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Aim Assessment of WNT1, WNT3a, and LRP6 concentrations in patients with ischemic heart disease 
(IHD) and obstructive and non-obstructive coronary artery (CA) disease.

Material and methods This cross-sectional observational study included 50 IHD patients (verified by coronary angiography, 
CAG), of which 25 (50 %) were men, mean age 64.9±8.1 years; 20 patients had non-obstructive CA 
disease (stenosis <50 %), and 30 patients had hemodynamically significant stenosis. Concentrations of 
WNT1, WNT3a and LRP6 were measured in all patients.

Results The concentrations of WNT1 and WNT3a proteins were significantly higher in patients with IHD and 
obstructive CA disease (p<0.001), while the concentration of LRP6 was higher in the group with non-
obstructive CA disease (p=0.016). Data analysis of the group with obstructive CA disease showed a 
moderate correlation between WNT1 and LRP6 (ρ=0.374; p=0.042). Correlation analysis of all groups 
of patients with CA disease revealed a moderate association between the concentrations of WNT1 and 
uric acid (ρ=0.416; p=0.007). Regression analysis showed that risk factors for the development of IHD, 
such as increased body mass index, age, smoking, dyslipidemia, and hypertension, did not significantly 
influence the type of CA disease in IHD patients. According to ROC analysis, the obstructive form of 
IHD was predicted by a WNT3a concentration higher than 0.155 ng / ml and a LRP6 concentration 
lower than 12.94 ng / ml.

Conclusion IHD patients with non-obstructive CA disease had the greatest increase in LRP6, while patients with 
obstructive CA disease had significantly higher concentrations of the canonical WNT cascade proteins, 
WNT1 and WNT3a. According to the ROC analysis, a WNT3a concentration >0.155 ng / ml can serve 
as a predictor for the presence of hemodynamically significant CA stenosis in IHD patients (sensitivity 
96.7 %; specificity 70 %), whereas a LRP6 concentration >12.94 ng / ml can predict the development 
of non-obstructive CA disease (sensitivity 76.7 %; specificity 65 %).
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Introduction
According to the World Health Organization (WHO), 

coronary artery disease (CAD) is the leading cause of 
mortality worldwide, ranking first among the top 10 
causes of death [1]. In addition to the decline in popu­
lation size, cardiovascular diseases (CVDs) and CAD in 
particular result in a considerable increase in financial 
costs. The total annual expenditure of 27 EU countries 
on the examination, hospitalization, revascularization, 
and other treatments of patients with CVDs is estimated 
to be 282 billion euros. Of this amount, 27 % (77 billion 
euros) is allocated to the treatment of CAD [2]. Coronary 
angiography (CAG) shows that approximately 70 % of 
patients presenting with anginal pain exhibit ischemia 

with no obstructive coronary arteries (INOCA). Non­
obstructive coronary artery lesions are more common in 
women (50–70 %) than in men (30–50 %) [3].

It is important to note that the prognosis for patients 
with CAD and no hemodynamically significant stenosis 
is not favorable. In a large retrospective study (12,814 
patients with chronic heart failure with reduced 
ejection fraction), non­obstructive CAD (2,254 (17.6 
%) patients) was associated with an increased risk of 
cardiovascular mortality (hazard ratio (HR) 1.82; 95 % 
confidence interval (CI) [1.27; 2.62], p=0.001) and all­
cause mortality (OR 1.18; 95 % CI [1.05; 1.33], p=0.005) 
compared with those in patients without coronary artery 
stenosis (2,656 (20.7 %) patients) [4]. Consequently, 
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INOCA is not a benign condition and is associated with 
impaired quality of life and the development of adverse 
outcomes, the incidence of which may be comparable to 
that of obstructive CAD. It should be recognized as an 
essential disease in routine clinical practice.

Despite the significant advances in modern medi cine, 
the pathogenesis of coronary atherosclerosis develop­
ment and progression, including non­obstructive or 
obstructive lesions, remains poorly understood.

The WNT cascade is one of the major signaling 
pathways regulating endothelial function. It is hypo­
thesized that disruption of WNT signaling by oxidative 
stress and/or inflammation may be a common molecular 
mechanism contributing to atherosclerosis, insulin re sis­
tance, and hyperlipidemia. The incidence of these con­
ditions increases with age. In vivo studies established a 
role for the WNT pathway at all stages of atherosclerosis 
development. However, much of the pathogenesis 
remains unexplored or controversial [5].

The WNT signaling pathway was first identified over 
30 years ago as a result of a concurrent investigation into 
the genes regulating pattern formation in the Drosophila 
wingless and the preferred integration sites of the 
mammary tumor virus in mice (int1). A comparison 
of the results of these works revealed that homologous 
genes are involved in this process, which led to the above 
family being given the common name WNT [6].

WNTs are cysteine­rich extracellular signaling 
mole cules highly conserved glycoproteins that are 
invol ved in the regulation of cell cycle, growth, and 

differentiation. A total of 19 WNT proteins have been 
identified that act as ligands for Frizzled (FZD) family 
receptors [7, 8].

The WNT family of proteins can be divided into two 
distinct groups: the canonical and non­canonical. The 
canonical WNT cascade comprises WNT1, WNT2, 
WNT3, WNT8, and WNT10, while the non­canonical 
cascade includes WNT4, WNT5, WNT6, WNT7, and 
WNT11. Both canonical and non­canonical WNT 
pathways are capable of activating unrelated co­receptors 
through a common mechanism [9].

The WNT receptor is a protein with seven FZD 
transmembrane segments and an LRP6 co­receptor 
(lipoprotein receptor protein­6, which is a member of 
the low­density lipoprotein receptor (LDLR) family) 
consisting of structurally related cell surface receptors. 
LRP6 functions in conjunction with FZD receptors 
to mediate the WNT/β­catenin canonical signaling 
pathway [10, 11].

LRP6 dysregulation is closely associated with the 
development of atherosclerosis and CAD. Based on 
limited experimental data (WNT models of the LRP6 
co­receptor in heterozygous mice), it was concluded 
that altered WNT cascade signaling may be involved 
in the pathogenesis of atherosclerotic plaque erosion 
[12]. The role of LRP6 in regulating lipid and glucose 
metabolism was established by full genomic analysis 
of CAD patients. It was shown that mutations in the 
LRP6 co­receptor, including R473Q, R360H, N433S, 
and R611C, are associated with high blood levels 

Proteins Groups Concentration
(Me [Q1–Q3]) p

LRP6, ng/mL
INOCA 13.02 [12.05–13.7]

0.016*
oCAD 11.60 [10.5–12.88]

WNT1, ng/mL
INOCA 0.15 [0.15–0.16]

< 0.001*
oCAD 0.189 [0.184–0.193]

WNT3a, ng/mL
INOCA 0.115 [0.07–0.16]

< 0.001*
oCAD 0.227 [0.181–0.252]

INOCA (n = 20)

Coronary artery imaging
• Coronary angiography
• MSCT of coronary arteries 
   with intravenous contrast agent administration

Patient recruitment Statistical analysisELISA

oCAD (n = 30) р

Male patients, % 5 (25) 20 (66.7)
0.004*

Female patients, % 15 (75) 10 (33.3)

Age, years 66.5 [62.8; 71.2] 64.0 [56.5; 71.0] 0.301

BMI, kg/m2 26.20 [25.67;30.40] 26.23 [24.68–28.68] 0.575

Smokers, % 3 (15.0) 6 (13.6) 0.819

* Statistically signi�cant di�erences (p < 0.05).

* Statistically signi�cant di�erences (p < 0.05).

ROC curve illustrating the relationship between coronary artery 
lesion type in CAD patients and WNT3a level. According to the 
ROC analysis, an increase in WNT3a level of 0.155 ng/mL can be 
a predictor of hemodynamically signi�cant stenosis in CAD 
patients (sensitivity 96.7 %; speci�city 70 %).      

ROC curve illustrating the relationship between coronary 
artery lesion type in CAD patients and LRP6 level. According 
to the ROC analysis, LRP6 levels greater than 12.94 ng/mL can 
predict the development of non-obstructive coronary artery 
lesions (sensitivity 76.7 %; speci�city 65 %).

0 1.00.25 0.50 0.75

1.0

0.75

0.50

0.25

0

Se
ns

iti
vi

ty

1–Speci�city

AUC: 0.703±0.078; 95 % CI: 0.551–0.855 

0 1.00.25 0.50 0.75

1.0

0.75

0.50

0.25

0

Se
ns

iti
vi

ty

1–Speci�city

AUC: 0.867±0.05; 95 % CI: 0.768–0.966

p<0.001p=0.016

1 WNT1

2 WNT3a

1
30 patients with 
obstructive coronary
arteries (oCAD)

2
20 patients with 
non-obstructive coronary 
arteries (INOCA)

3 LRP6

Central illustration. WNT Signaling Cascade Proteins and LRP6 in the Formation  
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of glucose and low­density lipoprotein cholesterol 
(LDL­C) [13]. Furthermore, the LRP6R611C mutation 
is associated with reduced LDL uptake by macrophages, 
increased vascular smooth muscle cell (VSMC) 
proliferation, and the suppression of WNT/β­catenin 
signaling and stimulation of the non­canonical WNT 
pathway [14]. Consequently, the proliferation and 
migration of VSMCs, accompanied by their accelerated 
accumulation in the arterial wall, are further enhanced 
[15]. The aforementioned data allows for the reasonable 
assumption that LRP6 is the primary modulator of 
receptor­mediated LDL endocytosis [16]. Insulin 
resistance and dyslipidemia contribute significantly 
to the development of CVDs. Consequently, LRP6 
dependent regulation of the WNT cascade reduces 
the risk of cardiometabolic abnormalities [17]. The 
disruption of LRP6 activity is associated with the 
development of coronary artery atherosclerosis, which 
is mediated by platelet­derived growth factor (PDGF) 
signaling. The activation of PDGF results in the 
abnormal proliferation of VSMCs, which contributes to 
the development of atherosclerosis [18].

It is therefore relevant to compare the expression of 
individual WNT proteins and LRP6 in CAD patients 
with hemodynamically significant and insignificant 
coronary artery stenosis.

Objective
Evaluate the levels of WNT1, WNT3a, and LRP6 in 

patients with CAD who had obstructive or non­obstructive 
coronary arteries.

Material and Methods
Study population

The cross­sectional observational study was conducted 
at the University Clinical Hospital No. 1 of the Sechenov 
University Clinical Center. The study included 50 (male and 
female) patients aged 45­75 years with a verified diagnosis 
of stable CAD (according to the Clinical Guidelines for 
Stable Coronary Artery Disease of the Ministry of Health 
of the Russian Federation, 2020) who signed informed 
consent. The study was conducted in accordance with the 
ethical standards set forth in the Declaration of Helsinki. 
Myocardial ischemia in hospitalized patients presenting with 
the clinical picture of stable angina pectoris or its equivalent 
was confirmed by stress echocardiogram or single­photon 
emission computed tomography (myocardial scintigraphy) 
during exercise stress testing. Patients were divided into two 
groups based on the findings of coronary artery angiography 
or multislice computed tomography. The first group consisted 
of 20 patients with non­obstructive CAD (stenosis<50 % or 
normal coronary arteries), while the second group included 

30 patients with obstructive CAD (hemodynamically 
significant coronary artery stenosis).

Diabetes mellitus, ACS, myocardial infarction and 
stroke, chronic heart failure NYHA class III­IV, autoimmune 
diseases and cancer, severe liver and kidney dysfunction were 
the exclusion criteria.

Blood collection and enzyme-linked 
immunosorbent assay (ELISA)

Blood plasma samples were frozen in cryotubes at 
–80 °C after centrifugation. The samples were centrifuged 
for 20 minutes with EDTA K3 as anticoagulant. ELISA 
was conducted on an Adaltis Personal Lab ELISA analyzer 
(Italy) using Cloud­Clone Corp. kits (USA) in order to 
estimate the concentration of WNT proteins and LRP6. The 
coefficient of variation (CV) of the kits was found to be 10 % 
and 12 %, respectively.

All patients underwent routine laboratory investigations: 
clinical blood and urine tests, biochemical tests including 
lipid profile, glucose and uric acid levels.

Statistical analysis
Statistical analysis of the data obtained was carried out in 

StatTech v. 3.1.10 (StatTech, Russia) using the free Python 
computing environment (v. 3.11). The normal distribution 
of the parameters was evaluated using the Shapiro­Wilk 
test (n<50) or the Kolmogorov­Smirnov test (n > 50). 
Arithmetic mean (M) and standard deviation (SD), 95 % 
confidence interval (CI) were used to describe normally 
distributed quantitative variables. Non­normally distributed 
quantitative data were described using the median (Me) 
and the lower and upper quartiles [Q1–Q3]. Non­normally 
distributed quantitative variables were compared between 
two groups using the Mann­Whitney U­test. Three or 
more groups were compared by non­normally distributed 
quantitative indicators using the Kruskal­Wallis test; post 
hoc comparisons were made using the Bonferroni test. ROC 
curve analysis was conducted to ascertain the diagnostic 
value of quantitative indicators in predicting a specific 
outcome. The quantitative sign cutoff was determined by the 
highest value of the Youden index.

Results
Clinical characteristics of patients

The study groups were comparable in terms of the main 
clinical and demographic parameters, including age and body 
mass index (BMI). There were more women among patients 
with no obstructive coronary arteries, with 75 % of female 
patients and 25 % of male patients. A statistical analysis of 
the patients included in the study revealed that 12 patients 
in the INOCA group were overweight, while 5 patients had 
obesity grade 1. In the obstructive CAD group, 10 patients 
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were overweight and 6 had obesity grade 1. All patients were 
administered the recommended therapy in accordance with 
the national and international clinical guidelines. The general 
clinical and demographic characteristics of the subjects are 
summarized in Table 1.

Uric acid levels in patients with hemodynamically 
significant coronary artery stenosis were significantly 
elevated compared to the INOCA group (p=0.003). Patients 
with obstructive CAD exhibited significantly lower levels 
of total cholesterol and LDL­C. The observed differences 
could be attributed to the administration of higher doses of 
statins (p=0.02). The blood lipid profile values are provided 
at the time of patient inclusion in the study, prior to any 
adjustments to the statin dosage. These values reflect the 
general population level. There were no other differences 
between the groups with regard to the drug therapy received.

The results of the study showed statistically significant 
differences in LRP6, WNT1 and WNT3a levels between 
patients with obstructive and non­obstructive CAD. The 
levels of WNT1 and WNT3a proteins were found to be 
higher in patients with CAD and obstructive coronary 
arteries, whereas the concentration of LRP6 was higher in 
the INOCA group (Table 2).

A moderate correlation was observed between WNT1 
and LRP6 levels in patients with obstructive CAD (ρ=0.374; 
p=0.042). Correlation analysis of all groups of patients with 
CAD demonstrated a moderate correlation between WNT1 
and uric acid levels (ρ=0.416; p=0.007).

The results of the regression analysis indicated that the 
risk factors for CAD development, including increased BMI, 
advanced age, smoking, dyslipidemia, and hypertensive 
heart disease, did not significantly affect the type of coronary 
artery lesions. According to the univariate logistic regression 
analysis, the concentrations of LRP6 and WNT3a were 
significant predictors of the type of coronary artery lesion. 

The results of the univariate logistic regression are presented 
in Table 3.

ROC curves were constructed to assess the diagnostic 
significance of the WNT proteins (Figures 1 and 2).

The cutoff value for LRP6, which corresponded to the 
highest value of the Youden index, was 12.94 ng/mL. The 
presence of obstructive coronary arteries was predicted 
when the LRP6 value fell below this threshold. Sensitivity 
and specificity were 76.7 % and 65.0 %, respectively.

The cutoff value for WNT3а, which corresponded to 
the highest value of the Youden index, was 0.155 ng/mL. 
The presence of obstructive CAD was indicated when the 
WNT3a value was found to be equal to or greater than the 
aforementioned value. Sensitivity and specificity were 96.7 
% and 70 %, respectively.

Discussion
The analysis of patient groups with different variants of 

coronary artery lesions revealed that INOCA was more 
frequently identified in female patients (75 %). The largest 
American registry, the NCDR (National Cardiovascular 
Data Registry, 375,886 patients with CAD, 2000–2002), 

Table 1. Key clinical and demographic characteristics of patients
Parameter INOCA (n=20) oCAD (n=30) р

Male patients, n (%) 5 (25) 20 (66.7)
0.004*

Female patients, n (%) 15 (75) 10 (33.3)
Age, years 66.5 [62.8; 71.2] 64.0 [56.5; 71.0] 0.301
BMI, kg/m2 26.20 [25.67; 30.40] 26.23 [24.68; 28.68] 0.575
Smoking, n (%) 3 (15.0) 6 (13.6) 0.819
Hemoglobin, g/L 142 [134; 151] 144 [133; 152] 0.446
Glucose, mmol/L 5.60 [5.2; 6.21] 5.40 [5.1; 5.63] 0.121
Creatinine, μmol/L 83.4 [74.8; 96.3] 89.80 [81; 101.8] 0.462
Total cholesterol, mmol/L 5.11±1.51 3.85±0.95 < 0.001*
LDL-C, mmol/L 2.89 [4.34; 3.62] 2.12 [1.79; 2.48] 0.005*
HDL-C, mmol/L 1.27 [1.06; 1.37] 1.11 [1.02; 1.33] 0.014*
Uric acid, mmol/L 292.9±62.1 347.7±62.8 0.003*
* Statistically significant differences (p<0.05). oCAD, coronary artery disease with obstructive coronary arteries;  
INOCA, ischemia and non-obstructive coronary arteries; BMI, body mass index; LDL-C, low-density lipoprotein cholesterol;  
HDL-C, high-density lipoprotein cholesterol.

Table 2. Plasma levels of WNT  
cascade proteins in examined patients

Protein Group Concentration, ng/mL 
(Me [Q1; Q3]) p

LRP6
INOCA 13.02 [12.05; 13.7]

0.016
oCAD 11.60 [10.5; 12.88]

WNT1
INOCA 0.15 [0.15; 0.16]

< 0.001
oCAD 0.189 [0.184; 0.193]

WNT3a
INOCA 0.115 [0.07; 0.16]

< 0.001
oCAD 0.227 [0.181; 0.252]

oCAD, coronary artery disease with obstructive coronary arteries; 
INOCA, ischemia and non-obstructive coronary arteries;  
BMI, body mass index.
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demonstrated a comparable trend: non­obstructive heart 
arteries were more prevalent in women (51 %), whereas 
their detection in men was less frequent (32 %) [19]. 
The higher prevalence of INOCA in women was also 
confirmed in the WISE study, in which 62 % of female 

patients did not demonstrate coronary artery stenosis [20]. 
Coronary artery atherosclerosis is a multifactorial disease. 
Among the various epigenetic factors that regulate the 
development and progression of coronary atherosclerosis, 
those regulated by the WNT signaling pathway play a 

CI, confidence interval; CAD, coronary artery disease.
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Figure 1. ROC curve illustrating the dependence  
of coronary artery lesion type in CAD patients on LRP6 level

CI, confidence interval; CAD, coronary artery disease.
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Figure 2. ROC curve illustrating the dependence  
of coronary artery lesion type in CAD patients on WNT3a level

Table 3. Univariate logistic regression analysis between groups of patients with obstructive and non-obstructive CAD

Factor / Predictor B OR (95 % CI)  
Exp (B) (95 % CI) p Pseudo R-squ

LRP6 0.475 1.608 (1.037–2.494) 0.034* 0.094
WNT1 –1808.16 0.0 (0.0 – infinity) 0.999 1.000
WNT3а –30.917 0.0 (0.0–0.0005) 0.001* 0.426
Age 0.036 1.037 (0.969–1.11) 0.297 0.014
Smoking 0.111 1.117 (0.25–5.005) 0.884 0.000
Sex –1.658 0.191 (0.058–0.622) 0.006* 0.107
BMI 0.041 1.042 (0.891–1.218) 0.605 0.004
Hypertensive heart disease 0.329 1.39 (0.136–14.255) 0.781 0.001
Dyslipidemia 0.329 1.39 (0.136–14.255) 0.781 0.001
Anginal pain 0.542 1.719 (0.417–7.084) 0.454 0.008
Myocardial infarction –1.923 0.146 (0.03–0.708) 0.017* 0.098
ACE inhibitors –0.724 0.485 (0.165–1.422) 0.187 0.022
Angiotensin II receptor blockers 0.347 1.415 (0.43–4.647) 0.568 0.004
Beta-blockers 0.405 1.499 (0.359–6.271) 0.579 0.004
Calcium channel blockers 0.529 1.697 (0.583–4.945) 0.332 0.012
Antiplatelet drugs –1.204 0.3 (0.06–1.494) 0.142 0.028
Statins –21.683 0.0 (0.0 – infinity) 0.999 0.029
Glucose –0.021 0.979 (0.898–1.067) 0.635 0.005
CAD, coronary artery disease; OR, odds ratio; CI, confidence interval; BMI, body mass index;  
ACE, angiotensin-converting enzyme. * Statistically significant differences (p<0.05).
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significant role. The involvement of the WNT signaling 
cascade in the pathogenesis of all stages of atherosclerosis 
development has been established. It is hypothesized that 
disruption of WNT signaling by oxidative stress and/or 
inflammation may be a common molecular mechanism 
contributing to atherosclerosis, insulin resistance, and 
hyperlipidemia. The incidence of these conditions 
increases with age [21].

The canonical WNT pathway (e.g., WNT1 and WNT3a) 
is primarily responsible for regulating cell proliferation, 
whereas non­canonical WNT pathways (e.g., WNT4 and 
WNT5a) are involved in controlling cell polarity and 
migration [22]. In this study, the highest concentrations 
of WNT1 and WNT3a proteins were observed in the 
group of patients with obstructive CAD. The findings of 
Wang et al. [23] suggest that inhibition of WNT1 signaling 
by SIRT6 promotes lipophagy and increases the stability 
of atherosclerotic plaques. At the same time, Brown et al. 
[24] demonstrated that WNT3a is expressed in human 
coronary artery plaques and actively participates in the 
inhibition of oxidative stress­induced VSMC apoptosis. 
Consequently, elevated levels of WNT1 and WNT3a may 
be associated with the development of significant coronary 
stenosis.

Correlation analysis of the results from all CAD patients 
showed a moderate association between WNT1 and uric 
acid levels. The results of current research suggest that uric 
acid may be considered a risk factor for cardiovascular 
disease. Hyperuricemia was demonstrated to result in the 
development of endothelial dysfunction [25], vascular 
remodeling, and coronary atherosclerosis [26].

LRP6 was demonstrated to play a key role in the 
protection against dyslipidemia and atherosclerosis [27]. 
However, immunohistochemical analysis revealed that 
LRP6 was expressed at very low concentrations in the 
intima of normal coronary arteries, whereas the level of 
LRP6 was significantly elevated in atherosclerotic plaques 
[14]. This may account for the moderate correlation 
observed between WNT1 and LRP6 levels in patients with 
obstructive CAD.

The results of the ROC analysis indicate that a WNT3a 
level of greater than 0.155 ng/mL is a predictor of the 
presence of obstructive coronary arteries.

Conclusion
In patients with coronary artery disease and non­

obstructive coronary arteries, the maximum increase in 
the level of LRP6 was observed. Whereas, in the group 
with obstructive coronary artery disease, the levels of the 
canonical WNT cascade proteins, WNT1 and WNT3a, 
were found to be elevated.

The results of the ROC analysis suggest that elevated 
levels of WNT3a and LRP6 may serve as potential 
biomarkers for the presence of obstructive or non­
obstructive coronary arteries in patients with coronary 
artery disease. The pathogenesis of non­obstructive 
lesions is complex and involves a combination of func­
tional and structural changes that result in impaired coro­
nary blood flow and myocardial ischemia. The observed 
dif ferences serve to reinforce the hypothesis that the 
processes occurring in the coronary arteries differ 
bet ween the two variants of coronary artery disease. 
Further investigation into the mechanisms of coronary 
insufficiency is required in order to identify potential 
points of action for drugs that could be used in targeted 
therapy of coronary artery disease with non­obstructive 
coronary arteries.

Funding
The study was supported by the Russian Science Foundation 
(RSF) as a part of the grant # 22–15–00424 «The role 
of activation of the WNT signaling cascade, the processes of 
its epigenetic regulation, and immune-mediated inflammation 
in the progression of atherosclerosis and the possibilities of 
influencing it by therapeutic neoangiogenesis in patients with 
stable ischemic heart disease».

No conflict of interest is reported.

The article was received on 10/12/2023

REFERENCES

1. World Health Organisation. The top 10 causes of death. [Internet] 
Available at: https://www.who.int/news-room/fact-sheets/detail/
the-top-10-causes-of-death

2. Luengo-Fernandez R, Walli-Attaei M, Gray A, Torbica A, Maggio-
ni AP, Huculeci R et al. Economic burden of cardiovascular diseases in 
the European Union: a population-based cost study. European Heart 
Journal. 2023;44(45):4752–67. DOI: 10.1093/eurheartj/ehad583

3. Kunadian V, Chieffo A, Camici PG, Berry C, Escaned J, Maas AHEM 
et al. An EAPCI Expert Consensus Document on Ischaemia with 
Non-Obstructive Coronary Arteries in Collaboration with Euro-
pean Society of Cardiology Working Group on Coronary Patho-
physiology & Microcirculation Endorsed by Coronary Vasomo-

tor Disorders International Study Group. European Heart Journal. 
2020;41(37):3504–20. DOI: 10.1093/eurheartj/ehaa503

4. Braga JR, Austin PC, Ross HJ, Tu JV, Lee DS. Importance of Non-
obstructive Coronary Artery Disease in the Prognosis of Patients 
With Heart Failure. JACC: Heart Failure. 2019;7(6):493–501. DOI: 
10.1016/j.jchf.2019.02.014

5. Foulquier S, Daskalopoulos EP, Lluri G, Hermans KCM, Deb A, 
Blankesteijn WM. WNT Signaling in Cardiac and Vascular Dis-
ease. Pharmacological Reviews. 2018;70(1):68–141. DOI: 10.1124/
pr.117.013896

6. Nusse R, Varmus H. Three decades of Wnts: a personal perspective 
on how a scientific field developed: Three decades of Wnts: a per-



10 ISSN 0022-9040. Kardiologiia. 2024;64(5). DOI: 10.18087/cardio.2024.5.n2626

ORIGINAL ARTICLES§
sonal perspective. The EMBO Journal. 2012;31(12):2670–84. DOI: 
10.1038/emboj.2012.146

7. Kusserow A, Pang K, Sturm C, Hrouda M, Lentfer J, Schmidt HA et al. 
Unexpected complexity of the Wnt gene family in a sea anemone. Na-
ture. 2005;433(7022):156–60. DOI: 10.1038/nature03158

8. Schulte G. International Union of Basic and Clinical Pharmacolo-
gy. LXXX. The Class Frizzled Receptors. Pharmacological Reviews. 
2010;62(4):632–67. DOI: 10.1124/pr.110.002931

9. Wiese KE, Nusse R, Van Amerongen R. Wnt signalling: conquering 
complexity. Development. 2018;145(12):dev165902. DOI: 10.1242/
dev.165902

10. Chen S, Bubeck D, MacDonald BT, Liang W-X, Mao J-H, Malinaus-
kas T et al. Structural and Functional Studies of LRP6 Ectodo-
main Reveal a Platform for Wnt Signaling. Developmental Cell. 
2011;21(5):848–61. DOI: 10.1016/j.devcel.2011.09.007

11. Green J, Nusse R, Van Amerongen R. The Role of Ryk and Ror Recep-
tor Tyrosine Kinases in Wnt Signal Transduction. Cold Spring Harbor 
Perspectives in Biology. 2014;6(2):a009175. DOI: 10.1101/cshper-
spect.a009175

12. Clevers H, Nusse R. Wnt/β-Catenin Signaling and Disease. Cell. 
2012;149(6):1192–205. DOI: 10.1016/j.cell.2012.05.012

13. Singh R, De Aguiar RB, Naik S, Mani S, Ostadsharif K, Wencker D 
et al. LRP6 Enhances Glucose Metabolism by Promoting TCF7L2-
Dependent Insulin Receptor Expression and IGF Receptor Stabi-
lization in Humans. Cell Metabolism. 2013;17(2):197–209. DOI: 
10.1016/j.cmet.2013.01.009

14. Keramati AR, Singh R, Lin A, Faramarzi S, Ye Z, Mane S et al. 
Wild-type LRP6 inhibits, whereas atherosclerosis-linked LR-
P6R611C increases PDGF-dependent vascular smooth muscle cell 
proliferation. Proceedings of the National Academy of Sciences. 
2011;108(5):1914–8. DOI: 10.1073/pnas.1019443108

15. Srivastava R, Zhang J, Go G, Narayanan A, Nottoli TP, Mani A. Im-
paired LRP6-TCF7L2 Activity Enhances Smooth Muscle Cell 
Plasticity and Causes Coronary Artery Disease. Cell Reports. 
2015;13(4):746–59. DOI: 10.1016/j.celrep.2015.09.028

16. Ye Z, Go G-W, Singh R, Liu W, Keramati AR, Mani A. LRP6 Pro-
tein Regulates Low Density Lipoprotein (LDL) Receptor-mediated 
LDL Uptake. Journal of Biological Chemistry. 2012;287(2):1335–44. 
DOI: 10.1074/jbc.M111.295287

17. Mani A, Radhakrishnan J, Wang H, Mani A, Mani M-A, Nelson-Wil-
liams C et al. LRP6 Mutation in a Family with Early Coronary Disease 

and Metabolic Risk Factors. Science. 2007;315(5816):1278–82. DOI: 
10.1126/science.1136370

18. Raines EW. PDGF and cardiovascular disease. Cytokine & Growth 
Factor Reviews. 2004;15(4):237–54. DOI: 10.1016/j.cytog-
fr.2004.03.004

19. Shaw LJ, Shaw RE, Merz CNB, Brindis RG, Klein LW, Nallamothu B 
et al. Impact of Ethnicity and Gender Differences on Angiograph-
ic Coronary Artery Disease Prevalence and In-Hospital Mortality 
in the American College of Cardiology–National Cardiovascular Data 
Registry. Circulation. 2008;117(14):1787–801. DOI: 10.1161/CIR-
CULATIONAHA.107.726562

20. Shaw LJ, Merz CNB, Pepine CJ, Reis SE, Bittner V, Kip KE et al. 
The Economic Burden of Angina in Women With Suspected Ischemic 
Heart Disease: Results From the National Institutes of Health–Na-
tional Heart, Lung, and Blood Institute–Sponsored Women’s Isch-
emia Syndrome Evaluation. Circulation. 2006;114(9):894–904. DOI: 
10.1161/CIRCULATIONAHA.105.609990

21. Manolagas SC, Almeida M. Gone with the Wnts: β-Catenin, T-Cell 
Factor, Forkhead Box O, and Oxidative Stress in Age-Dependent Dis-
eases of Bone, Lipid, and Glucose Metabolism. Molecular Endocrinol-
ogy. 2007;21(11):2605–14. DOI: 10.1210/me.2007-0259

22. Niehrs C. The complex world of WNT receptor signalling. Nature Reviews 
Molecular Cell Biology. 2012;13(12):767–79. DOI: 10.1038/nrm3470

23. Wang T, Sun C, Hu L, Gao E, Li C, Wang H et al. Sirt6 stabilizes 
athero sclerosis plaques by promoting macrophage autophagy and re-
ducing contact with endothelial cells. Biochemistry and Cell Biology. 
2020;98(2):120–9. DOI: 10.1139/bcb-2019-0057

24. Brown BA, Connolly GM, Mill CEJ, Williams H, Angelini GD, 
Johnson JL et al. Aging differentially modulates the Wnt pro‐surviv-
al signalling pathways in vascular smooth muscle cells. Aging Cell. 
2019;18(1):e12844. DOI: 10.1111/acel.12844

25. Edwards NL. The role of hyperuricemia and gout in kidney 
and cardiovascular disease. Cleveland Clinic Journal of Med-
icine. 2008;75(Suppl 5):S13–6. DOI: 10.3949/ccjm.75.Sup-
pl_5.S13

26. Zhao J, Chen H, Liu N, Chen J, Gu Y, Chen J et al. Role of Hyperho-
mocysteinemia and Hyperuricemia in Pathogenesis of Atherosclerosis. 
Journal of Stroke and Cerebrovascular Diseases. 2017;26(12):2695–9. 
DOI: 10.1016/j.jstrokecerebrovasdis.2016.10.012

27. Mineo C. Lipoprotein receptor signalling in atherosclerosis. Cardio-
vascular Research. 2020;116(7):1254–74. DOI: 10.1093/cvr/cvz338


