as anxiety. It is possible that by reducing it 
somehow, there was a reduction in the central LPA 22:6. Here, the overall malfunction 
of LPC-ATX-LPA axis is pointed out, which may leads to some central effects 
observed in major depressive disorder and schizophrenia.  

ANXIETY DISORDERS, STRESS AND MASS SPECTROMETRY –  

THE US E IN DIAGNOSIS AND BIOMARKERS SCIENCE 

The DSM-5 classification distinguishes several detailed diagnostic units that fall within 
the scope of anxiety disorders: separation anxiety disorder, selective mutism, specific 
phobia, social anxiety disorder (social phobia), panic disorder, agoraphobia, general 
anxiety disorder, substance/drug induced anxiety disorder, anxiety disorders caused by 
a general medical condition, another specified anxiety disorder and unspecified anxiety 
disorder. It is one of the most extensive groups of mental disorders, and at the same time 
it is also one of the most common in european society. What is especially important in 
differential diagnosis – anxiety should be the dominant symptom. Alternatively, the 
depressive symptoms should be secondary to anxiety symptoms.  

The biological translation of occurrence of anxiety disorders relies on many factors. 
Among them, the GABA system is particulary distinguished, which is especially 
affected by drugs with an anxiolytic profile. Moreover, abnormal functioning of the 
limbic system is indicated, mainly in amygdala and hippocampus; other potential bio-
marker is corticoliberin hormone (CRH secreted in hypothalamus) and some other 
neurotransmitter systems. CRH is secreted during the stress response; it regulates the 
secretion of proopiomelanocortin (POMC) derivative peptides, for instance cortico-
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tropic hormone (ACTH). Thus, permanent markers of anxiety disorders can be sought 
in the hypothalamic-pituitary-adrenal axis (HPA). However, this is a problem that, at 
the moment, it is not possible to find a common biomarker for all anxiety disorders. 
They differ in the pathophysiology of development and the specificity of symptoms. 
Accordingly, it would be better to look for biomarkers for individual disease subunits 
in a broader context but one at time.  

Referring to the previous paragraph, looking for markers of anxiety disorders in the 
HPA axis and related systems is still justified, becouse chronic stress and stressful life 
events are common risk factors (Mathew, 2011; Leuner, 2013). As a result of chronic 
stress, for instance, changes in the density of dendritic spines in regions of the 
prefrontal cortex, both in humans and in animal models, can be mentioned (Pittenger, 
2008; Russo, 2012). Overall, studies indicate that the prefrontal cortex is a very stress-
sensitive region.  

In fact, exposure and response to stress is largely dependent on genes. For example, 
three rat phenotypes can be distinguished: insusceptible, depression-susceptible and 
anxiety-susceptible (Tang, 2019). In this context, the last group of tested animals is in 
particular interest. Isobaric tags for relative and absolute quantitation (iTRAQ)-coupled 
tandem mass spectrometry was used to evaluate the proteomic profile (Liao, 2021). 
Thereby, it has been shown that the three groups differ in both protein pathways and 
behavioral responses to mild chronic stress in the prefrontal cortex. The pathway 
analysis showed metabolism and neuropsychiatric disease-associated dysregulations in 
the anxiety-susceptible group, whereas significantly enriched for signaling, secretion 
and synapse dysfunctions in the depression-susceptible group. Specific dysregulation 
for the group of anxiety rats occured within the proteins: Tubb6, Urod, Cul1, Spred1, 
and Gpcpd1. Spred1 participated in the Jak-STAT signaling pathway, while Urod and 
Gpcpd1 were involved in several metabolic processes, such as porphyrin and choline, 
chlorophyll and sugar metabolisms. These pathways have been previously implicated 
in the stress-related disorders (Leuner, 2013; Pittenger, 2008). Perhaps in the future, 
after collecting greater amount of necessary data, it will be possible to create appro-
priate algorithms for selecting drugs and supporting the diagnosis with accurate evidence 
based on deviations in these paths and proteomic profiles. It should be noted that basing 
only on what the patient says and thinks is not enough and may often lead a diagno-
stician into a misdiagnosis. Then, the whole process should be repeated until the patient 
finally receives adequate pharmacological support. 

Anxiety, in addition to being the result of certain stressful events, can also cause many 
diseases and their progression. This state of affairs is also associated with stress, which 
can create a kind of vicious circle. An example of a disease whose progression is 
significantly related to the experience of anxiety is coronary heart disease (CHD). 
CHD can result from metabolic disorders that are caused by genetic and environmental 
factors (Kordalewska, 2015). Moreover, mental illnesses, such as anxiety, are often 
associated with it (Tully, 2016). A potential reason for this relationship may be the 
increased activation of the HPA axis. In this way, the emergence of the following 
symptoms is indicated: increased blood pressure, dyslipidemia, increased frequency 
and degree of angina pectoris (Tsai, 2019) and decreased sleep. In general, metabolic 
disorders are seem to be related with metabolic disorders (Berkecz, 2018). Previously, 
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it was pointed out that anxiety can influence CHD in various ways, for instance, 
through neuroendocrine mechanisms (serotonin) (Charney, 1990), platelet activation, 
vascular endothelial dysfunction and inflammation. It is indicated, that LC-MS is 
a valuable tool for the identification of biomarkers of the pathophysiological process of 
CHD (Newgard, 2017; Zhang, 2011). Neuropeptide-Y (NPY) levels in acute coronary 
syndrome with anxiety symptoms were slightly elevated compared to the control group 
(Wei, 2021). However, this data are not consistent with other studies (Wu, 2021). 
Moreover, LC-MS showed 39 deviated metabolites in acute coronary syndrome with 
anxiety, for instance β-alanine (pyrimidine metabolism), 19-hydroxyandrost-4-ene-
3,17-dione (steroid hormone biosynthesis), deoxycholic acid 3-glucuronide (pentose 
and glucuronide interconversions) and phosphoribosyl pyrophosphate (pentose pho-
sphate pathway) (Wei, 2021). In general, the most affected is serotonin and tryptophan 
regulation. According to this, anxiety is associated with 5-hydroxytryptamine system 
dysregulation (Wójcik-Pszczoła, 2018), which influences, for example, platelets 
abnormalities (5-HT2 receptors). 

CONCLUSIONS 

 Various methods of combined mass spectrometry are good platforms for the 
search for biomarkers of several neurodevelopmental or neurodegenerative diseases, 
schizophrenia, affective and anxiety disorders. 

 It is possible to indirectly study the state of neurotransmitter systems using mass 
spectrometry. This is practicable by collecting data on metabolites of specific 
neurotransmitters. 

 Blood proteins profiling is good solution for rapid assessment of psychiatric 
illnesses. 

 Many different methods should be combined using multiple physical bases to assess 
potential biomarkers of mental illnesses. 

 The recent data must be rapidly systematized to create a usable biomarker 
diagnostic system. 
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ABSTRACT  

Persons who are physically active show special concern about their life style. They introduce changes in 
their model of nutrition in accordance with the dietary recommendations, limit the use of stimulants, and to 

a greater degree observe sleep and leisure hygiene, and eliminate stress. The aim of the presented study is 

analysis of the selected elements of life style of persons amateurs training strength sports. The study 

included 280 males and 26 females. The items in the author-constructed questionnaire were arranged in 3 

modules: demographic – which contained questions concerning respondents’ age, place of residence and 
their socioeconomic status (SES); eating behaviours – containing questions about regularity and number of 

meals consumed, types and frequency of consumption of the selected groups of products, and consumption 

of beverages on the day of training; and the third module dealt with selected elements of lifestyle (alcohol 

consumption, cigarette smoking and sleep duration). Differences between the groups of responses according 

to gender were analysed with the use of χ2 test (G function). The majority of respondents represented correct 
dietary behaviours characteristic of physically active persons; they consumed 4-5 meals daily, applied 

a varied diet, and appropriately hydrated their organism. Alcoholic beverages were consumed by 95% of 

males, and nearly 86% of females. Currently, few respondents smoked cigarettes. The highest percentage 

of amateurs training strength sports declared that their night’s rest lasts for 7-9 hours.  

Keywords: eating behaviours, lifestyle, strength sports  

INTRODUCTION  

In recent years a growing interest has been observed in life style and the quality of life. 
This is conditioned by greater awareness of individuals that health promoting life style 
exerts a direct effect on health from the somatic, mental and social aspects. A defined 
pattern of behaviour of pro-health character enables proper functioning of the body, 
realization of creative ambitions and passions, which provide satisfaction and the 
feeling of happiness (Steptoe, 2019; Litwiniuk, 2016; Huk-Wieliczuk, 2021). It also 
plays a crucial role in prevention of non-contagious chronic diseases, which are the 
leading cause of death and disease burden globally (GBD 2016 Disease and Injury 
Incidence and Prevalence Collaborators, 2017; Zhang, 2021). 

Among health behaviours are distinguished pro-health behaviours, which positively 
shape our state of health (level of physical activity, balanced nutrition, an adequate 
duration and quality of sleep, coping with stress, care about personal hygiene and that 
of the environment, appropriate interpersonal relations, proper conditions of education 
or work), and anti-health behaviours which are hazardous for human health (use of 
psychoactive substances, abuse of drugs not prescribed by a doctor, risky behaviours). 
In addition, preventive behaviours, such as health self-control and self-examination, 
undergoing prophylactic examinations, preventive vaccinations, play an important role 
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in the maintenance of health, or undertaking actions indispensable for the detection of 
an illness at an early stage of advancement.  

Scientific studies indicate that persons who are physically active show special concern 
about their life style. They introduce changes in their model of nutrition in accordance 
with the dietary recommendations, limit the use of stimulants, and to a greater degree 
observe sleep and leisure hygiene, and eliminate stress.  

The aim of the presented study is analysis of the selected elements of life style of persons 
amateurs training strength sports.  

MATERIALS AND METHOD  

The study included 306 persons (280 males and 26 females). The majority of respon-
dents (57%) were aged between 20-23 years, followed by those aged 24-26 (22%), and 
27-30 (21%). Data for analysis were collected in two ways. In fitness clubs in the area 
of Biała Podlaska, Olsztyn and Suwałki the study was conducted by the method of a 
diagnostic survey, while the remaining data were obtained using an online survey. The 
questionnaire was prepared in accordance with the applicable rules for data collection 
with the use of a given research tool (Stupnicki, 2003). The items in the author-cons-
tructed questionnaire were arranged in 3 modules: demographic – which contained 
questions concerning respondents’ age, place of residence and their SES; eating 
behaviours – containing questions about regularity and number of meals consumed, 
types and frequency of consumption of the selected groups of products, and consump-
tion of beverages on the day of training; and the third module dealt with selected 
elements of lifestyle (alcohol consumption, cigarette smoking and sleep duration). The 
study was conducted from January to March 2020.  

Differences between the groups of responses according to gender were analysed with 
the use of χ2 test (G function).  

RESULTS  

Nearly 60% of respondents declared that their permanent place of residence is city with 
the population above 100,000 inhabitants, 26.1% of respondents lived in a town with 
the population 20,000-100,000 inhabitants, whereas the reminder lived in rural areas. 
The respondents assessed their socioeconomic status (SES); 83.0% of them evaluated 
this status as mediocre, whereas 17.0% – as high. 

Table 1 presents the selected eating behaviours of amateurs training strength sports. 
The majority of respondents (75% males and 80.8% of females) declared that they 
consumed 4-5 meals daily. Nearly 49% of males and 62% of females consumed meals 
regularly. As many as 69.3% of males and 65.4% of females consumed a meal an hour 
or two after training. A larger number of females than males consumed daily whole 
grain cereal products – 80.8 % and 71.4%, respectively. Every third male in the study 
and nearly every second female declared the consumption of cottage cheeses (several 
times a week). As many as 61% of respondents included yellow, processed or blue 
cheeses in their diet at least once a week. Nearly 84% of males and 89% of females 
preferred the consumption of lean meat. Female respondents significantly more often 
than males consumed 2-3 portions of vegetables daily, 50.0% and 30.4%, respectively. 
Also, a significantly higher percentage of females consumed fish once or twice a week, 
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as well as meal containing legumes (several times a month). Approximately 60% of the 
total number of respondents consumed 1-2 portions of fruits. Satisfactory data were 
obtained concerning the consumption by the respondents of unhealthy products. A per-
centage of females who included in their diet sweets and sweetened beverages was 
lower than that of males. More than 76% of males and 80% of females declared that 
they consume meals of fast-food type occasionally or not at all. The majority of re-
spondents reported that they care about adequate hydration of the body before (61.1% 
of males and 65.4% of females), during (83.0 % of males and 78% of females), and 
after (75.8% of males and 76.9% of females) training.  

Table 1. Nutritional behaviors of the respondents (n = 306)  

Nutritional behaviors Males 

(n = 280) 

Females 

(n = 26) 

G function 

Eating 4-5 meals a daily 75 80.8  0.45  

Eating regularly meals  48.9 61.5 1.53 

Reaching out for snacks  30.1 35.2 0.17 

Eating 1-2 hours after training  69.3 65.4 0.17 

Consumption of whole grain cereal products (daily)  71.4 80.8 1.11 

Consumption of milk and fermented milk drinks (daily) 64.3 84.6 4.95*  

Consumption of cottage cheese (several times a week) 32.10 42.3 1.07 

Consumption of yellow cheeses, processed cheese, mouldy 

cheese (at least once a week) 
61.1 61.5 0.00 

Preference for lean meat 83.9 88.5 0.40  

Consumption of vegetables (2-3 portions daily) 30.4 50.0 3.96*  

Consumption of fruit (1-2 portions daily) 64.3 57.7 0.44 

Fish consumption (once or twice a week)  55.4 76.9 4.82 *  

Consumption of dishes made of legumes (several times 

a month) 
17.1 34.6 4.13* 

Consumption of sweets (occasionally or not at all)  81.4 84.6 0.17 

Avoiding the consumption of sweetened and carbonated 

drinks  
71.8 76.0 0.21 

Consumption of fast food (occasionally or not at all) 76.1 80.8 0.30 
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Adequate pre-exercise hydration (500-600 mL of fluid  

about 2 hours before exercise)  
61.1 65.4 0.21 

Adequate hydration during exercise (approximately one litre 

of beverage/hour)  
83.0 78.0 0.21 

Adequate hydration after exercise (approximately 450-700 

ml/0.5 kg body weight loss)  
75.8 76.9 0.21 

*p ≤ 0.05 – statistically significant differences between the number of responses provided by men and women 

(χ2 test – G function)  

Source: author’s own study 

Among the total number of respondents 95% of males and 88.5% of females declared 
that they consumed, with various frequency, alcoholic beverages (tab. 2). The 
examined males consumed alcoholic beverages once or twice a week (47.9%), and 3-5 
times a week (27.1%). Female respondents usually consumed alcoholic beverages 
occasionally (73.1%). Nearly every fifth woman reported the consumption of various 
alcoholic beverages once or twice a week. With respect to the frequency of con-
sumption of alcoholic beverages the differences between genders reached a statistically 
significant level. More than 86% of males and nearly 35% of females consumed beer 
(G = 31.03, p ≤ 0.05). Female respondents significantly more frequently than males 
consumed wine or champagne (30.7% of males and 63.9% of females). A higher per-
centage of males, compared to females, consumed vodka or other spirituous beverages – 
50.4% and 12.0%, respectively (G = 15.38, p ≤ 0.05). Almost 12% of men and 4% of 
women smoked cigarettes before taking up strength training. Few respondents (5.0% 
male and 3.8% (one female – electric cigarettes) declared that they currently smoked 
cigarettes. Almost 4% of all respondents smoked between 1 and 10 cigarettes per week. 

Table 2. Alcohol consumption, cigarette smoking among the respondents (n = 306)  

  Response options Males 

(n = 280) 

Females 

(n = 26) 

G function 

Consumption of alcoholic beverages  95 88.5 1.55  

Frequency of consumption of alcoholic beverages  

3-6 times a week1 27.1 7.7  23.96* 

5.89* dla 1/2+3  

8.54* dla 2/1+3 

23.78 dla 3/1+2 

1-2 times a week2 47.9 19.2  

occasionally3 25.0 73.1  

Types of alcoholic beverages  

beer  85.7 34.6  31.03* 

 wine or champagne  30.7 63.9 7.31*  



 

Elżbieta Huk-Wieliczuk 
 

252 

vodka or other spirituous beverage  50.4 12.0  15.38*  

Smoking before taking up exercise  11.8 3.8  0.43 

Current smoking  5.0 3.8 0.07 

Smoke 1-10 cigarettes per week  3.9 3.8 0.00 

*p ≤ 0.05 – statistically significant differences between the number of responses provided by men and women 
(χ2 test – G function)  

Source: author’s own study. 

The highest percentage of respondents (82.7% of males and 67.9 of females) declared 
that they sleep on average 7-9 hours a night. Almost 14% of males and 25% of females 
reported needing 9 hours of sleep per night. Few respondents claimed to sleep less than 
7 hours a night (fig. 1).  

 

Figure1. Average sleep times per day by sex (%), Source: author’s own study 

DISCUSSION  

Engagement in amateur sports is often accompanied by positive health behaviours, that 
fit in with the pro-health philosophy of life of these persons.  

An increased physical effort involves an appropriate dietary strategy, the preparation of 
which requires knowledge of calorific value and diet composition, as well as compe-
tences on the part of the person who undertakes training. (Thomas, 2016; Jäger 2017; 
Aragon, 2017; Kersick, 2017; Huk-Wieliczuk, 2018; Antonio, 2018). However, even 
professional athletes not always observe the recommended dietary regime (Martinez, 
2011; Durkalec, 2016).  

One of the dietary recommendations addresses the issue of regularity and quantity of 
meals. In own study the vast majority of respondents declared the consumption of 4-5 
meals daily. The results obtained correspond to those by Frączek and Szczepankiewicz 
(2005); 90% of ski jumpers declared the consumption of at least 3 meals daily. Szcza-
pańska (2012) analysing the dietary behaviour of volleyball and basketball athletes 
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noted that of all the athletes surveyed, 4-5 meals were consumed, while 9% consumed 
more than 5 meals per day. Also, a high percentage of the respondents reported eating 
a meal one or two hours after training. Every third participant consumed snacks. If 
properly composed, snacking can replenish the energy and nutritional needs of active 
individuals. In nutrition of persons undertaking an increased physical activity it is 
recommended to consume 3 portions of vegetables and 2 portions of fruit daily (Walter 
2007; Burke 2008). In own study the supply of vegetables with the diet was correct in 
30.4 % of the examined males and 50.0% of females, whereas the supply of fruit was – 
64.3% and 50%, respectively. A study by Orzeł (2018) found that sufficient fruit and 
vegetable intake was reported in around 55% of the marathon runners surveyed. 
Analysing the sources of protein of the examined athletes, it was found that a signi-
ficant percentage of the respondents (84% of men and 85% of women) preferred the 
consumption of lean meat. The vast majority of female respondents included fish in 
their dietary model. For people who are actively exercising, in order to ensure the proper 
functioning of the body, it is necessary to take care of its hydration. Both lack of 
adequate fluid replenishment (hypohydration) and excessive intake (hyperhydration) 
are threats to the health of such people (Maughan 2003). The majority of respondents 
reported, both males and females declared that they hydrate properly both before, 
during and after physical activity.  

In own study, 95% of males and 88.5% of females mentioned that they consume 
alcoholic beverages with various frequency, while 5.0% of males and 3.8% of females 
admitted that they smoked cigarettes. Different results were obtained by Anyżewska 
(2015). The researcher reported that none of the 62 males aged 18-34, who practised 
martial arts on a professional level since minimum 3 years has not smoked cigarettes, 
while every tenth declared that he has also not consumed alcohol. Scientific reports 
indicate that alcoholic beverages can impair metabolism, affect glucose levels, heart 
muscle function, blood pressure, the phenomenon of nitrogen narcosis, thermoregula-
tion, the occurrence of injuries (Barnes, 2010; Vela, 2010). Alcohol causes dehydration 
of the athlete's body, which negatively affects his aerobic performance; dehydration of 
2% of total bodyweight significantly reduces aerobic performance particularly in warm 
environments (Sawka, 2015).  

Increasing importance is being attributed to sleep and its impact on human health 
somatically and psychologically. According to Halson (2004) sleep was defined as 
a reversible behavioral state in which an individual is perceptually disengaged from 
and unresponsive to the environment. The National Sleep Foundation recommends an 
adult get between 7 and 9 hours of sleep per night (Sargent, 2014).  

The quality of sleep for women compared to men but the effects of sleep deprivation 
are similarly felt by both sexes (Reilly, 2007). Many scientific studies emphasize the 
importance of night’s rest for obtaining satisfactory results in sports. The deficiency of 
sleep interferes with the regeneration process after sport training. A study by Hamlin 

(2021) carried out among 82 elite athletes aged 18-13 showed that on the days when 
they slept longer (≥ 8 hours), or reported a higher quality of sleep, the risk of contu-
sions and diseases was considerably lower. The above-mentioned study also demon-
strated that on specified days (Mondays and Saturdays) females more often slept 
longer, compared to males.  
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SHORT CONCLUSION  

1. The majority of respondents represented correct dietary behaviours characteristic of 
physically active persons; they consumed 4-5 meals daily and applied a varied diet 
(83.9% of males and 88.5% of females preferred the consumption of lean meat, 
55.4% of males and 76.9% of females consumed fish once or twice a week, 17.1% 
of males and 34.6% of females consumed dishes made of legumes several times 
a month, 30.4% of males and 50.0% of females consumed vegetables 2-3 portions 
daily, 64.3% of males and 57.7% of females consumed fruit 1-2 portions daily). 
Satisfactory data were obtained concerning the consumption by the respondents of 
unhealthy products (sweetened and carbonated drinks and fast food). The majority 
of respondents (73.7% ) appropriately hydrated their organism. 

2. Alcoholic beverages were consumed by 95% of males, and nearly 86% of females. 
Currently, few respondents smoked cigarettes.  

3. The highest percentage of amateurs training strength sports declared that their 
night’s rest lasts for 7-9 hours.  
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ABSTRACT 

In XXI century, the faster aging of the population is being observed. According to the data of the Central 

Statistical Office, in Poland the number of people over 65 is currently approx. 14.7%. It is estimated that 

about 20% of people aged 75 have dementia, of which the most common is Alzheimer's dementia. 

Alzheimer's disease is the most common cause of dementia in old age. It is the degeneration of the brain 
that leads to the loss of nerve cells and synapses. Alzheimer's disease (AD) is a slowly progressive disease 

in which pathophysiological abnormalities (amyloid plaques and neurofibrillary threads) are detected in 

vivo by biomarkers indicate. Pathological abnormalities app ear among patients about 10-20 years before 

the symptoms of cognitive dysfunctions. Biomarkers are believed to be one of the most promising solu-

tions for preclinical disease diagnosis. Currently, the best-known biomarkers that can be determined in the 
cerebrospinal fluid and blood are: β-amyloid, tau protein, and phosphorus tau protein (phospho-tau). The 

determination of various biomarkers affects the level of correctness and potentially leads to much faster 

diagnosis of Alzheimer's disease. The major disadvantage of marking biomarkers is the costliness, as well 

as the limited number of the facilities in Poland that can conduct the marking process. 

STATISTICS OF NEURODEGENERATIVE DIS EASES 

The number of people contracting neurodegenerative diseases has been increasing for 
many years now. According to the data of the Central Statistical Office, in Poland the 
number of people over 65 is currently approx. 14.7%. Each subsequent 5 years doubles 
the chances of developing dementia. It is estimated that in 2035 it will reach 24.5%, 
and in 2050 it will increase by over 30% (Neugroschl, 2009). It is estimated that about 
20% of people aged 75 and over have dementia, of which the most common is 
Alzheimer's dementia. Dementia is one of the main causes of mortality among the 
elderly. In addition, currently 127 million people in Europe suffer from brain disease, 
which accounts for 35% of the disease portfolio. The current diagnosis of Alzheimer's 
disease focuses on the justification of mental decline, at which point Alzheimer's disease 
has already caused severe brain damage. Scientists hope to discover an easy and accurate 
way to detect Alzheimer's disease before these devastating symptoms begin. Biomarkers 
are believed to offer one of of the most promising solutions for preclinical disease 
diagnosis. Currently, the best-known biomarkers that can be determined in the cerebro-
spinal fluid and blood are: β-amyloid, tau protein and phosphorus tau protein 
(phospho-tau). The determination of various biomarkers affects the level of correctness 
and potentially leads to much faster diagnosis of Alzheimer's disease. 

  

https://context.reverso.net/t%C5%82umaczenie/angielski-polski/aging
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TYPES OF DEMENTIA  

Dementia is a set of symptoms including cognitive disorders affecting among others 
memory, language, thinking, and post-cognitive functions such as behavioural and 
psychotic disorders. Among dementia diseases, in particular we distinguish Alzheimer's 
disease, dementia with Lewy bodies, frontotemporal dementia, and vascular dementia. 
The main cause of these disorders is degeneration of the brain tissue. In Alzheimer's 
disease, neurons in the brain are destroyed due to the deposition of abnormal proteins 
inside them, while vascular dementia is also degraded by nerve cells, however due to 
the insufficient supply of oxygen and nutrients. Still other dementias may be genetic. 
Alzheimer's disease is the most common cause of dementia in old age. It is the 
degeneration of the brain that leads to the loss of nerve cells and synapses. The disease 
is characterized by progressive impairment of memory, behaviour, and feelings 
(Bannister, 1992) as well as speech disorders and disorientation, which over time 
completely prevent the patient from functioning properly in everyday life. 

DIAGNOSIS OF ALZHEIMER'S DIS EAS E 

In Poland, the basis of the diagnosis of a patient with Alzheimer's disease are screening 
tests to assess cognitive functions, including the Mental State Examination Scale – 
MMSE (Mini-Mental State Examination) and the Clock Drawing Test (CDT) (Bateman, 
Randall, 2007; Jellinger, 1996; Folstein, 1975). These are the two most commonly used 
in the initial assessment of cognitive functions. It is worth noting that cognitive decline 
may not always be a sign of dementia (Mckhann, 1984). Mild Cognitive Impairment 
(MCI) is examined by a neuropsychologist or clinical psychologist. Dementia is on the 
other hand diagnosed by a geriatric, psychiatrist, or neurologist. Correlation 
determinations are also performed in clinical trials of β-amyloid, tau protein, and 
phosphate tau protein in the cerebrospinal fluid. Patients with symptoms of Alzheimer's 
disease have a decrease in the amount of β-amyloid with an increase in tau protein. 

ALZHEIMER'S DIS EASE PATHOGENESIS 

Up until now, the pathogenesis of Alzheimer's disease has not been fully established. 
In recent years, molecular genetics has focused on understanding the pathogenesis of 
Alzheimer's disease through research concerning new biomarkers and the use of 
personalized treatment through the introduction of pharmacogenomics-metabolomics 
procedures in drug discovery experiments. Environmental factors as well as genetics 
contribute to the development of Alzheimer's disease. 

The most important factors influencing the development of Alzheimer's disease are: 

1. Age – over the age of 65 years, the likelihood of developing dementia increases. 
2. Diet – the most beneficial diet to prevent Alzheimer's disease is the Mediterranean 

diet. Research confirms that a diet rich in, among others, olive oil reduces the risk 
of cognitive deficits (Scarmeas, 2009; Knopman, 2009; Berr, 2009). 

3. Interpersonal contacts – a lonely life promotes the development of Alzheimer's 
disease. 

4. Alcohol consumption – recent scientific studies show that alcohol consumption  
(2 drinks a day for men, 1 drink a day for women) does not worsen memory and 
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cognitive functions. A positive effect is attributed to red wine, which is consumed 
as an accompaniment to dinner (Neafsey, 2011; Panza, 2012; Gunzerath, 2004). 

5. Physical activity – there are no clear studies confirming that the lack of physical 
activity influences the development of Alzheimer's disease. Current research 
shows that physical effort (training performed for 6 weeks, 3 times. 

6. per week for 60 minutes) has a positive effect on cognitive functions (Weuve, 
2004; Middleton, 2008; Larson, 2006). 

7. The polymorphism of the ApoE gene encoding apolipoprotein E – Apolipoprotein 
E is a component of all types of lipoproteins. Apolipoprotein E is a polymorphic 
protein (Han, 2004). This means that it has 3 isoforms: ε2, ε3, ε4. The ApoE4 
isoform may lead to the development of diseases such as atherosclerosis and cardio-
vascular diseases, which in turn may contribute to the development of Alzheimer's 
disease (Han, 2003; Strittmatter, 1996). 

ALZHEIMER'S DIS EASE BIOMARKERS 

Biomarker was defined in 2001 by the National Institute of Health as "a trait that is 
objectively measurable and can be used to evaluate physiological biological processes, 
pathological processes, or the body's response to therapeutic interventions" (Vasan, 
2006). The best biomarker should be characterized by the fact that it is easily and 
safely detected by diagnostic methods. The most important feature of the biomarker is 
the disclosure of the disease in the preclinical phase. Alzheimer's disease (AD) is 
a slowly progressive disease in which pathophysiological abnormalities (amyloid plaques 
and neurofibrillary threads) are detected in in vivo studies, biomarker determinations 
appear in patients about 10-20 years before the onset of cognitive impairment 
symptoms (Morris, 2003). 

Currently, five AD biomarkers are established well enough to be used in clinical trials 
and in modern diagnostic criteria. Two of them are proteins in cerebrospinal fluid 
(CSF) and three are brain imaging agents. These five biomarkers fall into two main 
mechanistic categories. The first is the deposition of Aβ (β-amyloid), which is formed 
as a result of proteolytic degradation of the amyloid precursor protein (Beta-Amyloid 
Protein – APP for short), then it is secreted into the cerebrospinal fluid (Hulstaert, 1999). 
Moreover, Aβ occurs in two isoforms Aβ40 (contains 40 amino acids) and Aβ42 
(contains 42 amino acids), which is the more dominant form in brain deposits 
(Blennow, 2004). It is interesting that when examining the level of Aβ in the cerebro-
spinal fluid of AD patients, no differences were found in comparison to patients without 
dementia. Interestingly, a 50% reduction in Aβ42 in the cerebrospinal fluid of AD pa-
tients was found. CSF Aβ42 levels decrease with increasing amyloid plaque depo-
sition. These two amyloid biomarkers are highly correlated when measured in the same 
subjects. The validity of these biomarkers – amyloid plaque deposits has been confirmed 
in correlation studies conducted as part of an autopsy. There is also a method of 
amyloid imaging using the PET technique with a Pittsburgh Compound-B (PIB-PET) 
marker. The PIB-PET technique allows for the quantitative analysis of amyloid in the 
central part of the central nervous system in living organisms. Thanks to the increased 
PIB uptake in patients without dementia, subsequently diagnosed with Alzheimer's 
disease, it is confirmed that this method can be used to detect the preclinical stage of 
AD (Balzak, 2004; Bateman Randall, 2007). 
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The second major category of AD biomarkers is defined as progressive neuronal loss 
with corresponding progressive impairment in neuronal function. The three main 
neurodegenerative biomarkers in AD are elevated levels of total CSF (t-tau) and 
phosphorylated (p-tau) tau, loss of in structural MRI (Magnetic Resonance Imaging). 
Tau protein (MAPT – microtubule associated protein tau) is a phosphoprotein that 
occurs almost only in and only in nerve cells, where it plays the role of a microtubule 
stabilizer (major components of axal transport and signal transduction) (Mecocci, 
1998). So far, it has been established that it occurs in 6 produced isoforms in the brain 
of an adult human. Isoforms consist of 352 to 441 amino acids (Goedert, 1998). 
Among people suffering from Alzheimer's disease, fibrillae are made of improperly 
phosphorylated shapes of the tau protein (Skoog,1995; Arai, 1998). 

β-amyloid (Aβ42/Aβ40) and the tau protein can be determined using the SIMOA test, 
a single molecule matrix test. The principle of such a test is as follows: the digital ELISA 
test counts paramagnetic microspheres coated with antibodies that have undergone a 
procedure like the preparation of samples in a conventional ELISA test. The analytical 
parameters of the test are presented in table 1 (Lue, 2017). 

Table 1. Basic analytical parameters of the SIMOA test. Based on Lue, 2017 

Parameter                                         Biomarker tau Aβ42 Aβ40 

Limit of Detection [pg/mL] 0,019 0,044 0,522 

Limit of quantification [pg/mL] 0,061 0,137 1,23 

Concentration range analytically useful [pg/mL] 0-360  0-400  0-800  

Sample volume needed for testing [μL] 45,5 32,5 32,5 

For the determination of AD biomarkers, it is also possible to use biosensors based on 
carbon nanotubes. Nanomaterials exhibit excellent electronic, mechanical, thermal, and 
optical properties. They are considered to be one of the most attractive ways to promote 
biosensors with increased analytical performance. It was found that the integration of 
biosensors with materials at the nanoscale improves the conductivity and catalytic 
activity of the transmitters. It also favours the immobilization of a large number of 
biological recognition elements on the surface of nanostructures, due to their large 
surface area. The most used nanomaterials are carbon materials such as graphene and 
carbon nanotubes (CNTs), gold nanoparticles (AuNPs) and polymers. Silver nanopar-
ticles (AgNP), magnetic nanoparticles, dendrimers, and quantum dots (QD) are also 
used to a lesser extent (Pedro, 2019). A biosensor using single-walled carbon nanotubes 
(SWCNTs) was developed to detect analytes in real time. The antibodies were immo-
bilized on the surface of gold that had previously been functionalized with Escherichia 
coli. After the antibodies were immobilized on the surface, the orientation of the 
antibodies was controlled. This made it possible to achieve higher sensitivity while 
effectively blocking non-specific bindings. This biosensor was used to quantify Aβ42 
in human serum, the level of which is only 1 pg/mL (Oh, 2013). 

Lisi and colleagues developed a biosensor to detect the Tau protein by coupling CNTs 
and Surface Plasmon Resonance (SPR) together. Carbon nanotubes have been properly 
prepared so that they can connect with a secondary antibody. Thanks to this, the 
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construction of a biosensor was obtained, in which the gold surface was coated with 
the primary antibody of the Tau protein, which was able to capture the analyte from the 
solution. The biosensor was then exposed to a solution containing carbon nanotubes with 
secondary antibodies attached. As a result of those procedures, the biosensor sensitivity 
was 100 times higher compared to the direct detection of the Tau protein based on the 
antibody-antigen interaction only. Carbon nanotubes functionalized with secondary 
antibodies acted as mass increasing elements, thanks to which a constant change in the 
refractive index was ensured, which is extremely important in the case of research 
using the SPR technique. Using this solution, under laboratory conditions, the resear-
chers were able to determine the concentration of Tau protein at the level of 125-1000 
pM. In the range of these concentration values, an exponential biosensor response was 
observed while maintaining good repeatability and selectivity (Lisi, 2013). 

Table 2 presents other promising methods for the determination of AD biomarkers. 

Table 2. Other selected methods of AD biomarker determination 

Biomarker Detection method Reference 

ApoE Electrochemical DNA biosensor using graphene quantum dots. Mars, 2018  

 

Aβ42 A marker-free electrochemical immunological biosensor based on 

a gold electrode modified with AuNP. 

Carneiro, 2017 

Aβ40, Aβ42, 
Tau 

Biosensor based on a platform modified with AuNP of various 
shapes and appropriate antibodies. The analyzes were performed 

using the Localized Surface Plasmon Resonance (LSPR) 

Kim, 2018 

Aβ, ApoE Immunoassay based biosensor using porous magnetic 
microspheres. 

de la Escosura-
Muñiz, 2015  

OTHER SUBSTANCES THAT COULD BE POTENTIAL AD BIOMARKERS 

Ubiquitin is a small-molecule peptide composed of 76 amino acid residues (Murray, 
2006). Protein has been linked to neurodegenerative diseases related to proteostatic 
dysfunction such as Alzheimer's disease, motor neuron disease, Huntington's disease, 
and Parkinson's disease. Transcription variants encoding the different isoforms of 
ubiquilin-1 are found in lesions associated with Alzheimer's and Parkinson's disease. 
Increased amounts of ubiquitin in the brain have been shown to reduce deformation of 
the amyloid precursor protein (APP), which plays a key role in causing Alzheimer's 
disease. Conversely, lower levels of ubiquilin-1 in the brain are associated with an 
increased developmental defect of APP. This abnormal peptide, known as UBB + 1, 
has been shown to accumulate selectively in Alzheimer's disease and other tauopathies. 

Sulfatides (aka 3-O-sulfated galactosylceramides/galactocerebrosides, SM4) are sulfuric 
acid esters of galactosylceramides (GalCer). They are synthesized mainly by oligo-
dendrocytes in the central nervous system and in Schwann cells of the peripheral 
nervous system (Han, 2004, Han, 2003). Due to the potential role of ApoE lipoprotein 
in controlling sulfatide levels in the brain, sulfatide deficiency may be associated with 
ApoE lipoprotein metabolism. The human ApoE ɛ4 allele is a genetic risk factor for 
Alzheimer's disease and its expression in mice with ApoE deficiency correlates with 
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significantly reduced levels of sulfatides in the brain (Eckhardt, 2008; Han, 2002; 
Strittmatter, 1996). 

Isoprostanes are prostaglandin isomers that are formed as a result of free radical 
peroxidation of polyunsaturated fatty acids, and a marker of oxidative stress. They are 
used as selective indicators of acute inflammation and degenerative diseases because of 
oxidative stress. The formation of prostaglandin-like structures as products of arachi-
donic acid (AA) peroxidation in vitro was first described by Mehelich et al in 1990. 
These compounds are referred to as F2-isoP. Oxidative stress may play a role in the 
pathogenesis of AD. In AD there is an increased amount of F2-iPs in the cerebrospinal 
fluid compared to the control group (Lawson, 1999; Fagan, 2007). 

SUMMARY 

AD is a disease that takes 10 to 20 years to show its first symptoms. Currently, bio-
markers are available for detecting Alzheimer's disease in the preclinical phase. Several 
potential biomarkers are being tested for their ability to pinpoint the early stages of 
Alzheimer's disease. Examples under study include levels of beta-amyloid and tau 
protein in the cerebrospinal fluid (CSF), and brain changes detected by imaging. 
Before a biomarker can be used in diagnosis, it must be validated in multiple studies on 
large groups of people to confirm that it accurately and reliably indicates the presence 
of the disease. Quantitative determinations, depending on the examined biomarker, can 
be carried out using a variety of techniques, already well known to analysts. One of 
them is the SIMOA test using paramagnetic microspheres, which in terms of prepa-
ration for assays is like a standard conventional ELISA test. Other techniques cited in 
the literature are electrochemical DNA biosensors with carbon nanotubes, biosensors 
based on gold nanoparticles using electrochemical techniques as detection methods or 
Localized Surface Plasmon Resonance, and immunological biosensors with the use of 
magnetic microspheres. 
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