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Abstract

Background: Hyperhomocysteinemia (homocysteine [Hcy] 215 pmol/L) is frequently ob-
served in patients with impaired kidney function and has been associated with vascular
remodeling and increased cardiovascular risk. We aimed to evaluate the relationship be-
tween Hcy, arterial stiffness, coronary artery disease (CAD), peripheral arterial disease,
and biomarkers of kidney injury in patients undergoing elective coronary angiography.
Methods: In this prospective observational study, 133 patients undergoing elective coro-
nary angiography were stratified according to serum Hcy levels (Hcy <15 vs. Hey 215
umol/L). CAD severity was assessed angiographically. Arterial stiffness was evaluated
using carotid—femoral pulse wave velocity (cfPWV), while peripheral arterial disease was
assessed using ankle-brachial index (ABI). Kidney function was evaluated using serum
creatinine, estimated glomerular filtration rate (eGFR), cystatin C, and urinary albumin-
to-creatinine ratio (UACR). Correlation, multivariable regression, logistic regression, and
receiver operating characteristic (ROC) analyses were performed. Results: Patients with
hyperhomocysteinemia demonstrated significantly worse kidney function, including
higher serum creatinine, cystatin C, and UACR levels, and lower eGFR (all p < 0.01). Pa-
tients with elevated Hcy levels also exhibited significantly higher cfPWYV values (11.4 +
3.3vs.9.7+2.1m/s, p<0.001). Hcy correlated positively with cystatin C, creatinine, UACR,
and cfPWV, and inversely with eGFR. In multivariable linear regression analysis, Hcy re-
mained independently associated with increased cfPWYV after adjustment for age, sex, and
eGFR (3 =0.137, 95% CI 0.047-0.226, and p = 0.003). This association remained significant
in sensitivity analyses incorporating hypertension, diabetes mellitus, LDL cholesterol,
and statin therapy (3 = 0.124, 95% CI 0.032-0.216, and p = 0.008). No independent associa-
tions were observed between Hcy and angiographic CAD severity or ABI values. ROC
analysis demonstrated modest discrimination for elevated arterial stiffness (AUC = 0.66,
95% CI10.56-0.76) and good discrimination for impaired kidney function (AUC =0.82, 95%
CI 0.69-0.92). Conclusions: Elevated Hcy levels were independently associated with im-
paired kidney function and increased central arterial stiffness, but not with angiographic
CAD severity or peripheral arterial disease. These findings suggest that hyperhomocys-
teinemia may reflect cardiorenal vascular dysfunction and diffuse vascular remodeling
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rather than focal obstructive atherosclerotic disease. Further studies are needed to deter-
mine its clinical utility and prognostic value.

Keywords: homocysteine; arterial stiffness; carotid-femoral pulse wave velocity; chronic
kidney disease; cardiorenal syndrome; vascular remodeling

What was known:

1. Hyperhomocysteinemia is frequently observed in patients with chronic kidney dis-
ease and has been associated with endothelial dysfunction, oxidative stress, arterial
stiffness, and increased cardiovascular risk. However, its relationship with central
arterial stiffness and kidney injury biomarkers remains incompletely understood.

2. Previous studies demonstrated associations between homocysteine and cardiovascu-
lar disease, but data simultaneously evaluating homocysteine, arterial stiffness, kid-
ney dysfunction, peripheral arterial disease, and angiographically confirmed coro-
nary artery disease within the same patient population are limited.

3. It remains unclear whether homocysteine primarily reflects obstructive atheroscle-
rotic coronary disease or diffuse vascular remodeling and cardiorenal vascular dys-
function. Therefore, further studies integrating vascular and kidney biomarkers are
needed.

This study adds:

1. Elevated homocysteine levels were independently associated with impaired kidney
function and increased central arterial stiffness, but not with angiographic coronary
artery disease severity or peripheral arterial disease.

2. Our findings suggest that hyperhomocysteinemia may primarily reflect diffuse vas-
cular remodeling, vascular aging, and cardiorenal vascular dysfunction rather than
advanced focal obstructive atherosclerotic disease.

3. Homocysteine may represent a useful additional biomarker for identifying patients
with early vascular dysfunction, increased arterial stiffness, and increased cardi-
orenal risk beyond traditional cardiovascular risk assessment.

Potential impact:

1. Homocysteine measurement may help identify patients with early cardiorenal vas-
cular dysfunction and increased central arterial stiffness, even in the absence of ad-
vanced obstructive coronary artery disease.

2. Assessment of homocysteine together with kidney injury biomarkers and arterial
stiffness parameters may improve cardiovascular and renal risk stratification in pa-
tients with chronic kidney disease and high cardiovascular risk.

3. Our findings support a broader vascular interpretation of hyperhomocysteinemia
and may encourage further research into its role in vascular remodeling, vascular
aging, and cardiorenal prevention strategies.

1. Introduction

Homocysteine (Hcy) is a sulfur-containing amino acid generated during methionine
metabolism and has emerged as an important biomarker of cardiovascular and renal dis-
ease [1,2]. Hyperhomocysteinemia, commonly defined as Hcy 215 pmol/L, is frequently
observed in patients with impaired kidney function due to reduced renal clearance, al-
tered methionine metabolism, uremic inhibition of key metabolic enzymes, and deficien-
cies of folate and vitamins B6 and B12 [3]. Beyond being a marker of kidney dysfunction,
elevated Hcy has been implicated in endothelial dysfunction, oxidative stress, vascular
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smooth muscle proliferation, impaired nitric oxide bioavailability, inflammation, and vas-
cular remodeling, all of which contribute to increased arterial stiffness and cardiovascular
risk [4].

Cardiovascular disease remains the leading cause of morbidity and mortality in pa-
tients with chronic kidney disease (CKD), and non-traditional cardiovascular risk factors
such as oxidative stress, endothelial dysfunction, chronic inflammation, and hyperhomo-
cysteinemia are increasingly recognized as important contributors to this excess risk [5].
Previous studies have demonstrated associations between elevated Hcy levels and CKD
progression, albuminuria, endothelial dysfunction, arterial stiffness, and adverse cardio-
vascular outcomes. However, the pathophysiological role of Hcy in cardiorenal disease
remains incompletely understood, particularly regarding its relationship with central ar-
terial stiffness, kidney injury biomarkers, and angiographically confirmed coronary artery
disease (CAD) within the same patient population.

Emerging evidence suggests that Hcy may be more closely associated with early vas-
cular dysfunction and arterial remodeling than with the severity of obstructive epicardial
CAD. Increased arterial stiffness, commonly assessed by carotid—femoral pulse wave ve-
locity (cfPWYV), represents an established marker of vascular ageing and an independent
predictor of cardiovascular morbidity and mortality. Similarly, biomarkers such as cysta-
tin C and albuminuria provide sensitive indicators of early kidney injury and cardiovas-
cular risk beyond what the estimated glomerular filtration rate (eGFR) alone can provide.
Nevertheless, comprehensive studies simultaneously evaluating Hcy, arterial stiffness,
kidney dysfunction, and coronary atherosclerotic burden remain limited.

Furthermore, conflicting results regarding the cardiovascular benefits of Hcy-lower-
ing therapy with vitamin supplementation have renewed interest in clarifying the clinical
and pathophysiological significance of hyperhomocysteinemia in cardiorenal vascular
disease [6]. A better understanding of these associations may improve cardiovascular and
renal risk stratification in patients with suspected CAD.

Therefore, the aim of our study was to evaluate the association between Hcy, arterial
stiffness, CAD, peripheral arterial disease, and multiple biomarkers of kidney injury, in-
cluding eGFR, cystatin C, and urinary albumin-to-creatinine ratio (UACR), in patients un-
dergoing elective coronary angiography.

2. Methods
2.1. Study Population

This prospective observational study included 133 consecutive patients admitted to
the Department of Cardiology and Angiology, Clinic for Internal Medicine, University
Medical Centre Maribor, Slovenia, between 1 January 2018 and 1 February 2020, for elec-
tive diagnostic coronary angiography. Indications for coronary angiography included
previously positive non-invasive testing for myocardial ischemia, including exercise
stress testing or myocardial perfusion scintigraphy. None of the included patients had
acute coronary syndrome at the time of enrollment.

All participants were aged >18 years and provided written informed consent prior to
study inclusion. Exclusion criteria included atrial fibrillation, significant aortic stenosis,
pregnancy, active malignancy, and age below 18 years. Patients with atrial fibrillation and
aortic stenosis were excluded because these conditions may significantly interfere with
pulse wave analysis and arterial stiffness measurements.

Baseline demographic characteristics, cardiovascular risk factors, comorbidities, and
prescribed medications were recorded at enrollment. Body mass index (BMI) was calcu-
lated as body weight divided by height squared (kg/m?). Peripheral venous blood samples
were obtained before coronary angiography. Laboratory analyses included serum hemo-
globin, creatinine, cystatin C, C-reactive protein (CRP), lipid profile, triglycerides, and N-
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terminal pro-B-type natriuretic peptide (NT-proBNP). UACR was assessed using a spot
urine sample and expressed in g/mol. eGFR was calculated using the Chronic Kidney Dis-
ease Epidemiology Collaboration (CKD-EPI) 2009 creatinine equation. CKD was defined
as eGFR <60 mL/min/1.73 m? (KDIGO G3-G5).

The study protocol was approved by the National Medical Ethics Committee of the
Republic of Slovenia (approval number 0120-32/2017/4) and conducted in accordance
with the Declaration of Helsinki and Good Clinical Practice guidelines.

2.2. Homocysteine Measurements

Serum Hcy concentrations were measured prior to coronary angiography using a
chemiluminescent microparticle immunoassay (Dimension Vista®, Siemens Healthcare
Diagnostics, Newark, DE, USA). Hyperhomocysteinemia was defined as Hcy =15 pumol/L.
Patients were stratified into two groups according to Hcy levels: Hey <15 umol/L and Hcy
215 umol/L.

2.3. Atherosclerosis Risk Assessment

All patients underwent coronary angiography for assessment of obstructive CAD.
CAD severity was categorized according to the number of major epicardial coronary ar-
teries with significant stenosis as zero-vessel, one-vessel, two-vessel, or three-vessel dis-
ease. Microvascular coronary dysfunction was not specifically evaluated.

Peripheral arterial disease was assessed using ankle-brachial index (ABI) measure-
ments obtained with a validated automated waveform analysis device (MESI®, Ljubljana,
Slovenia). Systolic blood pressure was measured simultaneously at both ankles and the
right brachial artery, and ABI was calculated automatically as the ratio of ankle to brachial
systolic blood pressure. The mean ABI value of both lower extremities was used for sta-
tistical analysis.

Arterial stiffness measurements were performed before coronary angiography using
applanation tonometry (SphygmoCor®, AtCor Medical, Sydney, Australia). All measure-
ments were conducted between 10:00 AM and 12:00 PM after a 5-10 min resting period in
the supine position under standardized environmental conditions.

Pulse wave analysis was performed at the radial artery. Measurements were ac-
cepted only if predefined quality criteria were met, including operator index >280%, pulse
height variation <5%, and diastolic variation <5%. Pulse pressure (PP) was calculated as
the difference between systolic and diastolic blood pressure. The augmentation index nor-
malized to a heart rate of 75 beats/minute (AIx@75) was calculated as augmentation pres-
sure divided by pulse pressure. Ejection duration (ED) and subendocardial viability ratio
(SEVR) were additionally derived from pulse wave analysis.

cfPWYV, considered the gold-standard measure of central arterial stiffness, was calcu-
lated as the distance between carotid and femoral recording sites divided by pulse transit
time. Three technically acceptable cfPWV measurements were obtained for each patient,
and the mean value was used for analysis.

2.4. Statistical Analysis

Statistical analyses were performed using SPSS version 28.0 (IBM Corp., Armonk,
NY, USA), with supplementary regression and receiver operating characteristic (ROC)
analyses conducted in Python (version 3.13). Continuous variables were expressed as
mean + standard deviation (SD) for normally distributed data or median and interquartile
range (IQR) for non-normally distributed data, while categorical variables were presented
as frequencies and percentages. Normality was assessed using the Shapiro-Wilk test.

Comparisons between patients with Hcy < 15 pumol/L and Hcy = 15 umol/L were
performed using the independent-samples Student’s t-test or Mann— Whitney U test, as
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appropriate, for continuous variables, and the chi-square test for categorical variables. As-
sociations between Hcy and vascular or renal parameters were evaluated using Spear-
man’s rank correlation coefficients.

Multivariable linear regression analysis was performed to evaluate the independent
association between Hcy and central arterial stiffness, with cfPWV entered as the depend-
ent variable. The primary model included age, sex, and eGFR as covariates. Additional
sensitivity analyses were performed incorporating hypertension, diabetes mellitus, LDL
cholesterol, and statin therapy to assess the robustness of the observed associations. Mul-
tivariable logistic regression analysis was used to identify predictors of elevated arterial
stiffness, defined as cfPWV > 10 m/s.

ROC curve analysis was performed to assess the ability of serum Hcy levels to dis-
criminate between patients with elevated arterial stiffness (cfPWV >10 m/s) and impaired
kidney function (eGFR <60 mL/min/1.73 m?). Discriminatory performance was quantified
using the area under the ROC curve (AUC) with corresponding 95% confidence intervals
(CI). Optimal cut-off values were determined using the Youden index. All statistical tests
were two-sided, and a p-value < 0.05 was considered statistically significant.

3. Results

A total of 133 patients were included in the final analysis. The mean age of the study
population was 65.0 £ 9.2 years, and 63.2% of patients were male. The most prevalent
comorbidities were arterial hypertension (n =93, 69.9%), dyslipidemia (n = 67, 50.4%), di-
abetes mellitus (n = 24, 18.0%), heart failure (n = 12, 9.0%), and CKD (n = 10, 7.5%). The
most commonly prescribed medications included acetylsalicylic acid (n = 102, 76.7%),
statins (n = 89, 66.9%), beta-blockers (n = 82, 61.7%), angiotensin-converting enzyme in-
hibitors (n =67, 50.4%), diuretics (n =43, 32.3%), calcium channel blockers (n = 28, 21.1%),
metformin (n =21, 15.8%), angiotensin receptor blockers (n =20, 15.0%), and alpha-block-
ers (n=17, 12.8%).

The mean eGFR of the study population was 75.5 + 17.2 mL/min/1.73 m?, while the
mean serum creatinine and cystatin C levels were 91.3 + 65.4 umol/L and 1.11 + 0.71 mg/L,
respectively. Mean cfPWV was 10.3 + 2.7 m/s. Demographic data, laboratory values, arte-
rial stiffness parameters, and mean ABI values are detailed in Table 1. The coronary angi-
ography results and the CAD distribution among the included patients are shown in Fig-
ure 1.

Table 1. Baseline demographic, laboratory, kidney, and vascular characteristics of the study popu-
lation (n = 133).

Variable Value
Demographic and anthropometric parameters
Age, years 65.0+£9.2
BM]I, kg/m? 283+4.4
Laboratory parameters

Hemoglobin, g/L 139.4+13.2
CRP, mg/L 3.0 [3.0-3.0]

Total cholesterol, mmol/L 46+1.1

LDL cholesterol, mmol/L 28+1.0

HDL cholesterol, mmol/L 1.3+04
Triglycerides, mmol/L 1.6 [1.2-2.3]

Kidney function parameters

Creatinine, umol/L 91.3+65.4
eGFR, mL/min/1.73 m? 755+17.2
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Cystatin C, mg/L 1.11+0.71
UACR, g/mol 12.0 [6.0-34.0]
Homocysteine, umol/L 12.9[11.1-15.8]
Vascular parameters
ABI 1.0+0.1
SEVR, % 166.0 +32.8
cfPWV, m/s 10.3+2.7
AIx@75, % 255+9.9
Pulse pressure, mmHg 47.2+14.5

Data are presented as mean = SD or median [IQR], as appropriate. BMI—body mass index; CRP —
C-reactive protein; LDL—low-density lipoprotein; HDL —high-density lipoprotein; eGFR —esti-
mated glomerular filtration rate; UACR —urinary albumin-to-creatinine ratio; ABI—ankle-brachial
index; SEVR—subendocardial viability ratio; cfPWV — carotid—femoral pulse wave velocity; Alx—

augmentation index.

Hyperhomocysteinemia (Hcy >15 umol/L) was present in 28.6% of patients. Median
serum Hcy level was 12.9 umol/L (IQR 11.1-15.8). Patients with hyperhomocysteinemia
were older and demonstrated worse kidney function, including higher serum creatinine,
higher cystatin C, lower eGFR, and higher UACR values. Additionally, patients with ele-
vated Hcy demonstrated significantly higher cfPWV values. Comparison of clinical and
laboratory parameters is presented in Table 2.

Distribution of Coronary Artery Disease
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35 (26.3%)

29 (21.8%)

w
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Figure 1. Distribution of coronary artery disease severity according to coronary angiography (n =
133). Values above the bars represent the absolute number of patients and corresponding percentage

of the study population. Legend: CAD —coronary artery disease.

Table 2. Comparison of clinical and laboratory parameters by homocysteine level.

Variable Hcy <15 (n=81) Hcy 215 (n=52) Mean Difference (95% CI)  p-Value®
Age (years) 63.6+9.3 68.5+8.1 4.9 (1.7 to 8.1) 0.007 ®
Homocysteine (umol/L) 11.5+22 20.4+6.5 8.9 (7.1t0 10.7) <0.001 "
Creatinine (umol/L) 78.0+16.5 1243 +114.0 46.3 (10.2 to 82.4) <0.001 ¢
eGFR (mL/min/1.73 m?) 80.8+11.6 62.1+21.3 -18.7 (-25.4 to -12.0) <0.001 "
Cystatin C (mg/L) 09+0.2 15+1.2 0.6 (0.2 to 1.0) <0.001 ¢
cfPWV (m/s) 9.9+22 114+3.3 1.5 (0.5 to 2.5) 0.023

Data are presented as mean + SD. Mean difference (95% CI) represents the between-group difference
(Hcy 2 15 minus Hcy < 15) with 95% confidence interval. Hcy, homocysteine; eGFR, estimated glo-
merular filtration rate; cfPWYV, carotid-femoral pulse wave velocity.  p-value with corresponding
statistical test used. ® Student’s t-test. < Mann-Whitney U test.
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Spearman correlation analysis demonstrated significant associations between Hcy
and multiple kidney function and vascular parameters. Serum Hcy showed a moderate
inverse correlation with eGFR (r = -0.485, p < 0.001), while positive correlations were ob-
served between Hcy and serum cystatin C (r = 0.608, p < 0.001), creatinine (r = 0.443, p <
0.001), and UACR (r =0.311, p = 0.009). Furthermore, Hcy demonstrated a significant pos-
itive correlation with cfPWV (r = 0.328, p < 0.001), indicating an association between ele-
vated Hcy levels and increased central arterial stiffness. No significant associations were
observed between Hcy and Alx, AIx@75, PP, SEVR, or ABI values. Older age was also
associated with higher Hcy levels (r = 0.328, p < 0.001). No independent association was
observed between Hcy levels and angiographic severity of CAD.

Multivariable linear regression analysis was performed with cfPWV as the depend-
ent variable and Hcy, age, sex, and eGFR entered as independent variables. The final mul-
tivariable regression model remained statistically significant and explained approxi-
mately one-third of the variability in cfPWV (adjusted R? = 0.288, p <0.001). After adjust-
ment for age, sex, and eGFR, Hcy remained independently associated with higher cfPWV
values (p = 0.137, 95% CI 0.047-0.226, p = 0.003). Age was also independently associated
with higher cfPWYV values (3 = 0.121, 95% CI 0.075-0.167, p < 0.001), while sex and eGFR
were not independently associated with arterial stiffness in the adjusted model.

To further evaluate potential confounding, additional multivariable models incorpo-
rating hypertension, diabetes mellitus, LDL cholesterol, and statin therapy were con-
structed. Hcy remained independently associated with higher cfPWV values after adjust-
ment for these additional cardiovascular risk factors (3 = 0.123, 95% CI 0.032-0.215, p =
0.009) and after further adjustment for statin therapy (3 = 0.124, 95% CI 0.032-0.216, p =
0.008), confirming the robustness of the observed association.

Patients were additionally stratified according to elevated arterial stiffness (defined
as cfPWV >10 m/s). In multivariable logistic regression analysis, older age independently
predicted elevated arterial stiffness (OR 1.13, 95% CI 1.07-1.20, p < 0.001). Although ele-
vated Hcy levels were associated with higher cfPWV values in univariate analyses, this
association did not remain statistically significant after multivariable logistic regression
adjustment (OR 1.09, 95% CI 0.97-1.22, p = 0.165).

ROC curve analysis was performed to evaluate the discriminatory performance of
serum Hcy for identifying elevated arterial stiffness (cfPWV >10 m/s) and impaired kidney
function (eGFR <60 mL/min/1.73 m?) (Figure 2). Hcy demonstrated modest discrimination
for elevated arterial stiffness (AUC = 0.66, 95% CI 0.56-0.76). The optimal cut-off value
was 12.3 umol/L, corresponding to a sensitivity of 73.1% and a specificity of 58.2%. In
contrast, Hcy demonstrated good discrimination for impaired kidney function (AUC =
0.82, 95% CI 0.69-0.92). The optimal cut-off value was 14.6 pmol/L, yielding a sensitivity
of 81.0% and a specificity of 73.6%. These findings suggest that Hcy is more strongly as-
sociated with impaired kidney function than with elevated arterial stiffness.
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ROC Curves of Serum Homocysteine
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Figure 2. Discriminatory Performance of Homocysteine for Elevated Arterial Stiffness and Impaired

Kidney Function.

4. Discussion

In this prospective observational study of patients undergoing elective coronary an-
giography, elevated Hcy levels were independently associated with impaired kidney
function and increased central arterial stiffness. Higher Hcy concentrations correlated
with lower eGFR and higher serum creatinine, cystatin C, albuminuria, and cfPWV val-
ues. Importantly, the association between Hcy and cfPWV remained significant after ad-
justment for age, sex, kidney function, and additional cardiovascular risk factors, support-
ing an independent relationship between hyperhomocysteinemia and vascular remodel-
ing. However, although Hcy was significantly associated with arterial stiffness, its ability
to discriminate patients with elevated cfPWV was modest (AUC = 0.64), suggesting lim-
ited utility as a standalone predictive marker. Instead, Hcy may be better regarded as a
complementary biomarker reflecting underlying vascular remodeling and cardiorenal
dysfunction rather than a direct predictor of arterial stiffness. Whether Hcy provides in-
cremental prognostic or predictive value beyond established cardiovascular risk factors
remains to be determined. In contrast, no independent associations were observed be-
tween Hcy and either angiographic CAD severity or peripheral arterial disease, support-
ing the concept that hyperhomocysteinemia may be more closely linked to diffuse vascu-
lar dysfunction and arterial remodeling than to focal obstructive atherosclerotic disease.

The strong association between Hcy and kidney dysfunction observed in our study
is consistent with previous reports demonstrating progressive increases in Hcy levels with
declining renal function. Hyperhomocysteinemia is common in patients with CKD and
becomes highly prevalent in advanced stages of kidney disease [7-11]. In a large popula-
tion-based cohort, Francis et al. reported strong associations between elevated Hcy levels,
reduced eGFR, and increased albuminuria, with individuals exhibiting eGFR <60
mL/min/1.73 m? having an approximately tenfold higher likelihood of hyperhomocyste-
inemia [12]. Similar findings have been reported in diabetic populations [13], while He et
al. demonstrated that elevated Hcy and albuminuria were independently associated with
increased cerebrovascular risk among hypertensive patients [14]. Collectively, these find-
ings support the concept that Hcy reflects early cardiorenal dysfunction, even in individ-
uals with relatively preserved kidney function.

Particularly noteworthy were the significant associations between Hcy, cystatin C,
albuminuria, and eGFR. While serum creatinine and eGFR remain the standard measures
of renal function, cystatin C and albuminuria are increasingly recognized as sensitive
markers of early kidney injury and cardiovascular risk. Compared with creatinine-based
estimates, cystatin C is less influenced by muscle mass and may detect renal dysfunction
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at an earlier stage [15-17]. Data on the relationship between Hcy and cystatin C remain
limited; however, both biomarkers have been linked to inflammation, oxidative stress,
endothelial dysfunction, and adverse cardiovascular outcomes [18]. Dzielinska et al. re-
ported independent associations between cystatin C, Hcy, and CAD severity in hyperten-
sive patients [19], while elevated levels of both biomarkers have also been associated with
ventricular remodeling and adverse outcomes in heart failure [20]. Our findings extend
these observations by demonstrating a strong correlation between Hcy and cystatin C in
patients undergoing coronary angiography, further supporting the role of Hcy as a
marker of cardiorenal vascular dysfunction.

The relationship between Hey and kidney dysfunction is likely complex and bidirec-
tional. Declining renal function may promote hyperhomocysteinemia through impaired
renal clearance, altered amino acid metabolism, chronic inflammation, oxidative stress,
and deficiencies of folate and vitamins B6 and B12, all of which are important determi-
nants of Hcy metabolism [2,6,21]. In parallel, albuminuria reflects endothelial dysfunction
and systemic vascular injury even in the presence of preserved eGFR [22,23]. Conversely,
experimental and clinical studies have implicated elevated Hcy levels in pathways asso-
ciated with kidney injury and CKD progression, including oxidative stress, endothelial
dysfunction, impaired nitric oxide bioavailability, mesangial proliferation, and microvas-
cular damage [24-26]. Consistent with this concept, Jager et al. demonstrated that hyper-
homocysteinemia independently predicted the development of albuminuria after adjust-
ment for kidney function [25]. Nevertheless, given the observational nature of the availa-
ble evidence, it remains uncertain whether Hcy acts as a causal mediator or primarily re-
flects underlying vascular and renal dysfunction.

One of the most important findings of our study was the independent association
between Hcy and central arterial stiffness, assessed by cfPWV. Although Hcy has tradi-
tionally been regarded as an atherogenic molecule [27], accumulating evidence suggests
that its vascular effects may be more closely related to diffuse vascular dysfunction, en-
dothelial injury, vascular remodeling, and accelerated vascular aging than to focal ob-
structive epicardial CAD itself. In our study, Hcy demonstrated a significant positive as-
sociation with cfPWYV, and this relationship persisted even after adjustment for age, sex,
and kidney function parameters. Importantly, the association remained significant in ad-
ditional sensitivity analyses incorporating hypertension, diabetes mellitus, LDL choles-
terol, and statin therapy, supporting the robustness of the observed relationship. Alt-
hough Hcy remained independently associated with cfPWYV in linear regression analyses,
it did not independently predict elevated arterial stiffness defined as cfPWV >10 m/s in
logistic regression models. This finding is not necessarily contradictory. Linear regression
evaluates cfPWV as a continuous variable and therefore captures the full spectrum of ar-
terial stiffness values, whereas dichotomization at a predefined threshold results in loss
of information and reduced statistical power. The present findings suggest that Hcy is
associated with incremental increases in arterial stiffness across the continuum of cfPWV
values but may have limited ability to discriminate between patients above and below a
specific clinical cutoff.

Hcy was not independently associated with angiographic CAD severity or ABI val-
ues. This finding is particularly important because it suggests that hyperhomocysteinemia
may predominantly reflect early functional and structural vascular alterations rather than
advanced obstructive atherosclerotic disease. The observed association with cfPWV, but
not ABI or angiographic CAD burden, further supports the hypothesis that Hcy is more
closely linked to central arterial stiffening and diffuse vascular remodeling than to periph-
eral obstructive atherosclerosis or focal coronary stenosis [25-27]. Since cfPWV represents
a marker of central elastic artery stiffness and vascular aging, our findings imply that ele-
vated Hcy levels may identify patients with subclinical vascular dysfunction and
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increased cardiorenal vascular risk even before the development of advanced macrovas-
cular disease. The absence of significant associations between Hcy and angiographic CAD
severity or ABI should also be interpreted in the context of the study size. Although no
independent relationships were identified, the relatively modest sample size may have
limited the ability to detect weaker associations. Therefore, the possibility of a type Il error
cannot be excluded, particularly for outcomes with lower event rates or less pronounced
effect sizes. Larger studies are needed to determine whether the observed null findings
reflect a true absence of association or insufficient statistical power.

Several biological mechanisms have been proposed to explain the observed associa-
tion between Hcy and increased central arterial stiffness. Hyperhomocysteinemia has
been shown to promote oxidative stress, chronic vascular inflammation, vascular smooth
muscle cell proliferation, collagen accumulation, elastin degradation, and impaired endo-
thelial nitric oxide bioavailability, all of which contribute to reduced arterial compliance
and progressive vascular stiffening [28]. In addition to its proatherogenic properties, Hcy
appears to exert important effects on vascular structure and function through diffuse en-
dothelial injury and adverse vascular remodeling, thereby contributing to accelerated vas-
cular aging and altered central hemodynamics. Previous studies support these observa-
tions. Zhang et al. demonstrated significant associations between Hcy and both cfPWV
and carotid-radial pulse wave velocity in an elderly community-based cohort [28], while
additional studies confirmed the relationship between elevated Hcy levels and arterial
stiffness in hypertensive and high cardiovascular risk populations [29]. Importantly, our
findings extend these observations to patients undergoing elective coronary angiography
and demonstrate that the association between Hcy and central arterial stiffness persists
even after adjustment for traditional cardiovascular risk factors and kidney function pa-
rameters. Taken together, these findings suggest that Hcy may be more strongly associ-
ated with diffuse vascular dysfunction and central arterial remodeling than with focal ob-
structive coronary atherosclerosis alone [29]. This distinction may partially explain why
Hcy demonstrated a strong relationship with cfPWYV, but not with angiographic CAD se-
verity or ABI values, in our cohort.

The present study was conducted in a selected population of patients referred for
elective coronary angiography following positive non-invasive ischemia testing. As a re-
sult, the cohort represented individuals with a relatively high baseline cardiovascular risk
and a greater prevalence of cardiovascular risk factors, vascular abnormalities, and kidney
dysfunction than would be expected in the general population. This should be considered
when interpreting the observed associations and may partly explain the relatively high
prevalence of hyperhomocysteinemia and arterial stiffness in our study population. Con-
sequently, the applicability of our findings to asymptomatic or lower-risk populations re-
mains uncertain.

Interestingly, Hcy was associated with cfPWV but not with AIx@75 or SEVR. Alt-
hough these parameters also reflect vascular function and central hemodynamics, they
are influenced by multiple physiological determinants, including heart rate, peripheral
wave reflections, vascular tone, and ventricular performance [7-9]. In contrast, cfPWV is
considered a more direct measure of large-artery stiffness and structural vascular remod-
eling [7]. The observed findings may therefore suggest that Hcy is more closely related to
arterial wall remodeling and vascular aging than to functional hemodynamic alterations.
Further studies are needed to clarify the relationship between Hcy and other indices of
vascular function.

The lack of association between Hcy and angiographic CAD severity in our study
deserves further consideration. First, our population consisted exclusively of patients re-
ferred for elective coronary angiography after positive non-invasive ischemia testing, re-
sulting in a relatively selected cohort with high baseline cardiovascular risk. Second,
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patients with acute coronary syndromes, atrial fibrillation, and severe valvular disease
were excluded, potentially limiting the inclusion of patients with more advanced cardio-
vascular pathology [28,29]. Third, coronary angiography primarily evaluates epicardial
coronary stenosis and does not assess coronary microvascular dysfunction, endothelial
dysfunction, or diffuse vascular remodeling. Consequently, the absence of an association
between Hcy and angiographic CAD severity should be interpreted cautiously. In addi-
tion, CAD severity was categorized according to the number of major epicardial vessels
with significant stenosis, a widely used but relatively simplified measure that does not
capture lesion complexity, plaque characteristics, diffuse atherosclerotic burden, or coro-
nary microvascular dysfunction. Patients with non-obstructive coronary arteries may still
exhibit significant microvascular disease or diffuse atherosclerosis, both of which have
been implicated in myocardial ischemia and adverse cardiovascular outcomes. Further-
more, advanced functional and imaging assessments, such as coronary flow reserve meas-
urements, positron emission tomography, cardiac magnetic resonance perfusion imaging,
or invasive coronary function testing, were not performed. Therefore, the overall burden
of coronary vascular pathology may have been underestimated, potentially contributing
to the lack of an observed association between Hcy and angiographic CAD severity. Given
the established associations between Hcy, endothelial dysfunction, and vascular remod-
eling, future studies incorporating more comprehensive assessment of coronary athero-
sclerotic burden and microvascular function may provide additional insights into the re-
lationship between hyperhomocysteinemia and coronary vascular disease [30,31].

Similarly, we did not observe a significant relationship between Hcy and ABIL Most
patients had preserved ABI values, and only a minority had clinically established periph-
eral arterial disease, which may partially explain this finding. Furthermore, ABI primarily
detects hemodynamically significant large-vessel peripheral arterial disease and may be
less sensitive for identifying early-stage atherosclerosis, diffuse vascular remodeling, or
microvascular dysfunction. Consequently, patients with subclinical peripheral vascular
disease may have been classified as having normal peripheral circulation despite under-
lying vascular abnormalities. Additional modalities, including duplex ultrasonography,
peripheral pulse wave velocity assessment, vascular imaging, or endothelial function test-
ing, may provide a more comprehensive characterization of peripheral vascular disease
and could potentially reveal associations with Hcy that were not detected using ABI alone
[32]. Previous studies demonstrating associations between Hcy and peripheral arterial
disease often included populations with more advanced vascular disease and higher prev-
alence of abnormal ABI values [32,33].

Although elevated Hcy levels were associated with impaired kidney function and
increased arterial stiffness, the clinical implications of these findings remain uncertain.
Given the observational design, it cannot be determined whether Hcy represents a modi-
fiable risk factor, a causal mediator, or simply a marker of underlying cardiorenal dys-
function. Furthermore, previous interventional studies evaluating Hcy-lowering strate-
gies have yielded inconsistent results. Therefore, prospective studies and randomized
clinical trials are needed to determine whether Hcy provides incremental value for risk
stratification and whether lowering Hcy can improve vascular or renal outcomes [33].

Our study has several limitations. First, the relatively modest sample size may have
limited statistical power, particularly for analyses evaluating CAD severity and ABI. Con-
sequently, the absence of significant associations for these outcomes should be interpreted
cautiously, as weaker relationships may have remained undetected. Second, the study in-
cluded only Caucasian patients from a single tertiary referral center in Slovenia and rep-
resented a selected high-risk population referred for elective coronary angiography fol-
lowing positive non-invasive ischemia testing. Therefore, the generalizability of our
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findings to other ethnic groups, healthcare settings, and lower-risk populations may be
limited.

Third, the observational cross-sectional design precludes causal inference regarding
the relationship between Hcy, kidney dysfunction, and arterial stiffness. Additionally, all
biomarkers were assessed at a single time point, limiting evaluation of temporal changes
and long-term variability. Future longitudinal studies with serial measurements are
needed to clarify these relationships.

Fourth, residual confounding cannot be excluded. We did not assess vitamin B12,
vitamin B6, folate status, inflammatory burden, dietary factors, smoking status, physical
activity, medication adherence, socioeconomic factors, or genetic determinants of Hcy me-
tabolism, including MTHFR polymorphisms, all of which may influence circulating Hcy
concentrations. These factors may influence both Hcy concentrations and vascular func-
tion and could have contributed to the observed associations. Consequently, although the
association between Hcy and cfPWV remained statistically significant after adjustment for
measured covariates, residual confounding cannot be excluded. Therefore, the observed
relationship should be interpreted as hypothesis-generating and requires confirmation in
larger prospective studies with more comprehensive assessment of potential confounders.

Finally, coronary microvascular dysfunction was not specifically evaluated, CAD se-
verity was assessed using a simplified vessel-based classification, and peripheral arterial
disease assessment relied solely on ABI measurements. In addition, novel biomarkers of
tubular kidney injury, such as NGAL, KIM-1, and DKK-3, were not assessed, and UACR
was measured from a single spot urine sample. These methodological considerations may
have limited the detection of more subtle associations between Hcy, vascular dysfunction,
and kidney injury.

Despite these limitations, our study provides a comprehensive simultaneous evalu-
ation of Hcy, kidney biomarkers, arterial stiffness, and angiographic CAD within the same
patient population. The independent association between Hcy and central arterial stiff-
ness, together with its strong relationship with kidney dysfunction markers, supports its
potential role as an integrated biomarker of cardiorenal vascular dysfunction.

5. Conclusions

Elevated Hcy levels were independently associated with impaired kidney function
and increased central arterial stiffness in patients undergoing elective coronary angi-
ography. Hcy correlated with multiple biomarkers of kidney injury and remained inde-
pendently associated with cfPWV after adjustment for age, sex, kidney function, and car-
diovascular risk factors. In contrast, no independent association was observed with angi-
ographic CAD severity or peripheral arterial disease. These findings suggest that hyper-
homocysteinemia may primarily reflect diffuse vascular remodeling and cardiorenal vas-
cular dysfunction rather than focal obstructive atherosclerotic disease. Further studies are
needed to clarify its prognostic significance and potential clinical utility in cardiovascular
and renal risk stratification.

Author Contributions: N.P. and R.E. contributed to the design of the work and to the acquisition of
all the data. N.P. performed analysis and interpretation of the data. N.P., S.B., R.E., and F.H.N. re-
viewed the work and gave final approval for publication of the data. All authors have read and

agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: This study protocol was reviewed and approved by the
National Slovenian Ethics Committee, Health Ministry, approval number [N°0120-32/2017/4, 2 No-
vember 2017, date of approval: 17 January 2017].

https://doi.org/10.3390/jcm 15134961


https://doi.org/10.3390/jcm15134961

J. Clin. Med. 2026, 15, 4961 13 of 14

Informed Consent Statement: All patients had signed written informed consent before inclusion in
the study.

Data Availability Statement: All data generated or analyzed during this study are included in this
article. Further enquiries can be directed to the corresponding author.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Finkelstein, ].D. Homocysteine: A history in progress. Nutr. Rev. 2000, 58, 193-204.

McCaddon, A.; Miller, ]. W. Homocysteine-a retrospective and prospective appraisal. Front. Nutr. 2023, 10, 1179807.

Tinelli, C.; Di Pino, A.; Ficulle, E.; Marecelli, S.; Feligioni, M. Hyperhomocysteinemia as a Risk Factor and Potential Nutraceutical
Target for Certain Pathologies. Front. Nutr. 2019, 6, 49.

Ganguly, P.; Alam, S.F. Role of homocysteine in the development of cardiovascular disease. Nutr. J. 2015, 14, 6.

Poznyak, A.V.; Sadykhov, N.K.; Kartuesov, A.G.; Borisov, E.E.; Sukhorukov, V.N.; Orekhov, A.N. Atherosclerosis Specific Fea-
tures in Chronic Kidney Disease (CKD). Biomedicines 2022, 10, 2094.

Smith, A.D.; Refsum, H. Homocysteine —From disease biomarker to disease prevention. J. Intern. Med. 2021, 290, 826-854.
Ekart, R.; Bevc, S.; Hojs, N.; Knehtl, M.; Dvorsak, B.; Hojs, R. Albuminuria is Associated with Subendocardial Viability Ratio in
Chronic Kidney Disease Patients. Kidney Blood Press. Res. 2015, 40, 565-574.

épan, M.; Gersak, G.; Millasseau, S.C.; Meza, M.; Kosir, A. Detection of peripheral arterial disease with an improved automated
device: Comparison of a new oscillometric device and the standard Doppler method. Vasc. Health Risk Manag. 2016, 12, 305-311.
Doupis, J.; Papanas, N.; Cohen, A.; McFarlan, L.; Horton, E. Pulse Wave Analysis by Applanation Tonometry for the Measure-
ment of Arterial Stiffness. Open Cardiovasc. Med. |. 2016, 10, 188-195.

van Guldener, C. Why is homocysteine elevated in renal failure and what can be expected from homocysteine-lowering? Neph-
rol. Dial. Transplant. 2006, 21, 1161-1166.

Hojs, R.; Gorenjak, M.; Ekart, R.; Dvorsak, B.; Pecovnik-Balon, B. Homocysteine and vascular access thrombosis in hemodialysis
patients. Ren. Fail. 2002, 24, 215-222.

Francis, M.E.; Eggers, P.W.; Hostetter, T.H.; Briggs, ].P. Association between serum homocysteine and markers of impaired
kidney function in adults in the United States. Kidney Int. 2004, 66, 303-312.

Mao, S.; Xiang, W.; Huang, S.; Zhang, A. Association between homocysteine status and the risk of nephropathy in type 2 dia-
betes mellitus. Clin. Chim. Acta 2014, 431, 206-210.

He, P.; Yang, Y.; Tian, J.; Yang, M,; Lin, Z,; Li, H.,; Zhang, Y.; Liu, M.; Zhou, C.; Zhang, Z.; et al. Urinary albumin-to-creatinine
ratio and the risk of first stroke in Chinese hypertensive patients treated with angiotensin-converting enzyme inhibitors. Hyper-
tens. Res. 2022, 45, 116-124.

Benoit, S.W.; Ciccia, E.A.; Devarajan, P. Cystatin C as a biomarker of chronic kidney disease: Latest developments. Expert Rev.
Mol. Diagn. 2020, 20, 1019-1026.

Shih, Y.L.; Shih, C.C.; Chen, ].Y. Elevated homocysteine level as an indicator for chronic kidney disease in community-dwelling
middle-aged and elderly populations in Taiwan: A community-based cross-sectional study. Front. Med. 2022, 9, 964101.

Shen, Z.; Zhang, Z.; Zhao, W. Relationship between plasma homocysteine and chronic kidney disease in US patients with type
2 diabetes mellitus: A cross-sectional study. BMC Nephrol. 2022, 23, 419.

Kuang, Z.M.; Wang, Y.; Feng, SJ.; Jiang, L.; Cheng, W.L. Association Between Plasma Homocysteine and Microalbuminuria in
Untreated Patients with Essential Hypertension: A Case-Control Study. Kidney Blood Press. Res. 2017, 42, 1303-1311.

Shang, K.; Ning, X.; Kuang, J.; Xue, A.; Yan, X.; Chen, H. Hypertension and cystatin C account for sex differences in serum
homocysteine levels in acute coronary syndrome subjects with normal serum creatinine. J. Health Popul. Nutr. 2023, 42, 81.
Dzielinska, Z.; Januszewicz, A.; Wiecek, A.; Prejbisz, A.; Zielinski, T.; Chudek, J.; Makowiecka-Ciesla, M.; Demkow, M.; Ty-
czynski, P.; Januszewicz, M.; et al. Reduced kidney function estimated by cystatin C and clinical outcomes in hypertensive
patients with coronary artery disease: Association with homocysteine and other cardiovascular risk factors. Kidney Blood Press.
Res. 2010, 33, 139-148.

Chen, Z.H.; Zhu, X.T,; Hu, Z.P.; Ni, ].X.; Chen, H.L. Correlation of serum homocysteine and cystatin C levels with prognosis in
heart failure with preserved ejection fraction patients. BMC Cardiovasc. Disord. 2024, 24, 510.

Wu, D.F; Yin, R.X.; Deng, ].L. Homocysteine, hyperhomocysteinemia, and H-type hypertension. Eur. . Prev. Cardiol. 2024, 31,
1092-1103.

https://doi.org/10.3390/jcm15134961


https://doi.org/10.3390/jcm15134961

J. Clin. Med. 2026, 15, 4961 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kakutani, Y.; Morioka, T.; Mori, K.; Yamazaki, Y.; Ochi, A.; Kurajoh, M.; Fukumoto, S.; Shioi, A.; Shoji, T.; Inaba, M.; et al.
Albuminuria rather than glomerular filtration rate is associated with vascular endothelial function in patients with type 2 dia-
betes. J. Diabetes Complicat. 2020, 34, 107702.

Romero-Gonzaélez, G.; Rodriguez-Chitiva, N.; Cafiameras, C.; Patl-Martinez, J.; Urrutia-Jou, M.; Troya, M.; Soler-Majoral, J.;
Torres, F.G.; Sanchez-Baya, M.; Calabia, J.; et al. Albuminuria, Forgotten No More: Underlining the Emerging Role in Cardi-
oRenal Crosstalk. . Clin. Med. 2024, 13, 777.

Jager, A.; Kostense, P.J.; Nijpels, G.; Dekker, ].M.; Heine, R.J.; Bouter, L.M.; Donker, A.].; Stehouwer, C.D. Serum homocysteine
levels are associated with the development of (micro)albuminuria: The Hoorn study. Arterioscler. Thromb. Vasc. Biol. 2001, 21,
74-81.

Toya, T.; Sara, ].D.; Lerman, B.; Ahmad, A.; Taher, R.; Godo, S.; Corban, M.T.; Lerman, L.O.; Lerman, A. Elevated plasma ho-
mocysteine levels are associated with impaired peripheral microvascular vasomotor response. Int. ]. Cardiol. Heart Vasc. 2020,
28, 100515.

Yuan, D.; Chuy, J.; Lin, H.; Zhu, G.; Qian, J.; Yu, Y.; Yao, T,; Ping, F.; Chen, F.; Liu, X. Mechanism of homocysteine-mediated
endothelial injury and its consequences for atherosclerosis. Front. Cardiovasc. Med. 2022, 9, 1109445.

Zhang, S.; Bai, Y.Y.; Luo, L.M.; Xiao, W.K.; Wu, H.M,; Ye, P. Association between serum homocysteine and arterial stiffness in
elderly: A community-based study. |. Geriatr. Cardiol. 2014, 11, 32-38.

Wang, T.; Xu, G; Cai, X.; Gong, J.; Xie, Q.; Xie, L. Association of homocysteine with carotid-femoral pulse wave velocity in a
southern Chinese population. Aging 2019, 11, 9709-9718.

Calim, A.; Turkoz, F.P.; Ozturkmen, Y.A.; Mazi, E.E.; Cetin, E.G.; Demir, N.; Borlu, F. The Relation between Homocysteine
Levels in Patients with Acute Coronary Syndrome and Grace Score. Sisli Etfal Hastan. Tip. Bul. 2020, 54, 346-350.

Petrovic, O.; Vidanovic, S.; Jovanovic, I.; Paunovic, I.; Rakocevic, I.; Milasinovic, D.; Tesic, M.; Boskovic, N.; Dukic, D.; Ostojic,
M.; et al. Does Atrial Fibrillation at Diagnosis Change Prognosis in Patients with Aortic Stenosis? J. Clin. Med. 2024, 13, 3917.
Delcour, K.S.; Khaja, A.; Chockalingam, A.; Kuppuswamy, S.; Dresser, T. Outcomes in patients with abnormal myocardial per-
fusion imaging and normal coronary angiogram. Angiology 2009, 60, 318-321.

Ankrah, A.; Buscombe, ].; Sathekge, M.M. Association between plasma homocysteine and myocardial SPECT abnormalities in
patients referred for suspected myocardial ischaemia. Cardiovasc. J. Afr. 2012, 23, 313-317.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm 15134961


https://doi.org/10.3390/jcm15134961

	1. Introduction
	2. Methods
	2.1. Study Population
	2.2. Homocysteine Measurements
	2.3. Atherosclerosis Risk Assessment
	2.4. Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusions
	References

