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Abstract 

Background: Ischemic stroke (IS) is a leading cause of death and disability worldwide. Since the 

influence of vascular stressors prompts cross-reactivity with microbial and human HSPD1 (HSP60), 

which results in the degradation of vascular endothelium and intimal infiltration by mononuclear 

cells, HSP60 is viewed as a key player in the autoimmune theory of atherosclerosis. The aim of the 

study: The present pilot study investigated whether the tag SNP rs11682567 HSPD1 is associated 

with the risk of IS. Materials and methods: DNA samples from 1176 unrelated Russian subjects 

(708 IS patients and 468 healthy controls) were genotyped for tagging SNP rs11682567 in the HSPD1 

gene using the MassArray-4 system. A log-additive regression model was used to interpret the asso-

ciations between genotypes and IS risk. Results: We discovered that smoking, a major environmental 

endothelial stressor, dramatically modifies the link between rs11682567 and IS, with a relationship 

only being seen in smokers (risk allele G; OR = 2.11, 95% CI = 1.17-3.82; P = 0.0075). The functional 

annotation of this SNP revealed that risk allele G of rs11682567 impacts the expression and alterna-

tive splicing of genes that regulate brain ischemia-reperfusion injury, reactive oxygen species pro-

duction, toll-like receptor 4 internalization, and pro-inflammatory properties. Moreover, allele  

G rs11682567 creates binding sites for transcription factors jointly involved in biological processes 

encompass neurogenesis, monocyte differentiation, fatty acid metabolism, cell signalling, and apop-

tosis. Conclusion: Thus, rs11682567 SNP in the HSPD1 gene represents a novel genetic marker of 

ischemic stroke, whose significance for the pathogenesis of IS is mediated by smoking. 

Keywords: ischemic stroke; heat shock; mitochondrial folding; HSPD1; HSP60; chaperones; ather-
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Introduction. Ischemic stroke is a major 

global cause of death and disability [1]. A lot 

of studies have been done so far to investigate 

the genetic nature of stroke [2] and stroke-re-

lated phenotypes, like hypertension [3] and 

atherosclerosis [4]. Heat Shock Proteins 

(HSPs) are engaged in a number of cellular 

processes, including immunological response, 

inflammation, and apoptosis, that may have an 

effect on the outcomes of stroke [5]. Also, by 

stabilising proteins and assisting in protein re-

folding and degradation, HSPs directly con-

tribute to the protection of cells and tissues 

against the damaging effects of ischemia [6].  

HSPD1, otherwise known as heat shock 

protein 60 (HSP60), is a chaperonin that is pre-

sent in human mitochondria. It assists in pro-

tein folding and is required for preserving mi-

tochondrial functionality, which is essential for 

cell survival [7]. A major risk factor for stroke 

is atherosclerosis, an inflammatory condition 

which was initially referred to an immunolog-

ical response against HSP60 [8]. There is a 

chance of cross-reactivity between human and 

microbial HSP60, which can cause endothelial 

damage and inflammation and possibly aid in 

the onset of atherosclerosis [4]. To our 

knowledge, no research has looked into the re-

lationship between HSPD1 SNPs and IS risk. 

The aim of the study. To investigate 

whether SNP rs11682567 HSPD1 is related 

with the risk of IS. 

Materials and methods. The study en-

rolled 1176 unrelated Russians from Central 

Russia, including 708 patients with IS and 468 

healthy people. The study protocol was ap-

proved by the Kursk State Medical Universi-

ty's Ethical Review Committee. Before being 

accepted into the study, each participant pro-

vided written informed consent and agreed to 

the inclusion criteria listed below: self-de-

clared Russian ancestry and birthplace in Cen-

tral Russia.  

In Table 1, the study population's base-

line characteristics are presented. 

Table 1 

Baseline characteristics of the studied groups 

 

Both the Regional Vascular Centre of 

Kursk Regional Clinical Hospital and the Neu-

rology Clinics of Kursk Emergency Medicine 

Hospital participated in the study's patient re-

cruitment [9-12]. In order to diagnose IS during 

the acute phase of stroke, the results of the neu-

rological examination, brain computed tomog-

raphy, and/or magnetic resonance imaging were 

used. The following conditions were used to ex-

clude individuals from the IS study: traumatic 

brain injury; intracerebral haemorrhage; hemo-

dynamic or dissection-related stroke; hepatic or 

renal failure; autoimmune, oncological, or other 

disorders that can produce an abrupt cerebro-

vascular event. All of the IS patients had a his-

tory of hypertension and were taking medica-

tion to lower their blood pressure. 

The control group consisted of healthy 

volunteers with normal blood pressure, not re-

ceiving antihypertensive therapy, without clin-

ical signs of cardiovascular, cerebrovascular 

and other serious diseases. If a healthy individ-

ual's systolic blood pressure was less than 130 

mm Hg and/or their diastolic blood pressure 

was less than 85 mm Hg on at least three dif-

ferent occasions, they would have qualified for 

Baseline characteristics 
IS patients 

(n=708) 

Controls 

(n=468) 
P-value 

Age, Ме [Q1; Q3] 63 [55; 70] 57 [54; 64]  <0.001 

Gender 
Males, N(%) 399 (56.4%) 168 (35.9%)  <0.001 

Females, N(%) 309 (43.6%) 300 (64.1%) 

Smoking 
Yes, N (%) 365 (51.5%)  82 (17.5%) 

<0.001 
No, N (%) 343 (48.5%)  386 (82.5%) 



 
Оригинальная статья 

Original article 

 

  

Научные результаты биомедицинских исследований. 2024;10(2):175-186 
Research Results in Biomedicine. 2024:10(2):175-186 

177 

 

inclusion in the control group. When undergo-

ing medical examinations at public institutions 

and industrial businesses in the Kursk region, 

control subjects were recruited from Kursk 

hospitals during particular periods [13, 14]. 

During the same time frame and from the same 

population, this cohort was recruited [15]. 

The selection of SNPs was based on the 

following criteria: the SNP needs to be tag-

ging, with a minor allele frequency of at least 

0.05 in the European population, and stand out 

for having a high regulatory potential. The bi-

oinformatic tools SNPinfo Web Server 

(https://snpinfo.niehs.nih.gov/) and LD TAG 

SNP Selection, which were used to identify 

SNPs based on the reference haplotypic struc-

ture of the Caucasian populations (CEU, TSI) 

of the project HapMap, determined that the 

rs11682567 HSPD1 is a tagging SNP. This 

SNP is located in intron chr2:197490429 

(GRCh38.p14) and characterized by the re-

placement T>G 

(https://www.ncbi.nlm.nih.gov/snp/rs11682567). 

The regulatory potential of rs11682567 

was evaluated using a variety of bioinformatic 

tools [16]. The RegulomeDB online tool 

(https://regulomedb.org/regulome-search/ (ac-

cessed November 20, 2022)) showed that 

rs11682567 is characterized by a regulatory 

coefficient of 5 (TF binding or DNase peak). 

This SNP is characterized by Enhancer histone 

marks and regulatory motifs, according to the 

HaploReg (v4.1) database (http://ar-

chive.broadinstitute.org/mammals/hap-

loreg/haploreg.php (accessed on November 

20, 2022)). 

The NCBI source's data 

(https://www.ncbi.nlm.nih.gov/snp/) indicates 

that this genetic variation is described by an 

average minor allele frequency of >0.05 in Eu-

ropean populations. In light of the fact that 

SNP rs11682567 satisfies the prerequisites for 

study inclusion, it was chosen for our research. 

Genetic Analysis. The Laboratory of 

Genomic Research at the Research Institute for 

Genetic and Molecular Epidemiology of Kursk 

State Medical University (Kursk, Russia) per-

formed the DNA analysis. The conventional 

technique of phenol/chloroform extraction and 

ethanol precipitation was used to extract ge-

nomic DNA from thawed blood samples. The 

MassARRAY-4 genetic analyzer (Agena Bio-

science, San Diego, CA, USA) was used for 

genotyping.  

The SNP primers were created through the 

use of the Agena Bioscience's Assay Design 

Suite software, and genotyping was accom-

plished by means of matrix-assisted laser desorp-

tion ionization mass spectrometry (MALDI-

TOF). The remaining dNTP and primers were 

removed by employing the SAP enzyme after a 

PCR reaction specific to the locus. Mass-modi-

fied dideoxy-nucleotide terminators of an oligo-

nucleotide primer were then utilized to carry out 

single-base extension, which occurred upstream 

of the desired polymorphic site. 

A PCR reaction was conducted on a 

spectral chip using a 5 µL reaction mixture that 

included 3 µL of PCR mix consisting of 80.6 

µL of ddH2O, 50.4 µL of 10x buffer, 40.3 µL 

of MgCl2 (25 mmol/L), 10.1 µL of a mixture 

of dNTP (25 mmol/L), 100.8 µL of a mixture 

of PCR primers (0.5 mmol/L), and 20.16 µL of 

HotStartTaq polymerase (5 U/µL), as well as 2 

µL of DNA (10 ng/µL). The reaction was car-

ried out for 125 minutes in a CFX96 Bio-Rad 

thermal cycler, with the following program: 

denaturation at 95 °C for 2 minutes, followed 

by 44 cycles of denaturation at 95 °C for 

30 seconds, annealing at 56 °C for 30 seconds, 

and elongation at 72 °C for 60 seconds. The 

samples were then incubated at 72 °C for 

5 minutes. 

The unreacted dNTPs present in the PCR 

samples were eliminated using the shrimp al-

kaline phosphatase (SAP) reaction, which in-

volved the hydrolysis of dNTPs to nucleosides 

and phosphates by the alkaline phosphatase of 

shrimp. To achieve this, 2 µL of SAP mixture, 

consisting of 161.6 µL of ddH2O, 18 µL of 

10xTS buffer, and 31.7 µL of SAP enzyme, 

was added to each well, and the plate was 

loaded into the CFX96 Bio-Rad thermal cy-

cler. The SAP reaction was carried out for 

55 minutes, comprising 45 minutes at 37 °C, 

followed by 10 minutes at 85 °C. 

https://www.ncbi.nlm.nih.gov/snp/rs11682567
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To prepare for the third iPLEX reaction, 

an E-primer mix was created based on the mo-

lecular weight of the E-primers. The resulting 

mixture was evaluated using mass spectrometry 

to determine the intensity of the E-primer peaks, 

and the necessary quantities of E-primers were 

added to the mix to achieve the same signal in-

tensity. 2 µL of iPLEX-mix (consisting of 65.4 

µL of ddH2O, 21.2 µL of iPLEX buffer, 21.2 µL 

of terminating mixture, 99.3 µL of E-primer mix, 

and 4.33 µL of iPLEX enzyme) was then added 

to each well. The plate was loaded into a CFX96 

Bio-Rad thermal cycler and underwent denatur-

ation at 94 °C for 30 seconds, followed by 40 cy-

cles of denaturation at 94 °C for 5 seconds, an-

nealing at 52 °C for 5 seconds, and elongation at 

80 °C for 5 seconds. The reaction was then incu-

bated at 72 °C for 3 minutes. After the iPLEX 

reaction was complete, 30 µL of water was 

added to all wells, and the plate was loaded into 

a mass spectrometer. 

To prevent the formation of contaminant 

peaks resulting from the binding of small polar 

molecules and positively charged sodium and 

potassium cations to oligonucleotides, the am-

plicons underwent robotic desalination using 

SpectroCLEAN resin (Agena Bioscience). 

The samples were loaded onto a spectral 

chip with an ionization matrix using the Nano-

dispenser workstation in automatic mode. The 

samples formed crystals on the SpectroCHIP, 

which were then ionized by a high-energy la-

ser, resulting in the ionization of DNA mole-

cules. Subsequently, the ionized DNA samples 

were passed through a time-of-flight tube with 

an electric field. By detecting the time-of-flight 

of analytes, we could determine the genotype 

of the analytes. Finally, the results of mass 

spectrometric analysis for each SNP were re-

viewed using the TyperAnalyzer program from 

Agena Bioscience. 

To ensure quality control, 95 randomly se-

lected DNA samples were chosen for repeat gen-

otyping on the same platform, without 

knowledge of the case-control status. The repeat-

ability test revealed a 100% concordance rate.  

• QTLbase Bioinformatic tool 

(http://www.mulinlab.org/qtlbase/index.html 

(accessed February 24, 2023)) was used for anal-

ysis of expression quantitative trait loci (eQTLs) 

in brain, whole blood, and blood vessels. Addi-

tionally, for QTL analysis of the peripheral blood 

effect the eQTL online tool was used. 

• STRING database's bioinformatic 

tools were utilised to analyse the main func-

tional partners of HSPD1 (https://string-

db.org/ (accessed February 24, 2023)). The 

STRING database was also used for analysis 

of biological processes and molecular func-

tions reflecting interactions HSPD1 with key 

functionally relevant proteins (accessed Febru-

ary 21, 2023). 

• The effect of rs11682567 HSPD1 on 

the binding of transcription factors (TFs) to 

DNA based on the presence of the reference/al-

ternative alleles was assessed using the atSNP 

Function Prediction online tool 

(http://atsnp.biostat.wisc.edu/search (accessed 

February 21, 2023)). In accordance with a po-

sitional weight matrix-based calculation of the 

impact of SNPs on how well TFs interact with 

DNA, certain TFs were added.  

• It was possible to assess the joint 

participation of TFs linked to the refer-

ence/SNP alleles in overrepresented biological 

processes directly associated with the patho-

genesis of IS using the Gene Ontology web 

tool (http://geneontology.org (accessed Febru-

ary 24, 2023)). 

• The Comparative Toxicogenomics 

Database (CTD) resource (http://ctdbase.org 

(accessed February 24, 2023)) was used for in-

terpretation on environment-associated corre-

lates of HSPD1. Based on information from 

globally published studies, CTD enables the 

analysis of particular interactions between 

genes and chemicals in vertebrates and inver-

tebrates. One chemical and one gene or protein 

were the subjects of this tool's analysis of bi-

nary interactions.  

• For a bioinformatic examination of 

the connections between rs11682567 HSPD1 

and stroke-related phenotypes, intermediate phe-

notypes (such as blood pressure, heart rate etc.), 

the Cerebrovascular Disease Knowledge Portal 

(CDKP) (https://cd.hugeamp.org/ (accessed 
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February 24, 2023)) and Cardiovascular Disease 

Knowledge Portal (https://cvd.hugeamp.org/ 

(accessed February 24, 2023)) were used. 

Results and discussion 

Associations of rs11682567 HSPD1  

with the Risk of Ischemic Stroke. Table 2 
displays the genotype frequencies of 
rs11682567 HSPD1 in the study groups. 

 

Table 2 

Results of the analysis of associations between rs11682567 HSPD1 gene SNP  

and ischemic stroke risk 

Genotypes Controls (N=468) IS patients (N=708) OR (95% CI) P 

Entire group 

T/T 360 (76.9%) 511 (72.2%) 

adj1.25 (0.95-1.65) adj0.11 G/T 104 (22.2%) 184 (26%) 

G/G 4 (0.8%) 13 (1.8%) 

Maf (G) 0.120 0.148 

Nonsmokers 

T/T 292 (75.7%) 256 (74.6%) 

1.07 (0.78-1.46) 0.68 
G/T 90 (23.3%) 82 (23.9%) 

G/G 4 (1%) 5 (1.5%) 

Maf (G) 0.127 0.134 

Smokers 

T/T 68 (82.9%) 255 (69.9%) 

2.11 (1.17-3.82) 0.0075 
G/T 14 (17.1%) 102 (27.9%) 

G/G 0 (0%) 8 (2.2%) 

Maf (G) 0.085 0.162 

Note: 1 – odds ratio and 95% confidence interval; P – P-level. Every computation was done in relation to the minor alleles. 

Differences that are statistically significant are highlighted in bold. adj – calculations, performed with adjustment for sex, 

age, smoking. 

 

In each case and control groups, the gen-

otype frequencies of all examined SNPs were 

distributed according to the Hardy-Weinberg 

equilibrium (P>0.05). The analysis of the total 

sample did not reveal associations between 

rs11682567 HSPD1 and IS risk (Table 2). 

Subsequent sub-group analysis showed 

that rs11682567 was associated with an in-

creased risk of IS exclusively in smokers (risk 

allele G; OR = 2.11; 95% CI = 1.17–3.82; 

P = 0.0075). 

Bioinformatics Analysis. The HSPD1 

gene is highly expressed in brain tissues, blood 

vessels, and whole blood. In brain tissues, gene 

expression levels of HSPD1 (MeTPM) varies 

from 77.57 to 159.3; in blood vessels – from 

122.4 to 131.0; in whole blood 

MeTPM=30.69. 

QTL-effects. According to  the QTLbase, 

the G allele rs11682567 is associated with 

eQTL-mediated up-regulation of HSPD1 ex-

pression in the brain-hippocampus 

(beta=0.174; FDR=0.002), as well as up-regu-

lation of ANKRD44 in Blood-T cell CD4+na-

ive (beta=0.02; FDR=0.03) and ANKRD44-IT1 

in blood-T cells CD4+ naive (beta=0.038; 

FDR=0.02)/blood-neutrophils CD16+ 

(beta=0.015; FDR=0.036) (http://www.mulin-

lab.org/qtlbase).  

Furthermore, using the eQTLGen re-

source, it was discovered that the G allele 

rs11682567 had an impact on the expression of 

the genes AC013264.2, MARS2, RFTN2, 

COQ10B, SF3B1, and HSPE1 as well as an in-

crease in the expression of the PLCL1 gene in 

peripheral blood (Table 3). 

Using the bioinformatics tool FIVEx, it 

was feasible to determine how the G 

rs11682567 allele affects the alternative splic-

ing of the HSPD1, ANKRD44, COQ10B, 
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HSPE1, MOB4, RFTN2, and SF3B1 genes in 

blood cells and brain tissues by cis-sQTL-me-

diated effects (https://fivex.sph.umich.edu). 

Analysis of transcription factors. Risk 

allele G of rs11682567 creates binding sites for 

transcription factors BRCA1, COMP1, 

FOXO3, FOXO4, HMGA1, IRF7, MYC, 

RUNX2, SOX10, SOX17, SOX2, Sox6, 

SOX9, SRY. According to the Gene Ontology 

resource, these transcription factors are jointly 

involved in overrepresented biological pro-

cesses, such as «glial cell fate commitment» 

(GO:0021781; FDR=0.005); «regulation of 

monocyte differentiation» (GO:0045655; 

FDR=0.01); «neuronal stem cell population 

maintenance» (GO:0097150; FDR=0.014); 

«negative regulation of fatty acid metabolic 

process» (GO:0045922; FDR=0.03); «nega-

tive regulation of neuron differentiation» 

(GO:0045665; FDR=0.003); «oligodendrocyte 

differentiation» (GO:0048709; FDR=0.003); 

«cellular response to growth factor stimulus» 

(GO:0071363; FDR=0.02); «cellular response 

to cytokine stimulus» (GO:0071345; 

FDR=0.009); «negative regulation of apop-

totic process» (GO:0043066; FDR=0.02).  

The etiopathogenesis of IS is greatly influ-

enced by all of these biological processes. The 

fact that TFs that bind to the G allele also con-

trol «DNA methylation» (GO:0044030; 

FDR=0.016) and «chromatin organization» 

(GO:0006325; FDR=0.004) adds to the notion 

that rs11682567 HSPD1 plays a substantial 

role in the mechanisms of epigenetic regula-

tion. It is remarkable that no overrepresented 

GO was discovered when TFs that bind to the 

reference allele T rs11682567 were  

examined. 

Table 3 

Cis-eQTL-mediated effects of rs11682567 HSPD1 in peripheral blood according 

 to the resource eQTLGen (https://www.eqtlgen.org/) 

SNP 
Effect  

allele 
Symbol P-value FDR Z-score N samples 

rs11682567 G PLCL1 4.44×10-149 <0.0001 26.0043 31644 

rs11682567 G AC013264.2 1.24×10-71 <0.0001 -17.8972 5502 

rs11682567 G MARS2 1.86×10-41 <0.0001 -13.4873 31644 

rs11682567 G RFTN2 1.04×10-36 <0.0001 -12.6552 31176 

rs11682567 G COQ10B 2.67×10-17 <0.0001 -8.4598 31684 

rs11682567 G SF3B1 2.90×10-11 <0.0001 -6.6516 31684 

rs11682567 G HSPE1 2.24×10-8 0.0001 -5.5922 14263 

 

Bioinformatic analysis of the associa-

tions of rs11682567 HSPD1 with cerebral 

stroke and intermediate phenotypes. Accord-

ing to the bioinformatic resources Cerebrovas-

cular Disease Knowledge Portal (CDKP) and 

Cardiovascular Disease Knowledge Portal 

(CVDKP), which integrate and evaluate the 

genetic association data from the greatest con-

sortiums for the research of cardiovascular and 

cerebrovascular disorders, the risk allele G of 

rs11682567 HSPD1 is associated with increas-

ing in diastolic blood pressure (beta=0.007; 

P=0.0007), total cholesterol (beta=0.0033; 

P=0.033), coronary artery disease in subjects 

without diabetes (OR=1.09; P=0.043). 

Protein-Protein Interactions. Using the 

STRING database, 10 proteins (proteins of the 

first shell of interactors) distinguished by the 

most pronounced interactions with HSPD1 

were discovered: HSPE1, HSPA9, TLR4, 

TLR2, HSP90AA1, HSP90AB1, TST, 

GRPEL1, TRAP1, DHFR (PPI enrichment p-

value=7.46×10-5) (Figure). 

It is interesting that the majority of 
HSPD1's primary functional partners exhibit 
chaperone and co-chaperone activities, which 
are strongly associated with proteostasis (by 
regulation of protein import, misfolding and 
refolding of unfolded proteins under stress), in-
flammatory response (by NF-kappa-B activa-
tion), folate metabolism (Table 4).  

 

https://fivex.sph.umich.edu/
https://www.eqtlgen.org/
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Fig.  Predicted Functional Partners of HSPD1 (https://string-db.org/) 

 

 

HSPD1 and its primary functional part-
ners jointly participate in biological processes 
which reflects biological processes crucial to 
the pathophysiology of IS, such as proteosta-
sis, oxidative stress, inflammation, regulation 
of extracellular matrix, endothelial dysfunc-
tion, heat stress, apoptosis, neurogenesis, sell 
signaling (https://string-db.org/cgi/net-
work?taskId=bACSg8aUeF2I&ses-
sionId=bjoEZTIHrwUn). 

The current study demonstrates for the 
first time that polymorphism rs11682567 in the 
gene encoding Heat Shock Protein Family D 
(Hsp60) Member 1 (HSPD1) is linked to the 
risk IS and is significantly modified by smok-
ing. HSPD1 is expressed in vessels, brain tis-
sues and blood. This chaperonin is responsible 
for regulating mitochondrial protein homeosta-
sis and mitochondrial function: it encourages 
unfolded polypeptides to fold normally in 
stressful conditions, avoids misfolding, and fa-
cilitates imported proteins fold properly [17]. 
Previous studies have demonstrated a substan-
tial function for HSPD1 in the emergence of  

cardiovascular diseases. Patients with CVD 
showed elevated HSP60 levels [18]. Currently, 
HSP60 is seen as a major player in the autoim-
mune theory of atherosclerosis [8, 19]. The 
highly conserved microbial HSP60 antigen is a 
target of protective, advantageous adaptive im-
munity that all humans develop [20]. However, 
exposure to endothelial stressors, such as com-
ponents of cigarette smoke, causes HSP60 ex-
pression in vascular endothelial cells that do 
not typically express HSP60, which causes a 
(cross)reaction and destruction of these target 
cells by preexisting cellular and humoral im-
munity against HSP60, resulting in intimal in-
filtration by mononuclear cells [19]. HSP60 
also has a sizable impact on the regulation of 
vascular smooth muscle cells because it acti-
vates the IKK/NF-B, ERK/MAPK, and TLR4 
pathways, which promote vascular smooth 
muscle cell migration, thicken the intima, and 
are important in vascular wall remodeling [18, 
21, 22, 23]. Thus, in total, exposure to vascular 
stressors triggers a "vicious circle" of an auto-
immune response leading to the progression of 
atherosclerosis. 

https://string-db.org/
https://string-db.org/cgi/network?taskId=bACSg8aUeF2I&sessionId=bjoEZTIHrwUn
https://string-db.org/cgi/network?taskId=bACSg8aUeF2I&sessionId=bjoEZTIHrwUn
https://string-db.org/cgi/network?taskId=bACSg8aUeF2I&sessionId=bjoEZTIHrwUn
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Table 4 

Main functional characteristics of HSPD1 predicted functional partners (https://string-db.org/) 

Protein Functions 
* Score 

1 2 3 4 5 6  

HSPE1 

10 kDa heat shock protein, mitochondrial; Co-chaperonin implicated in mitochondrial protein import and macromolecu-

lar assembly. May also prevent misfolding and promote the refolding of unfolded polypeptides generated under stress 

conditions in the mitochondrial matrix. 

• • • •  • 0.999 

HSPA9 
Stress-70 protein, mitochondrial; Chaperone protein which plays an important role in mitochondrial iron-sulfur cluster 

biogenesis. May be involved in the regulation of proliferation of cells and cellular ageing. 
•  • • • • 0.999 

TLR4 

Toll-like receptor 4; operates through MYD88, TIRAP, and TRAF6, triggering the release of cytokines and the inflam-

matory response. In complex with TLR6, promotes sterile inflammation in monocytes/macrophages in response to oxi-

dized low-density lipoprotein.  

   • • • 0.999 

TLR2 

Toll-like receptor 2; activates NF-kappa-B, causes the release of cytokines, and triggers the inflammatory response by 

acting through MYD88 and TRAF6. In response to the lipid moiety of lipoproteins, may also cause immune cells to 

become active and promote apoptosis. 

   • • • 0.998 

HSP90AA1 

Molecular chaperone that engages with a range of client protein classes via its interaction with various co-chaperone 

proteins or complexes, that act as adapters, simultaneously able to interact with the specific client and the central chap-

erone itself. Plays a critical role in mitochondrial import.  

  • •  • 0.998 

HSP90AB1 
Molecular chaperone that promotes the maturation, structural maintenance and proper regulation of specific target pro-

teins involved for instance in cell cycle control and signal transduction.  
  • •  • 0.990 

TST 
Together with MRPL18, acts as a mitochondrial import factor for the cytosolic 5S rRNA. Only the nascent unfolded 

cytoplasmic form is able to bind to the 5S rRNA. 
   •  • 0.989 

GRPEL1 
GrpE protein homolog 1, mitochondrial; Seems to control the nucleotide-dependent binding of mitochondrial HSP70 to 

substrate proteins. 
•  • • • • 0.987 

TRAP1 
A negative regulator of mitochondrial respiration able to modulate the balance between oxidative phosphorylation and 

aerobic glycolysis.  
  • •  • 0.986 

DHFR Dihydrofolate reductase; Key enzyme in folate metabolism.  •  • •  • 0.984 

Note: Data obtained with STRING database; * - Proven interaction mechanisms: 1 – Neighborhood; 2 – Cooccurence; 3 – Coexpression; 4 – Experiments; 5 – Databases; 6 – Textmin-

ing. 
 

https://string-db.org/
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According to bioinformatics analysis uti-

lising the STRING database, the key functional 

partners of HSPD1 are involved in a number of 

overrepresented biological processes associ-

ated with atherosclerosis, managing not just 

proteostasis but also oxidative stress, MyD88-

dependent toll-like receptor signaling path-

way, I-kappaB phosphorylation, production of 

pro-inflammatory cytokines, nitric-oxide syn-

thase level, macrophage activation and prolif-

eration, extracellular matrix organization, 

apoptosis, tumor necrosis factor production, 

neurogenesis. This provides more proof that 

HSPD1 plays a crucial part in the pathogenetic 

processes that specifically cause stroke. 

We used bioinformatics analysis to sup-

port the discovered link because no analysis of 

correlations of rs11682567 HSPD1 with the 

development of IS has been conducted so far. 

First, a large number of genes are impacted by 

the risk allele G of rs11682567 HSPD1's ef-

fects on their level of expression and alterna-

tive splicing, including: ANKRD44, which can 

regulate NF-κB, an important pro-inflamma-

tory signaling pathway [24]; PLCL1, which 

modulates VEGFR2 signalling to promote an-

giogenesis in the central nervous system and 

vascular endothelial cell inflammation [25]; 

MARS2, regulating ROS production [26]; 

RFTN2, driving toll-like receptor 4 internalisa-

tion [27]; COQ10B, regulating mitochondrial 

respiratory chain assembly [28], brain ische-

mia-reperfusion [29] and ROS level [30]; 

SF3B1, a major regulator of hypoxia [31]; 

HSPE1, a component in ischemia damage con-

trol [32]. Second, it was discovered that the 

risk allele G of rs11682567 creates binding 

sites for transcription factors that jointly regu-

late biological processes with a high pathoge-

netic significance for IS. These biological pro-

cesses encompass neurogenesis, monocyte dif-

ferentiation, fatty acid metabolism, cell signal-

ling (response to growth factor stimulus, to cy-

tokine stimulus), and apoptosis. Third, it was 

discovered that the risk allele G is associated 

with an increase in diastolic blood pressure, to-

tal cholesterol levels, which are modifiable risk 

factors for the IS, as well as coronary heart dis-

ease, which is pathogenetically related to IS. 

Numerous studies have shown that 

smoking can significantly modify the associa-

tion of genetic markers with the risk of multi-

factorial diseases [33], including stroke [9-12]. 

The effect of cigarette smoke on the up-regu-

lation of HSP60 in humans has been demon-

strated in a large number of studies [34, 35]. 

This discovery further justifies the significance 

of endothelial stressors in initiating HSPD1-

dependent pro-atherosclerotic molecular path-

ways and helps to explain the strong risk ef-

fects of rs11682567 HSPD1 we observed in 

smokers and their absence in nonsmokers. 

In conclusion, our case-control study 

findings indicate that the HSPD1 gene variant 

of rs11682567 contributes to IS susceptibility. 

Further research is required to confirm these 

findings and look into the potential molecular 

mechanisms underlying the associations be-

tween HSPD1 gene variants and IS risk. 

Conclusion. The present study reveals 

the novel genetic association between 

rs11682567 HSPD1 and the risk of IS observed 

exclusively in smokers. These data provide the 

new insights of involvement of HSP60 in car-

diovascular pathology. Further studies may 

help to uncover the details of its particular role 

in the stroke pathogenesis. 

 

Financial support 

This research was funded by the Russian Sci-

ence Foundation (№ 22-15-00288, 

https://rscf.ru/en/project/22-15-00288/). 

 

Conflict of interests 

The authors have no conflict of interest to de-

clare. 

 

References 

1. GBD 2016 Neurology Collaborators. 

Global, regional, and national burden of neurolog-

ical disorders, 1990-2016: a systematic analysis for 

the Global Burden of Disease Study 2016. The 

Lancet Neurology. 2019;18(5):459-480. DOI: 

https://doi.org/10.1016/S1474-4422(18)30499-X 

2. Bushueva O, Barysheva E, Markov A, 

et al. DNA Hypomethylation of the MPO Gene in 

Peripheral Blood Leukocytes Is Associated with 

Cerebral Stroke in the Acute Phase. Journal of Mo-

lecular Neuroscience. 2021;71(9):1914-1932. 

DOI: https://doi.org/10.1007/s12031-021-01840-8 



 
Оригинальная статья 

Original article 

 

  

Stetskaya TA, et al. HSPD1 gene polymorphism is associated with … 184 

 

3. Bushueva O, Solodilova M, Ivanov V, 

et al. Gender-specific protective effect of the -

463G>A polymorphism of myeloperoxidase gene 

against the risk of essential hypertension in Rus-

sians. Journal of the American Society of Hyper-

tension. 2015;9(11):902-906. DOI: 

https://doi.org/10.1016/j.jash.2015.08.006 

4. Wick C. Heat Shock Protein 60: A Me-

diator of Atherosclerosis and Its Potential Thera-

peutic Role. In: Asea AAA, Kaur P, editors. Chap-

erokine Activity of Heat Shock Proteins. Cham: 

Springer International Publishing; 2019. DOI: 

https://doi.org/10.1007/978-3-030-02254-9_4 

5. Hu C, Yang J, Qi Z, et al. Heat shock 

proteins: Biological functions, pathological roles, 

and therapeutic opportunities. MedComm. 

2022;3(3):e161. DOI: 

https://doi.org/10.1002/mco2.161 

6. Kim JY, Kim JW, Yenari MA. Heat 

shock protein signaling in brain ischemia and in-

jury. Neuroscience Letters. 2020;715:134642. 

DOI: https://doi.org/10.1016/j.neulet.2019.134642 

7. Caruso Bavisotto C, Alberti G, Vitale 

AM, et al. Hsp60 Post-translational Modifications: 

Functional and Pathological Consequences. Fron-

tiers in Molecular Biosciences. 2020;7:95. DOI: 

https://doi.org/10.3389/fmolb.2020.00095 

8. Jakic B, Wick G, Cappellano G. Hsp60 

in Atherosclerosis: Past, Present and Future. In: 

Asea AAA, Kaur P, editors. Heat Shock Protein 60 

in Human Diseases and Disorders. Cham: Springer 

International Publishing; 2019. DOI: 

https://doi.org/10.1007/978-3-030-23154-5_13 

9. Kobzeva KA, Shilenok IV, Belykh AE, 

et al. C9orf16 (BBLN) Gene, Encoding a Member 

of Hero Proteins, Is a Novel Marker in Ischemic 

Stroke Risk. Research Results in Biomedicine. 

2022;8(3):278-292. DOI: 

https://doi.org/10.18413/2658-6533-2022-8-3-0-2 

10. Belykh AE, Soldatov VO, Stetskaya 

TA, et al. Polymorphism of SERF2, the gene en-

coding a heat-resistant obscure (Hero) protein with 

chaperone activity, is a novel link in ischemic 

stroke. IBRO Neuroscience Reports. 2023;14:453-

461. DOI: https://doi.org/10.1016/j.ib-

neur.2023.05.004 

11. Shilenok I, Kobzeva K, Stetskaya T, et 

al. SERPINE1 mRNA Binding Protein 1 Is Asso-

ciated with Ischemic Stroke Risk: A Comprehen-

sive Molecular-Genetic and Bioinformatics Analy-

sis of SERBP1 SNPs. International Journal of Mo-

lecular Sciences. 2023;24(10):8716. DOI: 

https://doi.org/10.3390/ijms24108716 

12. Kobzeva KA, Soldatova MO, Stetskaya 

TA, et al. Association between HSPA8 Gene Vari-

ants and Ischemic Stroke: A Pilot Study Providing 

Additional Evidence for the Role of Heat Shock 

Proteins in Disease Pathogenesis. Genes. 

2023;14(6):1171. DOI: 

https://doi.org/10.3390/genes14061171 

13. Bushueva OY, Bulgakova IV, Ivanov 

VP, et al. Association of Flavin Monooxygenase 

Gene E158K Polymorphism with Chronic Heart 

Disease Risk. Bulletin of Experimental Biology 

and Medicine. 2015;159(6):776-778. DOI: 

https://doi.org/10.1007/s10517-015-3073-8 

14. Bushueva OYu. Single Nucleotide Pol-

ymorphisms in Genes Encoding Xenobiotic Me-

tabolizing Enzymes Are Associated with Predispo-

sition to Arterial Hypertension. Research Results in 

Biomedicine. 2020;6(4):447-456. DOI: 

https://doi.org/10.18413/2658-6533-2020-6-4-0-1 

15. Polonikov A, Bocharova I, Azarova I, 

et al. The Impact of Genetic Polymorphisms in 

Glutamate-Cysteine Ligase, a Key Enzyme of Glu-

tathione Biosynthesis, on Ischemic Stroke Risk and 

Brain Infarct Size. Life. 2022;12(4):602. DOI: 

https://doi.org/10.3390/life12040602 

16. Polonikov AV, Klyosova EYu, Aza-

rova IE. Bioinformatic tools and internet resources 

for functional annotation of polymorphic loci de-

tected by genome wide association studies of mul-

tifactorial diseases (review). Research Results in 

Biomedicine. 2021;7(1):15-31. Russian. DOI: 

https://doi.org/10.18413/2658-6533-2020-7-1-0-2 

17. Wachoski-Dark E, Zhao T, Khan A, et 

al. Mitochondrial Protein Homeostasis and Cardio-

myopathy. International Journal of Molecular Sci-

ences. 2022;23(6):3353. DOI: 

https://doi.org/10.3390/ijms23063353 

18. Duan Y, Tang H, Mitchell-Silbaugh K, 

et al. Heat Shock Protein 60 in Cardiovascular 

Physiology and Diseases. Frontiers in Molecular 

Biosciences. 2020;7:73. DOI: 

https://doi.org/10.3389/fmolb.2020.00073 

19. Grundtman C, Kreutmayer SB, Alman-

zar G, et al. Heat shock protein 60 and immune in-

flammatory responses in atherosclerosis. Arterio-

sclerosis, Thrombosis, and Vascular Biology. 

2011;31(5):960-968. DOI: 

https://doi.org/10.1161/ATVBAHA.110.217877 

20. Saleki K, Alijanizade P, Moradi S, et al. 

Engineering a novel immunogenic chimera protein 

utilizing bacterial infections associated with ather-

osclerosis to induce a deviation in adaptive im-

mune responses via Immunoinformatics ap-

proaches. Infection, Genetics and Evolution. 



 
Оригинальная статья 

Original article 

 

  

Научные результаты биомедицинских исследований. 2024;10(2):175-186 
Research Results in Biomedicine. 2024:10(2):175-186 

185 

 

2022;102:105290. DOI: 

https://doi.org/10.1016/j.meegid.2022.105290 

21. Rodriguez A, Von Salzen D, Holguin 

BA, et al. Complex Destabilization in the Mito-

chondrial Chaperonin Hsp60 Leads to Disease. 

Frontiers in Molecular Biosciences. 2020;7:159. 

DOI: https://doi.org/10.3389/fmolb.2020.00159 

22. Vila-Casahonda RG, Lozano-Aponte J, 

Guerrero-Beltrán CE. HSP60-Derived Peptide as 

an LPS/TLR4 Modulator: An in silico Approach. 

Frontiers in Cardiovascular Medicine. 

2022;9:731376. DOI: 

https://doi.org/10.3389/fcvm.2022.731376 

23. Zhao Y, Zhang C, Wei X, et al. Heat 

shock protein 60 stimulates the migration of vascu-

lar smooth muscle cells via Toll-like receptor 4 and 

ERK MAPK activation. Scientific Reports. 

2015;5:15352. DOI: 

https://doi.org/10.1038/srep15352 

24. Poppenberg KE, Jiang K, Tso MK, et 

al. Epigenetic landscapes suggest that genetic risk 

for intracranial aneurysm operates on the endothe-

lium. BMC Medical Genomics. 2019;12:149. DOI: 

https://doi.org/10.1186/s12920-019-0591-7 

25. Kim S, Lee M, Choi YK. The Role of a 

Neurovascular Signaling Pathway Involving Hy-

poxia-Inducible Factor and Notch in the Function 

of the Central Nervous System. Biomolecules and 

Therapeutics. 2020;28(1):45-57. DOI: 

https://doi.org/10.4062/biomolther.2019.119 

26. Mei X, Qi D, Zhang T, et al. Inhibiting 

MARSs reduces hyperhomocysteinemia-associ-

ated neural tube and congenital heart defects. 

EMBO Molecular Medicine. 2020;12(3):e9469. 

DOI: https://doi.org/10.15252/emmm.201809469 

27. Yu H, Cheng W, Zhang X, et al. Inte-

gration analysis of methylation quantitative trait 

loci and GWAS identify three schizophrenia risk 

variants. Neuropsychopharmacology. 

2020;45(7):1179-1187. DOI: 

https://doi.org/10.1038/s41386-020-0605-3 

28. Guerra RM, Pagliarini DJ. Coenzyme Q 

biochemistry and biosynthesis. Trends in Biochem-

ical Sciences. 2023;48(5):463-476. DOI: 

https://doi.org/10.1016/j.tibs.2022.12.006 

29. Yuan B, Zhao XD, Shen JD, et al. Acti-

vation of SIRT1 Alleviates Ferroptosis in the Early 

Brain Injury after Subarachnoid Hemorrhage. Oxi-

dative Medicine and Cellular Longevity. 

2022;2022:9069825. DOI: 

https://doi.org/10.1155/2022/9069825 

30. Wang Y, Hekimi S. The Complexity of 

Making Ubiquinone. Trends in Endocrinology and 

Metabolism. 2019;30(12):929-943. DOI: 

https://doi.org/10.1016/j.tem.2019.08.009 

31. Hu Y, Lu H, Li H, et al. Molecular basis 

and clinical implications of HIFs in cardiovascular 

diseases. Trends in Molecular Medicine. 

2022;28(11):916-938. DOI: 

https://doi.org/10.1016/j.molmed.2022.09.004 

32. Liu F, Yang Y, Liu T, et al. Analysis of 

Differentially Expressed Long Noncoding RNA in 

Renal Ischemia-Reperfusion Injury. Kidney and 

Blood Pressure Research. 2020;45(5):686-701. 

DOI: https://doi.org/10.1159/000508217 

33. Polonikov AV, Samgina TA, Naza-

renko PM, et al. Alcohol Consumption and Ciga-

rette Smoking are Important Modifiers of the As-

sociation Between Acute Pancreatitis and the 

PRSS1-PRSS2 Locus in Men. Pancreas. 

2017;46(2):230-236. DOI: 

https://doi.org/10.1097/MPA.0000000000000729 

34. Henderson B, Csordas A, Backovic A, 

et al. Cigarette smoke is an endothelial stressor and 

leads to cell cycle arrest. Atherosclerosis. 

2008;201(2):298-305. DOI: 

https://doi.org/10.1016/j.atherosclero-

sis.2008.02.022 

35. Kreutmayer SB, Messner B, Knoflach 

M, et al. Dynamics of heat shock protein 60 in en-

dothelial cells exposed to cigarette smoke extract. 

Journal of Molecular and Cellular Cardiology. 

2011;51(5):777-780. DOI: 

https://doi.org/10.1016/j.yjmcc.2011.07.003 

 

Received 17 June 2023 

Revised 2 September 2023 

Accepted 27 November 2023 

 

Information about the authors 

Tatiana A. Stetskaya, Cand. Sci. (Biology), Jun-

ior Researcher at the Laboratory of Statistical Ge-

netics and Bioinformatics, Research Institute for 

Genetic and Molecular Epidemiology, Kursk State 

Medical University, Kursk, Russia, E-mail: stec-

kaya_tatiana@mail.ru, ORCID: https://or-

cid.org/0000-0002-4729-4654. 

Ksenia A. Kobzeva, Student, Kursk State Medical 

University, Kursk, Russia, E-mail: kseniya.kob-

zeva.0246@gmail.com, ORCID: https://or-

cid.org/0000-0002-0652-2219. 

Sergey M. Zaytsev, Anesthesiologist-resuscitator, 

Pavlov First Saint Petersburg State Medical Uni-

versity, Saint Petersburg, Russia, E-mail: zukun-

ftarzt.serii@yandex.ru, ORCID: https://or-

cid.org/0000-0002-4280-9241. 

https://orcid.org/0000-0002-4729-4654
https://orcid.org/0000-0002-4729-4654
https://orcid.org/0000-0002-0652-2219
https://orcid.org/0000-0002-0652-2219
https://orcid.org/0000-0002-4280-9241
https://orcid.org/0000-0002-4280-9241


 
Оригинальная статья 

Original article 

 

  

Stetskaya TA, et al. HSPD1 gene polymorphism is associated with … 186 

 

Irina V. Shilenok, Neurologist, Kursk City Clini-

cal Emergency Hospital, Kursk, Russia, E-mail: 

irinka.zharikova.96@mail.ru, ORCID: https://or-

cid.org/0000-0001-7894-8385. 

Galina V. Komkova, Cand. Sci. (Biology), Asso-

ciate Professor at the Department of Biology, Med-

ical Genetics and Ecology, Kursk State Medical 

University, Kursk, Russia, E-mail: kom-

kovagv@kursksmu.net, ORCID: https://or-

cid.org/0009-0003-2756-4164. 

Natalia V. Goryainova, Cand. Sci. (Biology), As-

sociate Professor at the Department of Biology,  

Medical Genetics and Ecology, Kursk State Medi-

cal University, Kursk, Russia, E-mail: goryaino-

vanv@kursksmu.net, ORCID: https://or-

cid.org/0009-0008-4980-4292. 

Olga Yu. Bushueva, Cand. Sci. (Medicine), Asso-

ciate Professor at the Department of Biology, Med-

ical Genetics and Ecology, Head of the Laboratory 

of Genomic Research, Research Institute for Ge-

netic and Molecular Epidemiology, Kursk State 

Medical University, Kursk, Russia, E-mail: 

olga.bushueva@inbox.ru, ORCID: https://or-

cid.org/0000-0003-3333-0623. 

 

https://orcid.org/0000-0001-7894-8385
https://orcid.org/0000-0001-7894-8385
https://orcid.org/0009-0003-2756-4164
https://orcid.org/0009-0003-2756-4164
https://orcid.org/0009-0008-4980-4292
https://orcid.org/0009-0008-4980-4292
https://orcid.org/0000-0003-3333-0623
https://orcid.org/0000-0003-3333-0623

	28.03.2024_Maket_NR_2024_2_Med

