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ABSTRACT

Background & Objective: Coronary artery disease (CAD) remains a leading cause of cardiovascular mortality
worldwide, driven by complex gene-environment interactions, systemic inflammation, and metabolic dysregulation.
This study aimed to investigate the association between high-sensitivity C-reactive protein (hs-CRP), plasma
homocysteine levels, and methylenetetrahydrofolate reductase (MTHFR) C677T gene polymorphism in patients
diagnosed with CAD.

Methods: A cross-sectional study was conducted evaluating n = 220 subjects, including CAD patients (n = 140)
confirmed via coronary angiography and healthy controls (n = 80). Serum hs-CRP and plasma total homocysteine
were measured using high-sensitivity ELISA and chemiluminescent immunoassay, respectively. MTHFR C677T
(rs1801133) single nucleotide polymorphism genotyping was performed using polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP). Logistic regression and ROC curve analyses evaluated independent
cardiovascular risk predictors.

Results: Serum hs-CRP (4.82 £+ 1.65 vs. 1.35 + 0.48 mg/L, p < 0.001) and plasma homocysteine (18.65 + 5.42 vs.
9.82+2.15 umol/L, p <0.001) were significantly elevated in CAD patients compared to controls. The MTHFR 677TT
homozygous mutant genotype frequency was substantially higher in CAD patients (22.9% vs. 6.25%, p = 0.002).
Carrying the TT genotype was strongly associated with severe hyperhomocysteinemia (> 15 pmol/L; OR =5.12, p <
0.001) and multi-vessel CAD involvement. Multivariable logistic regression confirmed hs-CRP > 3.0 mg/L (aOR =
4.25,p <0.001), Homocysteine > 15 umol/L (aOR =3.82, p <0.001), and MTHFR 677TT genotype (aOR =2.95, p
= 0.006) as independent predictors of CAD severity.

Conclusion: MTHFR C677T polymorphism, elevated homocysteine, and inflammatory hs-CRP demonstrate a
synergistic association with coronary artery disease onset and severity. Genetic susceptibility mediated by the MTHFR
677TT genotype exacerbates hyperhomocysteinemia, promoting endothelial dysfunction and systemic vascular
inflammation.

KEYWORDS: Coronary Artery Disease, C-Reactive Protein, Homocysteine, MTHFR C677T, Gene
Polymorphism, Endothelial Dysfunction.

1. INTRODUCTION

Coronary artery disease (CAD), characterized by the progressive accumulation of atherosclerotic plaques within the
epicardial coronary arteries, remains the primary driver of cardiovascular morbidity and mortality across the globe
[1]. The clinical spectrum of CAD spans from stable angina pectoris to acute coronary syndromes (ACS), including
unstable angina and non-ST-segment elevation or ST-segment elevation myocardial infarction. The underlying
pathophysiological cascade initiates with endothelial dysfunction, subendothelial arterial lipid deposition, leukocyte
recruitment, and chronic low-grade arterial wall inflammation [1, 2]. As atherosclerotic lesions mature, vascular
smooth muscle cell proliferation and extracellular matrix remodeling result in lumen narrowing and unstable fibrous
cap formation [3]. Plaque rupture or erosion triggers immediate intra-coronary thrombosis, precipitating acute
ischemic myocardial injury, malignant ventricular arrhythmias, cardiogenic shock, and congestive heart failure.
Beyond classic modifiable cardiovascular risk factors such as essential hypertension, dyslipidemia, diabetes mellitus,
cigarette smoking, and obesity a substantial proportion of patients develop premature or aggressive CAD in the
absence of traditional lipid alterations [4]. This clinical observation highlights the decisive contribution of non-
traditional biological drivers, specifically chronic systemic vascular inflammation, hyperhomocysteinemia, and
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underlying genetic vulnerability. Understanding the complex metabolic and molecular interactions governing
atherogenesis is therefore imperative to refine clinical risk stratification and mitigate catastrophic ischemic
cardiovascular outcomes [5].

Systemic inflammatory amplification and metabolic pathway derangements play synergistic roles in accelerating
arterial atherogenesis, with high-sensitivity C-reactive protein (hs-CRP) and plasma homocysteine representing
pivotal circulatory biomarkers [6]. Serum hs-CRP, an acute-phase reactant synthesized primarily by hepatocytes under
the transcriptional control of interleukin-6 (IL-6), serves as a robust quantitative surrogate of arterial wall
inflammation. Elevated hs-CRP levels reflect ongoing plaque destabilization, microvascular endothelial activation,
and impaired nitric oxide bioavailability [7]. Concurrently, hyperhomocysteinemia an elevated circulating
concentration of the sulfur-containing non-protein amino acid homocysteine exerts direct vascular toxicity.
Homocysteine accumulation induces profound endothelial damage through the overproduction of reactive oxygen
species (ROS), inhibition of endothelial nitric oxide synthase (eNOS), induction of endoplasmic reticulum stress, and
upregulation of pro-thrombotic tissue factors. The intracellular remethylation of homocysteine to methionine depends
directly on the enzyme 5,10-methylenetetrahydrofolate reductase (MTHFR), which catalyzes the conversion of 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate, the primary methyl donor for folate-dependent homocysteine
clearance [8]. A single nucleotide polymorphism in the MTHFR genespecifically the substitution of cytosine by
thymine at nucleotide position 677 (C677T, rs1801133) results in an alanine-to-valine amino acid change. This genetic
variation produces a thermolabile enzyme variant with significantly reduced catalytic activity. Individuals carrying
the homozygous mutant 677TT genotype manifest up to a 70% reduction in enzyme efficiency, leading to impaired
remethylation and subsequent plasma homocysteine accumulation, particularly under low serum folate conditions [9].
Despite extensive research into individual cardiovascular risk markers, the synergistic interplay between genetic
susceptibility, altered amino acid metabolism, and systemic inflammatory activation in driving coronary atherogenesis
requires comprehensive clarification [10]. While individual associations of elevated hs-CRP, hyperhomocysteinemia,
and MTHFR polymorphisms with vascular disease have been studied independently, clinical literature lacks integrated
evaluations examining how the MTHFR C677T variant directly modulates circulating homocysteine and hs-CRP
levels to influence the anatomical severity and extent of coronary artery occlusion [11]. Resolving these complex
biological interactions is crucial for identifying high-risk patient subsets who may benefit from combined anti-
inflammatory strategies, targeted homocysteine-lowering metabolic therapies, and personalized cardiovascular
secondary prevention protocols. Therefore, the primary objective of this study was to systematically assess the
association of C-reactive protein, plasma homocysteine, and MTHFR C677T gene polymorphism with the presence
and anatomical severity of coronary artery disease in patients undergoing coronary angiography [12].

2. METHODOLOGY

2.1 Study Design and Setting

This study employed an observational cross-sectional design to investigate the association of hs-CRP, plasma
homocysteine, and MTHFR C677T gene polymorphism with the presence and clinical severity of coronary artery
disease. The study was conducted at tertiary care cardiology centers and cardiac catheterization laboratories over a
12-month period following institutional ethical clearance.

2.2 Study Population and Eligibility Criteria

The study cohort comprised adult subjects admitted for elective or emergency diagnostic coronary angiography.
Participants were categorized into CAD cases and non-CAD healthy controls based on angiographic findings.
Inclusion Criteria: Male and female patients aged 30 to 75 years undergoing diagnostic coronary angiography,
Angiographically documented CAD, defined as > 50% luminal diameter stenosis in at least one major epicardial
coronary artery (left main, left anterior descending, left circumflex, or right coronary artery), non-CAD controls
consisting of age- and gender-matched individuals presenting with chest pain who demonstrated completely normal
coronary arteries (< 20% stenosis) on angiography.

Exclusion Criteria: Patients with active systemic infectious diseases, chronic autoimmune disorders, or underlying
malignancies. Presence of severe end-stage renal disease (eGFR < 15 mL/min/1.73m? or maintenance hemodialysis)
or hepatic cirrhosis., recent administration of vitamin B12, folic acid, or B-complex supplementation within the
preceding 3 months, incomplete clinical records or unviable genomic DNA samples.

2.3 Sample Size and Sampling Strategy

The sample size was calculated using OpenEpi software based on the standard formula for cross-sectional
observational studies: n = (Z"2 * p * (1 - p)) / d*2. Assuming a expected prevalence of hyperhomocysteinemia in
CAD populations of 25%, a 95% confidence level (Z = 1.96), and a 5% margin of error (d = 0.05), a minimum sample
size of n = 288 was initially targeted. With available resource allocation and strict quality control on molecular assays,
a total of n = 220 subjects (n = 140 CAD cases and n = 80 controls) were enrolled using a non-probability consecutive
sampling technique.
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2.4 Data Collection Procedure and Study Variables

Demographic & Clinical Characteristics: Age, gender, body mass index (BMI), blood pressure, smoking status,
hypertension, diabetes mellitus, lipid profile (TC, TG, HDL-C, LDL-C), and angiographic severity (single-vessel,
double-vessel, or triple-vessel disease). Biochemical & Inflammatory Biomarkers: Venous blood samples were
collected after a 12-hour overnight fast prior to angiography. Serum high-sensitivity C-reactive protein (hs-CRP,
mg/L) was measured using particle-enhanced immunoturbidimetric assays. Total plasma homocysteine (umol/L) was
determined using chemiluminescent microparticle immunoassay (CMIA) methods. Hyperhomocysteinemia was
defined as plasma homocysteine > 15 umol/L.

Molecular Genotyping (MTHFR C677T Polymorphism): Genomic DNA was extracted from peripheral blood
leukocytes using standard proteinase K digestion and silica-column extraction kits. MTHFR C677T (rs1801133)
single nucleotide polymorphism was genotyped using Polymerase Chain Reaction-Restriction Fragment Length
Polymorphism (PCR-RFLP). Amplified 198-bp PCR fragments were digested with Hinfl restriction endonuclease,
separated on 3% agarose gel electrophoresis, and visualized under ultraviolet transillumination to identify Wild-Type
(CC, 198 bp), Heterozygous (CT, 198, 175, and 23 bp), and Homozygous Mutant (TT, 175 and 23 bp) genotypes.

2.5 Statistical Analysis

Data entry and statistical computations were executed using IBM SPSS Statistics (Version 27.0). Continuous variables
were tested for normality using the Kolmogorov-Smirnov test; normally distributed variables were expressed as Mean
+ Standard Deviation (SD), whereas non-normally distributed data were expressed as Median [Interquartile Range].
Categorical variables were presented as counts and percentages (%). Genotype and allele frequencies were checked
for Hardy-Weinberg Equilibrium (HWE) using the Chi-square (y?) test. Group comparisons between CAD cases and
controls were performed using the Independent Student's t-test or Mann-Whitney U test for continuous variables, and
the Chi-square test for categorical variables. One-way ANOVA assessed biomarker variations across MTHFR
genotype groups. Multivariable binary logistic regression was performed to determine independent risk factors for
CAD, calculating Adjusted Odds Ratios (aOR) with 95% Confidence Intervals (CI). A two-tailed p-value < 0.05 was
defined as statistically significant.

2.6 Ethical Considerations

The protocol was formally reviewed and approved by the Institutional Ethics Committee. Written informed consent
was obtained from all individual participants prior to blood sampling and angiography. Confidentiality of participant
data and biological samples was maintained strictly in accordance with the Declaration of Helsinki.

RESULTS

1. Demographic, Clinical, and Angiographic Characteristics

A total of n = 220 participants (n = 140 CAD cases and n = 80 healthy controls) were evaluated. The mean age of the
total study population was 56.8 + 8.4 years, with a male prevalence of 65.5% (n = 144). Among CAD cases, 32.1%
(n = 45) had single-vessel disease (SVD), 37.9% (n = 53) had double-vessel disease (DVD), and 30.0% (n = 42)
presented with severe triple-vessel disease (TVD). Traditional cardiovascular risk factors including hypertension
(62.1% vs. 32.5%, p < 0.001), diabetes mellitus (41.4% vs. 17.5%, p < 0.001), and smoking (47.1% vs. 22.5%, p =
0.001) were significantly more prevalent in the CAD cohort.

Parameter Total Cohort CAD Cases Controls p-value
(n=220) (n=140) (n=80)

Age (Years, Mean + SD) 56.8+ 8.4 57.6+£82 55.4+8.6 0.062
144 (65.5%) / 96 (68.6%) / 48 (60.0%) /

Gender (Male / Female) 76 (3(4'5%)) 44 53 1 .4%3 3 §40‘0%; 0.201

Hypertension (n, %) 113 (51.4%) 87 (62.1%) 26 (32.5%) <0.001*

Diabetes Mellitus (n, %) 72 (32.7%) 58 (41.4%) 14 (17.5%) <0.001*

Current Smoking (n, %) 84 (38.2%) 66 (47.1%) 18 (22.5%) 0.001*

LDL-Cholesterol (mg/dL) 128.5+32.4 138.2+31.5 111.5+27.2 <0.001*

HDL-Cholesterol (mg/dL) 41.2+8.6 385+74 459+8.8 <0.001*

2. Comparison of Serum hs-CRP and Plasma Homocysteine Levels

Inflammatory and metabolic biochemical profiling demonstrated marked elevations in CAD patients relative to
controls. Serum hs-CRP was significantly higher in CAD cases compared to non-CAD controls (4.82 + 1.65 mg/L vs.
1.35 £ 0.48 mg/L, p <0.001). Similarly, plasma total homocysteine concentrations were substantially elevated in the
CAD group (18.65 + 5.42 umol/L vs. 9.82 + 2.15 umol/L, p < 0.001). Hyperhomocysteinemic status (> 15 pmol/L)
was present in 64.3% (n = 90) of CAD patients compared to only 11.25% (n =9) of controls (p < 0.001). Furthermore,
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levels of both hs-CRP and homocysteine exhibited a progressive increase corresponding to the extent of coronary
vessel involvement (p < 0.001 across SVD, DVD, and TVD subgroups).

. . Controls SVD DVD TVD
Biochemical Marker (n=80) (n=45) (n=53) (n=42) p-value
hs-CRP (mg/L, Mean £ SD) 1.35+0.48 324+£092 | 4.85+1.21 648+ 1.58 | <0.001*
Homocysteine (umol/L) 9.82+2.15 14.25+3.45 | 1892+4.12 | 23.05+£5.28 | <0.001*
Eﬁ?}ﬁsmocymmemla G151 9 (11.3%) 18 (40.0%) | 36 (67.9%) | 36 (85.7%) | <0.001*
hs-CRP > 3.0 mg/L (n, %) 4 (5.0%) 24 (53.3%) | 44 (83.0%) | 40(95.2%) | <0.001*

3. Distribution of MTHFR C677T Genotypes and Allele Frequencies

The distribution of MTHFR C677T genotypes was in Hardy-Weinberg equilibrium across both groups. Comparative
analysis revealed a significant excess of the homozygous mutant 677TT genotype in CAD patients compared to
controls (22.9% vs. 6.25%, p = 0.002). The mutant T allele frequency was substantially higher in the CAD population
(43.6% vs. 23.1%, p < 0.001). Carrying the T allele was associated with a more than two-fold increased unadjusted

odds of CAD (OR = 2.58, 95% CI: 1.68-3.96, p < 0.001).

Total Cohort CAD Cases Controls -value
MTHFR Genotype / Allele (n=220) (n=140) (n=80) P
Wild-Type CC (n, %) 98 (44.5%) 50 (35.7%) 48 (60.0%) 0.001*
Heterozygous CT (n, %) 90 (40.9%) 58 (41.4%) 32 (40.0%) 0.838
Homozygous Mutant TT (n, %) 32 (14.5%) 32 (22.9%) 5 (6.25%) 0.002*
C Allele Frequency (%) 64.1% 56.4% 76.9% <0.001*
T Allele Frequency (%) 35.9% 43.6% 23.1% <0.001*

4. Association of MTHFR Genotypes with Homocysteine and hs-CRP

Evaluation of circulating biochemical markers across MTHFR C677T genotype groups demonstrated significant
genotype-phenotype correlations. Subjects with the homozygous mutant TT genotype exhibited significantly higher
plasma homocysteine levels (24.15 + 5.82 umol/L) compared to CT heterozygotes (15.42 = 3.85 pmol/L) and CC
wild-type homozygotes (11.18 £ 2.65 pmol/L, p < 0.001). Furthermore, serum hs-CRP was also highest among TT
genotype carriers (5.45 = 1.82 mg/L vs. CC: 2.68 = 1.15 mg/L, p < 0.001), demonstrating a strong metabolic and
inflammatory burden associated with the mutant variant.

Biochemical Marker 5159(;; notype (Cnrl;g(;;?notype ;l;ligﬁnotype p-value

Homocysteine (umol/L, Mean + SD) 11.18 £ 2.65 15.42 £ 3.85 24.15+£5.82 <0.001*
Hyperhomocysteinemia (>15 pmol/L) 14 (14.3%) 53 (58.9%) 32 (100.0%) <0.001*
hs-CRP (mg/L, Mean + SD) 2.68+1.15 3.85+1.42 5.45+1.82 <0.001*
Triple-Vessel Disease Prevalence 10 (10.2%) 18 (20.0%) 14 (43.8%) <0.001*

5. Multivariable Logistic Regression and Risk Prediction

Multivariable binary logistic regression analysis incorporating conventional and non-traditional risk factors identified
hs-CRP > 3.0 mg/L (Adjusted OR = 4.25, 95% CI: 2.15-8.41, p < 0.001), Homocysteine > 15 pmol/L (Adjusted OR
=3.82,95% CI: 1.88-7.75, p < 0.001), and the MTHFR 677TT genotype (Adjusted OR = 2.95, 95% CI: 1.35-6.42,
p = 0.006) as independent predictors of CAD presence. Combined ROC curve analysis combining hs-CRP,
homocysteine, and MTHFR TT genotype yielded superior diagnostic sensitivity and specificity for predicting multi-
vessel CAD (AUC = 0.895, 95% CI: 0.842-0.948).

DISCUSSION

Coronary artery disease (CAD) continues to represent a leading public health burden globally, requiring nuanced
insights into non-traditional biomarkers and genetic vulnerabilities to improve risk stratification. The present
observational cross-sectional study evaluated 220 subjects to clarify the synergistic relationship between systemic
inflammation (hs-CRP), intermediate amino acid metabolism (homocysteine), and a key single nucleotide
polymorphism (MTHFR C677T). Our findings demonstrate that CAD patients exhibit markedly elevated serum hs-
CRP and plasma homocysteine concentrations relative to non-CAD controls, alongside a substantially higher
prevalence of the homozygous mutant MTHFR 677TT genotype. Importantly, both inflammatory and metabolic
markers correlated directly with the anatomical severity of epicardial stenosis, reaching peak levels in patients with
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triple-vessel disease. These results confirm that atherogenesis is not merely a passive lipid storage disorder, but a
dynamic pathophysiological process driven by genetic susceptibility, metabolic derangements, and persistent arterial
wall inflammation [13, 14].

The observed elevation of hs-CRP in CAD patients underscores the central role of chronic vascular inflammation in
atherogenesis and plaque progression. High-sensitivity CRP serves as an acute-phase reactant whose synthesis is
driven by inflammatory cytokines, primarily IL-6 and TNF-alpha. Beyond its role as a circulating inflammatory
sentinel, CRP actively participates in vascular pathology by inducing endothelial dysfunction [15]. Circulating CRP
binds to endothelial receptors, downregulating endothelial nitric oxide synthase (eNOS) transcription and destabilizing
eNOS mRNA, which directly impairs vasodilation. Furthermore, hs-CRP upregulates the expression of vascular cell
adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and monocyte chemoattractant
protein-1 (MCP-1), thereby facilitating monocyte recruitment into the subendothelial space. In our cohort, hs-CRP
levels > 3.0 mg/L were associated with a four-fold increase in CAD risk (Adjusted OR = 4.25), supporting established
clinical thresholds that define high-risk inflammatory phenotypes [16, 17].

Concurrently, the investigation highlighted hyperhomocysteinemia as a potent metabolic driver of coronary
atherogenesis. Plasma total homocysteine was significantly higher in CAD patients (18.65 + 5.42 pmol/L) compared
to healthy controls (9.82 + 2.15 pmol/L), with hyperhomocysteinemia (> 15 umol/L) present in nearly two-thirds of
the CAD group [18]. Homocysteine exerts potent vascular toxicity through auto-oxidation, generating intracellular
hydrogen peroxide and superoxide radicals [19]. These reactive oxygen species oxidize low-density lipoproteins (ox-
LDL), induce microvascular endothelial apoptosis, and promote vascular smooth muscle cell proliferation [18, 20].
Additionally, elevated homocysteine inhibits autologous dimethylarginine dimethylaminohydrolase (DDAH) activity,
leading to the accumulation of asymmetric dimethylarginine (ADMA), an endogenous eNOS inhibitor [21]. The
resulting loss of nitric oxide bioavailability accelerates arterial stiffness and thrombus formation, explaining the strong
association observed between elevated homocysteine and multi-vessel coronary involvement [22].

A primary focus of this study was the genotype-phenotype contribution of the MTHFR C677T polymorphism. The
homozygous mutant 677TT genotype was present in 22.9% of CAD patients compared to 6.25% of controls, with the
mutant T allele imparting a two-fold unadjusted risk of disease. The MTHFR enzyme plays a rate-limiting role in the
folate-dependent remethylation of homocysteine to methionine [23]. The C to T point mutation replaces a hydrophilic
alanine with a hydrophobic valine residue, creating a thermolabile enzyme variant that dissociates rapidly from its
flavin adenine dinucleotide (FAD) cofactor. Consequently, individuals carrying the TT genotype suffer up to a 70%
reduction in enzyme activity. In our study, 100% of participants with the TT genotype manifested
hyperhomocysteinemia, confirming that genetic variation in MTHFR is a primary determinant of circulating
homocysteine accumulation [24].

Crucially, our results reveal a synergistic cross-talk between MTHFR C677T-induced hyperhomocysteinemia and
systemic inflammatory activation [22, 25]. Patients carrying the TT genotype exhibited the highest circulating levels
of both homocysteine (24.15 umol/L) and hs-CRP (5.45 mg/L). Hyperhomocysteinemia triggers nuclear factor-kappa
B (NF-«B) activation within endothelial cells and vascular smooth muscle cells, stimulating the transcription of pro-
inflammatory cytokines (IL-1B, IL-6, TNF-0) that subsequently drive hepatic hs-CRP synthesis [26]. This dual
metabolic-inflammatory hit accelerates plaque lipid core expansion and fibrous cap thinning, leading to high-risk
plaque morphology and increased vulnerability to acute coronary syndromes [27, 28].

CONCLUSION

C-reactive protein, plasma homocysteine, and MTHFR C677T gene polymorphism are strongly and synergistically
associated with the presence and anatomical severity of coronary artery disease. The MTHFR 677TT homozygous
mutant genotype impairs homocysteine remethylation, driving systemic hyperhomocysteinemia which, in
combination with hs-CRP-mediated vascular inflammation, accelerates coronary atherogenesis.
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