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Abstract: Estrogens play a protective role during early life stages. However, endogenous 17p3-
estradiol (E2) can accelerate atherosclerosis progression in low-grade inflammatory conditions in
established atherosclerosis. Our single-center cohort study assessed sex-specific associations of
gonadal hormones with oxidative stress, inflammation, and myocardial injury markers in 111
patients (37% women) diagnosed with acute myocardial infarction (MI) between July 2011 and
December 2013. Blood samples were collected within 48 hours of symptom onset, and we measured
sex steroids (E2, total testosterone [T]), oxidized low-density lipoproteins, high-sensitive C-reactive
protein (CRP), white blood cell counts (WBC), and cardiac enzymes (creatine kinase [CK], the CK
Muscle-Brain fraction [CK-MB], and high-sensitive troponin T [hsTnT]). The SYNTAX score gauged
coronary disease severity from coronary angiography results. In men with acute MI, peak cardiac
enzyme levels were predicted by post-percutaneous coronary intervention (PCI) E2 plasma levels
(OR 1.011, p=0.047 - CK; OR 1.018, p=0.013 - CK- MB; OR 1.019, p=0.005 - TnT), peak WBC count
(OR 1.487, p=0.015 - CK ; OR 1.709, p=0.005 - CK- MB; OR 1.391, p=0.012 - TnT), and peak CRP
plasma levels (OR 1.040, p=0.033 - CK; OR 1.024, p=0.029 - CK-MB; OR 1.063, p=0.006 - TnT). T levels
and E2/T ratio were associated with post-PCI CRP in these men (OR 0.980, p=0.024 - T, OR 1.010, p
=0.076 - CRP). For women, peak WBC was a marker of highest testosterone (OR 1.348, p = 0.062),
and only WBC was a significant indicator of myocardial injury extent (OR 1.426, p=0.039 - CK; OR
1.384, p=0.036 - CK-MB; OR 1.299, p=0.048 - TnT). During acute MI, elevated endogenous estradiol
levels correlate with myocardial necrosis severity in men, while in women, increased leukocyte
levels indicate acute myocardial damage. Elevated plasma T is associated with increased WBC in
women. In men, post-PCI plasma CRP specifically indicates endogenous T levels and E2/T ratio
during the acute phase.

Keywords: 173-estradiol; total testosterone; oxidized low-density lipoproteins; C-reactive protein;
acute myocardial infarction

1. Introduction

Early menopause has long been recognized as a risk factor for cardiovascular disease [1].
Researchers have found links between irregular menstrual cycles and an increased risk of acute
myocardial infarction (AMI) [2]. Furthermore, women with polycystic ovary syndrome,
characterized by hyperandrogenemia, are more prone to premature and extensive coronary artery
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disease [3]. Low plasma concentrations of endogenous 17[3-estradiol in early life correlate with an
atherogenic lipid profile and endothelial dysfunction in men [4-6]. In contrast, in cohorts with
established cardiovascular disease, high serum estradiol levels in both men and women [7] and low
serum testosterone and its precursors in men [7,8] predict the severity of coronary atherosclerosis. In
postmenopausal women, high testosterone levels correlate with the degree of coronary artery disease
(CAD) [9] and an increased risk of death [10]. An allele variant of the aromatase enzyme converts
testosterone to estradiol in various tissues and is a risk indicator for mortality in men with acute
coronary syndrome [11]. The ratio of endogenous estradiol to testosterone (E2/T)—also known as the
aromatase index—indicates an adverse prognosis in older women with known cardiovascular
disease [12].

The concentrations of endogenous gonadal steroids change during the acute phase of
myocardial infarction (MI). Testosterone levels drop within the first 24 hours, whereas estradiol levels
rise until the end of the second week post-MI [13-15]. The activity of the aromatase enzyme varies
throughout life, especially during acute illnesses, leading to increased endogenous estradiol
concentrations [16,17]. The clinical implications of these fluctuations in endogenous sex hormone
concentrations and aromatase activity in acute coronary disease remain uncertain.

Previous studies suggest that men with low serum testosterone levels undergoing primary
percutaneous coronary intervention (PCI) for MI with ST elevation experience inferior myocardial
reperfusion and myocardial systolic function [18]. Conversely, elevated endogenous estradiol levels
independently correlate with the risk of no-reflow in postmenopausal women [19].

Animal research indicates that bilateral ovariectomy increases ischemia-reperfusion (MI/R)
injury of the myocardium. Estrogen treatment can mitigate this by inhibiting endoplasmic reticulum
stress, reducing cardiomyocyte apoptosis, and lessening MI/R injury, resulting in smaller infarcts in
ovariectomized female mice than untreated ones [20,21]. However, these animal models do not
adequately represent the extent of atherosclerosis in older humans, limiting their relevance.

1.1. Purpose

This single-center cohort study aimed to assess the significant associations between gonadal
hormones, the aromatase index, oxidative stress, inflammation, and myocardial damage extent in
postmenopausal women and adult men with AMIL

2. Materials and Methods

We included 111 patients (37% women) diagnosed with AMI admitted to the Clinic of
Cardiology, University Hospital “Alexandrovska,” Sofia, between July 2011 and December 2013.
Blood samples were drawn 48 hours after symptom onset to measure levels of sex steroids (total 173-
estradiol [E2], total testosterone [T], dehydroepiandrosterone-sulfate), oxidized low-density
lipoproteins (oxLDL), high-sensitive C-reactive protein (hsCRP), white blood cell counts (WBC), and
cardiac enzymes (creatine kinase [CK], Muscle-Brain fraction of CK [CPK-MB], and high-sensitive
troponin T [hsTnT]). To measure coronary disease severity, we calculated the SYNTAX score for each
patient with angiographically-defined coronary atherosclerosis.

Patients diagnosed with secondary hypogonadism or diseases of the adrenal and pituitary
glands were excluded. Other exclusion criteria included acute infectious disease, chronic
inflammatory disease, known or suspected neoplastic processes, surgical procedures, and trauma
within two weeks before hospital admission. Participants had not used hormone or immunoreactive
therapies six months before or during the study.

We adhered to the Declaration of Helsinki and received approval from the ethics committee of
the Medical University of Sofia. All participants provided written informed consent.

After a 12-hour fast, venous blood samples were collected into EDTA sample tubes, centrifuged
at 12,000 rpm for 20 minutes, and stored at -20°C until analysis.

hsCRP concentrations were determined using a latex-enhanced immunoturbidimetric assay
(Roche Diagnostics GmbH, Manheim, Germany) on the COBAS INTEGRA 700 analyzer. We assessed
levels of steroid hormones and hsTNT using an electrochemiluminescent immunoassay with Roche
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Diagnostics reagents on the Elecsys 2010 analyzer. These methods have been detailed elsewhere
[22,23]. Plasma levels of oxLDL were quantified using the OxiSelect Human Oxidized LDL
immunosorbent assay (ELISA; MDA-LDL) kit (Cell Biolabs, San Diego, USA) and a sandwich ELISA
[24].

2.1. Statistical Analysis

We checked variable distributions using the Kolmogorov-Smirnov and Sapiro-Wilk tests. We
explored associations between variables using both parametric (independent samples t-test) and non-
parametric (x2 test, Fisher’s exact tests, Mann-Whitney U test) methods, further validated by
univariate and multivariable analyses. Analyses were conducted using IBM SPSS Statistics for
Windows, Version 19.0. (Armonk, NY: IBM Corp.). A two-tailed p-value less than 0.05 was deemed
significant.

3. Results

Female patients were, on average, older than male patients (Table 1). In female patients, C-
reactive protein (CRP) and cardiac enzyme levels were lower. During the acute phase of MI, E2 levels
were higher in male patients, while the E2 to T ratio (E2/T) was lower in female patients (Table 1).

Table 1. Characteristics of the Patients — Comparison by Sex.

Variables Men n=70 Women n=41 P-Value
Age, years 62.8+12.7 70.7+10 0.001
Hypertension, n % 66 (94%) 40 (97%) NS
Dyslipidemia, n % 58 (83%) 38 (93%) NS
Diabetes mellitus, n % 24 (34) 18 (43) 0.320
oxLDL, mg/ml 10.4+7.3 8.1+4.9 0.099
CRP, mg/1 27.7+52 16.9+21.7 0.032
WBCx10°1 10.3£3.8 9.8+3.3 0.662
Syntax score 14.1+10.6 11.2+9.2 0.027
EF, % 53.6+10 52.4+12.9 0.606
BMI, kg/m? 28.4+4.3 27.4+5.3 0.330
CK, U/ 1178.9+1486.4 4744722 .4 0.001
CK-MB, U/l 116.1+146 63.6+82.1 0.057
hsTnT, ng/ml 2.5+3.4 1.4+2.5 0.036
E2, pg/ml 155.8+69.6 108.7+126.9 <0.0001
T, ng/ml 13.4+5.2 1.7+3 <0.0001
E2/T 0.02+0.03 0.23+0.51 <0.0001

Abbreviations: oxXLDL, oxidized low-density lipoproteins; CRP, C-reactive protein; WBC, white blood cells; EF,
ejection fraction; BMI, body mass index; CK, creatine kinase; CK-MB, MB fraction of CK; hsTnT, high-sensitive
troponin T; E2, endogenous 17B-estradiol; T, total testosterone.

In male patients, post-PCI E2, CRP, and WBC counts were predictors of peak cardiac enzyme
levels, as determined by univariable regression analysis. For female patients, peak WBC count was a
significant indicator of myocardial injury (Tables 2—4).

Table 2. Gonadal Steroids, Inflammatory, and Oxidative Stress Markers - Association with Peak
Creatine Kinase (CK) Activity.

CK Lowest Tertile Highest Tertile P-Value OR 95% CI ~ P-Value
Male patients
oxLDL 10+8.9 10+7.9 0.317 0.985 0.908-1.070  0.725
WBC 8.4+1.9 11.9+4.4 0.002 1487 1.081-2.045 0.015

CRP 11.6+20.5 49.5+56.3 0.005 1.040 1.003-1.078  0.033
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Syntax score 15.9£10.8 17.5£10.2 0.301 1.016  0.958-1.077  0.593

E2 133.6+54.4 185.6+92.8 0.015 1.011  1.000-1.022  0.047

T 14.5+6.2 13+4.6 0.179 0.947 0.843-1.062  0.352

E2/T 0.016+0.016 0.021+0.017 0.156 6.788 0.154-298.9  0.321
Female patients

oxLDL 9.6+7.9 10.9+7.3 0.314 1.026  1.026-1.134  0.620

WBC 8.6+2.1 11.2+3.3 0.026 1426 1.017-1.998  0.039

CRP 10.9+16.8 22.5+25.8 0.170 1.030 0.985-1.078  0.198

Syntax score 10.7+8.1 13.8+9.9 0.395 1.041 0.951-1.141  0.381

E2 105.5+109.1 155.6+178.1 0.377 1.033  0.997-1.009  0.383

T 0.98+1.57 3.23+4.5 0.050 1.346 0.882-2.054  0.169

E2/T 0.39+0.84 0.18+0.21 0.181 0.446 0.063-3.167  0.419

Abbreviations: oxLDL, oxidized low-density lipoproteins; CRP, C-reactive protein; WBC, white blood cells; CK,

creatine kinase; CK-MB, MB fraction of CK; E2, endogenous 173-estradiol; T, total testosterone.

Table 3. Estradiol (E2) and Testosterone (T), Inflammation, and Oxidative Stress Relationship with
Post-PCI Activity of CK-MB.

CK-MB Lowest Tertile Highest Tertile P-Value = OR 95% CI ~ P-Value
Male patients
oxLDL 10.4+8.3 9.8+7.7 0.794 0983 0.910-1.074  0.787
WBC 8.2+1.8 12.7+4.7 <0.0001 1.709 1.174-2.488  0.005
CRP 15.7+£27.7 58.4+66.2 0.008 1.024 1.002-1.046  0.029
Syntax score 15.5+10.2 18.149.5 0.370 1.028  0.968-1.092  0.364
E2 128+45.9 188.9+90.1 0.003 1.018 1.004-1.032  0.013
T 13.8+5.4 12.9+4.5 0.268 0.963 0.856-1.083  0.528
E2/T 0.019+0.021 0.019+0.015 0.470 0.879 0.033-23.517  0.939
Female patients

oxLDL 8.9+6.6 8.9£3.7 0.993 0.991 0.913-1.076  0.838
WBC 8.3+2.5 11.1+3.3 0.022 1.384 1.022-1.875  0.036
CRP 11.7+16.3 22.3+25.9 0.195 1.027  0.984-1.072  0.217
Syntax score 13.2+16.3 22.3+25.9 0.195 0.979 0.890-1.076  0.659
E2 101.1+106.9 137.9+171.1 0.245 1.002  0.996-1.008  0.489
T 0.73+0.53 3.1+4.6 0.039 2115 0.594-7.527  0.248
E2/T 0.36+0.81 0.16+0.20 0.188 0.443  0.057-3.472  0.439

Abbreviations: PCI, percutaneous coronary intervention; oxLDL, oxidized low-density lipoproteins; CRP, C-
reactive protein; WBC, white blood cells; CK, creatine kinase; CK-MB, MB fraction of CK; E2, endogenous 17[3-
estradiol; T, total testosterone.

Table 4. Inflammatory and Oxidative Stress Markers, Hormones - Association with Troponin T in

Acute Myocardial Infarction (AMI).

Troponin T Lowest Tertile Highest Tertile P-Value OR 95% CI  P-Value

Male patients

oxLDL 12.1+8.8 7.9+£3.6 0.630 0.868 0.769-1.625  0.161

WBC 8.6+2.2 12.1+4.4 0.003 1391 1.076-1.768  0.012

CRP 11.4+16.6 61.3+63.7 0.001 1.063 1.017-1.111  0.006

Syntax score 14.6+10.8 17.9+8.9 0.258 1.037 0.974-1.103  0.257

E2 123+49.9 195.8+89.7 0.001 1.019  1.006-1.033  0.005

T 13.9+5.7 11.8+5.5 0.125 0.938  0.840-1.046  0.250

E2/T 0.018+0.021 0.029+0.035 0.107 2.755 0.178-42.656  0.468

Female patients
oxLDL 8.4+7.0 8.8+3.7 0.410 0.954 0.879-1.035  0.254
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WBC 8.8+2.8 11.8+4.1 0.034 1299 1.022-1.685  0.048
CRP 12.1£19 23+25.6 0.198 1.025 0.986-1.066  0.213
Syntax score 8.9+8.6 1549.5 0.089 1.081 0.985-1.186  0.099
E2 101.6+102.9 153.5+179.2 0.172 1.003 0.997-1.009  0.355
T 0.98+1.57 3.23+4.5 0.050 1.346 0.882-2.054  0.169
E2/T 0.42+0.81 0.12+0.10 0.178 0.067  0.001-5.665  0.233

Abbreviations: AMI, acute myocardial infarction; oxLDL, oxidized low-density lipoproteins; CRP, C-reactive
protein; WBC, white blood cells; E2, endogenous 17B-estradiol; T, total testosterone.

For male patients, high plasma concentrations of E2 and CRP were significant markers for an
increase in Troponin T (TnT) levels (OR 1.019, 95% CI 1.003-1.036, p=0.021 for E2; OR 1.052, 95% CI
1.009-1.095, p=0.016 for CRP). However, WBC count was not a significant marker (p=0.158). Peak
WBC count was notably associated with the highest activities of both CK and CK-MB in a stepwise
multiple regression model (CK: OR 1.487, 95% CI 1.081-2.045, p=0.015 for WBC; CK-MB: OR 1.709,
95% CI 1.174-2.488, p=0.005 for WBC).

An analysis of the correlations between gonadal steroid hormones and the E2/T ratio during the
acute phase of Ml revealed that in male patients, a high CRP level was inversely associated with total
T plasma levels (OR 0.980, 95% CI 0.963-0.997, p=0.024). Additionally, a trend suggested that high
CRP levels were associated with a higher E2/T ratio (OR 1.010, 95% CI 0.999-1.022, p=0.079). Among
female patients with AMI, peak WBC count showed a trend toward marking the highest T levels (OR
1.348, 95% CI 0.985-1.846, p=0.062).

4. Discussion

During the acute phase of MI, male patients showed a significant relationship between the
highest levels of endogenous estradiol and CRP and the severity of cardiomyocyte necrosis (as
evidenced by peak plasma TnT levels). Conversely, the peak WBC count emerged as a sex-specific
marker for acute myocardial damage in women. Interestingly, the peak plasma T in women
correlated with the rise in WBC, while in men with AM]I, it related to the increase in CRP levels.
Furthermore, a positive association was observed between CRP and the E2/T ratio.

4.1. Sex-Specific Relationship of oxLDL and CRP with E2 and E2/T

oxLDL may influence endogenous estradiol and testosterone production in both men and
women due to reactive oxygen species [25,26]. During critical illnesses, a surge in aromatase activity
in adipose tissue leads to a notable increase in the conversion of testosterone to estradiol, which is
believed to be a response to elevated production of pro-inflammatory cytokines [27]. Under nonacute
conditions, excess adipose tissue exhibits enhanced immune cell infiltration, predominantly
macrophages, and increased aromatase expression, leading to elevated androgen breakdown and
endogenous estradiol levels [28-30]. Notably, pro-inflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-ar), induce the expression of the human aromatase gene in mammary adipose
tissue [31]. Aromatase levels were higher in inflamed versus noninflamed areas of breast tissue in
postmenopausal women [32]. Additionally, obesity might induce the production of chemokine
ligand 2 (a receptor for MCP-1) in the adipose tissue of postmenopausal women, thereby instigating
inflammation and stimulating local aromatase, amplifying estrogen levels [33]. On the contrary, E2
can increase estradiol concentrations by triggering the aromatase gene transcription through estrogen
receptor-p [34]. A significant relationship between certain cytokines (IL-6) and E2 has been
documented in male patients with metabolic syndrome [35].

Our analysis revealed that body mass index (BMI) did not significantly correlate with the levels
of gonadal steroid hormones, aromatase index, or inflammatory markers. However, other studies
have emphasized the stronger relationship between abdominal adipose tissue thickness (rather than
BMI) and the levels of inflammatory mediators and sex hormones [36]. Inflammatory pathways are
activated soon after high-fat diet consumption, governing inflammatory macrophage accumulation
in white adipose tissue even before overt obesity manifests [37].
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Our findings indicated that in female patients with AMI, markers of myocardial injury did not
directly correlate with endogenous estradiol and testosterone levels. Still, the peak WBC count was
significantly associated with T levels and myocardial injury severity. This observation aligns with
findings from studies on chronic CAD in women [38]. In contrast, for male AMI patients,
inflammatory mediators, and E2 correlated with both aromatase activity and infarct size. However,
endogenous testosterone levels did not emerge as a significant marker of myocardial injury in male
patients with acute coronary thrombosis. Observational studies have highlighted associations
between gonadal steroid hormones and markers of ongoing low-grade vascular inflammation
following atherosclerosis onset [7,39,40].

Many preclinical studies have confirmed the roles of inflammation and elevated E2 in acute
coronary disease. In the absence of inflammatory stimuli, estrogens protect the initial stages of
atherosclerosis in both sexes. However, in conditions such as established atherosclerosis, which can
be considered a low-grade inflammatory state, E2 can destabilize atherosclerotic plaques by inducing
molecules like MCP-1, matrix metalloproteinases (specifically MMP-2 and MMP-9), and TNF-a [41-
44]. When atherosclerotic lesions are present, the altered expression of estrogen receptors on the
vascular wall further exacerbates arterial wall damage [41,45].

Several human studies have reported fluctuations in E2 and testosterone levels during acute
coronary events [13,14]. Persistently elevated E2 and declining testosterone have been associated with
changes in hemostatic factors (notably increased plasminogen activator inhibitor-1, PAI-1) in men
with AMI [13]. Elevated cardiac PAI-1 post-myocardial infarction may contribute to tissue
remodeling and augmented cardiac fibrosis [46]. This promotes a prothrombotic profile in male AMI
patients, increasing the risk of extended myocardial necrosis due to in-situ microthromboses.

4.2. Relationship of WBC with TnT in Female Patients

In female patients, a higher WBC count indicates an underlying inflammatory state associated
with obesity, hyperandrogenemia, and polycystic ovary syndrome (PCOS) [38]. Moreover,
testosterone has been linked directly to increased platelet thromboxane A receptor density and
maximal platelet aggregation [47]. Inflammatory molecules and platelets, such as P-selectin and TNEF-
a, effectively induce biologically active tissue factor synthesis and expression in neutrophils,
particularly under prothrombotic conditions like AMI [48]. A testosterone-rich environment may
intensify platelet-leukocyte interactions, potentially leading to increased fibrin deposition and
extensive coronary thrombus formation. Testosterone associations with thrombin generation
parameters (like fibrinogen, factor VIIc, PAI-1) and peak thrombin concentration have been
documented in young women with PCOS [49] and middle-aged women [50]. Consequently, a larger
thrombotic mass in a complicated coronary lesion could be a potential source of distal embolization.

4.3. Lack of Overt Relationship of E2 and E2/T with Myocardial Injury in Women with AMI

Interestingly, only E2 emerged as a predictor of myocardial injury in men. In contrast, for female
AMI patients, troponin levels were associated with higher WBC counts as markers of myocardial
injury. Notably, the plasma concentration of estradiol and its production rate is significantly higher
in men than in age-matched postmenopausal women, with approximately 20% of circulating E2
being secreted by the testis [51]. Most E2 production in men arises from the extragonadal
aromatization of adrenal androgens and testosterone in muscle and adipose tissues. The rate of
testosterone conversion to estradiol is lower than that of androstenedione aromatization to estrone
[52]. Elevated testosterone levels [39] and increased adrenal androgens might explain the higher E2
concentration in older men versus postmenopausal women, suggesting its potential significance as a
male-specific marker of myocardial injury in small AMI cohorts. In our study, the severity of
myocardial damage and inflammatory response was greater in male AMI patients than in females,
likely due to the more extensive coronary atherosclerosis. Hence, our study's E2/T ratio correlated
with peak CRP levels only in the male cohort.
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