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Background: Cardiovascular disease (CVD) develops in men earlier in life but 

CVD women have a higher risk of cardiovascular mortality than CVD men. In 

addition, co-occurrence with type 2 diabetes mellitus (T2DM) increases CVD 

risk. We aimed to evaluate sex differences in endotoxemia and 

trimethylamine N-oxide (TMAO) plasma levels, in co-occurrence with T2DM 

in coronary heart disease (CHD) patients, and their potential sex-specific 

modulation by the consumption of healthy diets.

Methods: This study was carried out within the framework of the CORDIOPREV 

study, a clinical trial which included 1,002 (827 men and 175 women) with CHD, 

of whom 462 had no T2DM, 350 had T2DM, and 190 were newly diagnosed with 

T2DM at recruitment. Plasma lipopolysaccharide (LPS) was measured by LAL 

colorimetric assay and TMAO by HPLC. Intima-media thickness of both common 

carotid arteries (IMT-CC) and carotid plaques were assessed ultrasonically.

Results: LPS and TMAO plasma levels were lower in CHD non-T2DM women 

than CHD non-T2DM men (both, P-value <0.05), whereas no sex differences 

were observed in CHD T2DM patients, or CHD newly-diagnosed T2DM 

patients. These sex differences were consistent with lower IMT-CC and a 

smaller number of plaques in CHD non-T2DM women than in CHD non- 

T2DM men, with no sex differences found in CHD T2DM patients, or CHD 

newly-diagnosed T2DM patients. In contrast, C-reactive protein plasma levels 

were higher in CHD T2DM women than CHD T2DM men (P = 0.012 and 

P = 0.001, respectively), with no sex differences found in CHD non-T2DM 

patients. Both, LF and Med diets reduced the LPS plasma levels in CHD men 

and women newly diagnosed with T2DM.
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Conclusions: Our results suggest that the sex differences in CHD patients are 

influenced by the presence of T2DM. Moreover, our results also suggest that 

the cardiovascular risk associated to T2DM, in co-occurrence with CVD, is 

higher in women than in men.

KEYWORDS

cardiovascular diseases, type 2 diabetes mellitus, sexual dimorphism, endotoxemia, 

TMAO, CORDIOPREV

1 Introduction

CVD develop at an after age for women compared to men, but 

age-adjusted analyses have shown that women displayed higher 

CVD rates between 55 and 75 years old (1). Although women 

overall have a lower prevalence of CVD than men (2), once 

women have developed CVD, they have a higher risk of 

cardiovascular mortality than men (3). In the last decades, 

considerable evidence has been reported on sex-related 

differences in terms of genetic, molecular mechanism, 

prevalence and severity of coronary heart disease (CHD) (4–6). 

In line with this, the atherosclerotic plaque rupture or erosion 

and arterial thrombus formation also shows sex-specific 

differences. Indeed, it is well established that plaque rupture is 

more common in men, whereas plaque erosion is more 

prevalent in women (7–9).

The incidence of metabolic diseases and their co-morbidities 

is also sexually dimorphic (10, 11). For example, the prevalence 

of metabolic syndrome (MetS), a cluster of characteristics 

associated with an increased risk of type 2 diabetes mellitus 

(T2DM) and CVD (12), differs according to age, ethnicity, sex, 

diet and levels of physical activity (13, 14). This syndrome is 

conventionally diagnosed when a threshold of 3 of 5 criteria is 

reached; yet, 10 different combinations of such criteria are in 

fact possible, each with a different pathophysiology. In a similar 

way, the prevalence of each MetS risk factor also differs by sex 

and country (14, 15). In addition, increasing evidence points 

towards certain biological mechanisms associated with T2DM 

that independently increase the risk of CVD in diabetic patients. 

Indeed, T2DM incidence has been associated to a higher risk of 

CVD, and has been estimated at 2–4 times that of the 

nondiabetic population (16).

Circulating lipopolysaccharide (LPS) contributes to low-grade 

chronic in8ammation, which favors the development of 

atherosclerosis, the pathogenic substrate of CVD (17). It is 

therefore plausible that differences in intestinal barrier integrity, 

and the subsequent absorption of bacterial components such as 

LPS, may contribute to the sexual dimorphism in CVD. 

Moreover, an association has been shown between endotoxemia 

and the risk of developing diabetes (18), which also increases 

the risk of CVD (16).

Sex seems to be an important factor in the synthesis of TMAO, 

and sex differences in the plasma levels of this metabolite may help 

to account, at least partially, for the differences in the incidence of 

CVD according to sex. In this context, experiments in animal 

models have shown that the expression and activity of hepatic 

8avin monooxygenases 3, the isoform that preferentially 

transforms TMA into the pro-atherogenic TMAO, together with 

TMAO plasma levels, are significantly higher in female mice 

than in males (19, 20).

Based on this previous evidence, we explored the sex 

differences of endotoxemia and TMAO plasma levels, in 

addition to the potential in8uence of the prevalence of T2DM 

in the cardiovascular risk assessed by arterial injury and carotid 

plaques according to sex in CHD patients. Indeed, it has been 

previously described that the co-occurrence of CHD with T2DM 

markedly increases the risk of macrovascular complication and 

mortality (21, 22). Thus, we aimed to evaluate sex differences in 

endotoxemia and TMAO plasma levels, in addition to the 

cardiovascular risk assessed by arterial injury and carotid 

plaques, in co-occurrence with T2DM in CHD patients, and 

their potential sex-specific modulation by the consumption of 

the healthy diets, low-fat and Mediterranean (Med), in the 

framework of the CORDIOPREV study.

2 Methods

2.1 Study participants

The current work was conducted within framework of the 

CORDIOPREV study (https://www.Clinical Trials.gov Identifier: 

NCT00924937), an ongoing prospective, randomized, open, 

controlled trial in 1,002 patients with CHD who had their last 

coronary event over six months before enrolling, and who 

followed two different dietary models (a low-fat diet and the 

Mediterranean diet) over a period of seven years, in addition to 

conventional treatment for CHD. CORDIOPREV inclusion and 

exclusion criteria can be summarized as follows: patients were 

eligible if they were over 20 years old but under 75, had 

established CHD without clinical events in the last 6 months, 

were thought to be capable of following a long-term dietary 

intervention, and did not have severe diseases or an estimated 

life expectancy of less than seven years (23). At the beginning of 

the CORDIOPREV study, 350 patients out of 1,002 had T2DM 

(diab group, 280 men and 70 women). In the patients without 

established diabetes, an oral glucose tolerance test was 

performed during recruitment. T2DM was defined by levels of 

HbA1c <6.5%, fasting plasma glucose <126 mg/dl and 2 h 

plasma glucose in the 75 gr OGTT <200 mg/dl, according to the 
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American Diabetes Association (ADA) diagnosis criteria (24). The 

results confirmed that 462 patients out of 1,002 did not have 

diabetes (non-diab group, 389 men and 73 women); however, 

190 out of 1,002 were newly-diagnosed patients who had been 

diagnosed with short-duration diabetes and were not receiving 

glucose-lowering treatment (new-diab group, 158 men and 32 

women). We followed the criteria of the Third Report of the 

National Cholesterol Education Program (NCEP) Expert Panel 

on Detection, Evaluation and Treatment of High Blood 

Cholesterol in Adults (Adult Treatment Panel III) to assess the 

presence of MetS (25). The CORDIOPREV study has been 

approved by the Reina Sofia (Cordoba) University Hospital 

Ethics and Research Committees. All the participants agreed to 

their inclusion in these studies. The trial protocol and all its 

amendments were approved by the Reina Sofia University 

Hospital Clinical Research Ethics Committee, following the 

Helsinki Declaration and good clinical practice.

2.2 Study design

The study design has been previously described (23). Brie8y, 

participants were randomized to receive two diets: a 

Mediterranean (Med) diet or a low-fat (LF) diet. The LF diet 

consisted of <30% total fat (<10% saturated fat, 12%-14% 

MUFA fat, and 6%–8% PUFA fat), 15% protein and a minimum 

of 55% carbohydrates. The Med diet comprised a minimum of 

35% of calories as fat (22% MUFA fat, 6% PUFA fat and <10% 

saturated fat), 15% proteins and a maximum of 50% 

carbohydrates. In both diets, the cholesterol content was 

adjusted to <300 mg/d. The outcomes are ascertained on a 

yearly basis by a Clinical Events Committee whose members are 

blinded to the intervention group. During the programmed 

visits, patient compliance is checked based on the scores of 

adherence to the Med and LF dietary patterns and by measuring 

selected biological plasma variables, such as the fatty acids 

profile. Dietary adherence was assessed with the 14-point 

Mediterranean Diet Adherence Screener and 9-point low-fat diet 

adherence (26). No energy restriction was implemented and the 

study team explicitly did not promote physical activity. The 

dietary intervention in the CORDIOPREV study included 

individual face-to-face visits every 6 months, group sessions 

every 3 months, and telephone calls every 2 months, all of 

which aimed at guaranteeing frequent contact between the 

patients and dietitians (at least 12 interactions per year). During 

the study, the following interventions were done: regular 

contacts, group sessions, monitoring of adherence, goal setting, 

social support, and the provision of foods.

2.3 Clinical plasma parameters

Blood was collected in tubes containing EDTA to give a final 

concentration of 0.1% EDTA. The plasma was separated from the 

red blood cells by centrifugation at 1,500 × g for 15 min at 4°C. 

Analytes in the frozen samples, blinded to the team members, 

were analyzed centrally by members of the laboratory research 

team at the Lipid and Atherosclerosis Unit at Reina Sofia 

University Hospital. The clinical plasma parameters were 

measured as previously described (27). Brie8y, the different 

parameters were measured using spectrophotometric techniques 

(enzymatic colorimetric methods): hexokinase method for 

glucose, chemiluminescence for insulin, glycated haemoglobin 

by high performance liquid chromatography and oxidation- 

peroxidation for total cholesterol, high-density lipoprotein 

cholesterol (HDL-C) and triglycerides, immunoturbidimetry for 

C-reactive protein (28, 29). The low-density lipoprotein 

cholesterol (LDL-C) was calculated using the Friedewald 

formula (provided the triglyceride level was <300 mg/dl) (30).

2.4 Measurement of LPS

The liposaccharide (LPS) was measured using the limulus 

amebocyte lysate test (QCL-1000 Chromogenic LAL 

(LonzaIberica S.A., Spain), as previously (31). LPS binding 

protein (LBP) levels were determined using a human LBP 

ELISA kit (HycultBiotech, Netherlands).

2.5 Measurement of TMAO in plasma

TMAO plasma levels were measured using a 1,200 series LC 

system from Agilent Technologies coupled with an Agilent 6,460 

triple quadrupole mass spectrometer from Agilent Technologies 

(Palo Alto, CA, USA). The MRM transitions used in this research 

are listed in Supplementary Table S1. The Agilent MassHunter 

Workstation software (version B.03.01, Agilent Technologies, 

Santa Clara, CA, USA) was used for data acquisition, and Agilent 

MassHunter Workstation Quantitative Analysis software was used 

for the quantitative analysis (version B.07.00).

2.6 Carotid ultrasonography

We assessed the cardiovascular risk was assessed the intima- 

media thickness intima-media thickness of both common 

carotid arteries (IMT-CC), considered an early marker of 

atherosclerosis (32), and more recently an indicator of arterial 

injury. Moreover, the carotid study also included the 

determination of the number and height carotid plaques. This 

analysis was performed by technicians blinded to the clinical 

information and previous imaging. The carotid study was 

ultrasonically assessed bilaterally by quantification of intima- 

media thickness of both common carotid arteries (IMT-CC) and 

carotid plaques (number and height) as previously (33).

2.7 Statistical analysis

The PASW statistical software package, version 20.0 (IBM Inc., 

Chicago, IL, USA), was used for univariate statistical analyses of 
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the data. Multiple logistic regression analysis was carried out 

including the baseline values for age, BMI, waist circumference, 

insulin, total cholesterol (TC), HDL-c, LDL-c, triglycerides, 

C-reactive protein, and blood pressure as dependent variables 

and T2DM (yes/no) as independent variable. The variables 

corresponding to plasma levels of glucose and HbA1c were 

removed from the multiple logistic regression analysis as these 

variables are diagnostic criteria for T2DM. We used One-way 

ANOVA to test the differences between groups at baseline. The 

chi-square test was applied to establish differences in T2DM and 

MetS prevalence, and MetS criteria analysis. Baseline values and 

values after 3 years of dietary intervention were analyzed 

together by ANOVA for repeated measures with time as intra- 

subject factor, and sex as the inter-subject factor, in order to test 

sex-specific changes induced by the consumption of healthy 

diets (Figure 1), low-fat diet (Supplementary Figure S2) and 

Mediterranean diet (Supplementary Figure S3). We used time as 

intra-subject factor, and diet as the inter-subject factor, in order 

to test diet-specific changes induced by the consumption of low- 

fat diet and Mediterranean diet in CHD men (Supplementary 

Figure S4) and CHD women (Supplementary Figure S5). The 

variables for age, body mass index, total cholesterol, low-density 

lipoproteins, and blood pressure were used as co-variables in the 

adjusted models. The post hoc statistical analysis was completed 

using Bonferroni’s comparison test. P-values <0.05 were 

considered statistically significant.

3 Results

3.1 Baseline characteristics according to 
sex of the CHD patients

We observed a higher age, BMI, plasma levels of TC, HDL-c, 

LDL-c, C-reactive protein, and diastolic blood pressure, but lower 

waist circumference in CHD women than in CHD men (all, 

FIGURE 1 

Baseline LPS, LBP and TMAO plasma levels and changes after 3 years of the consumption of healthy diets according to sex in each of the T2DM 

group. LPS: plasma levels of lipopolysaccharide; LBP, plasma levels of lipopolysaccharide binding protein; TMAO, plasma levels of trimethylamine 

N-oxide; T2DM, type 2 diabetes mellitus; CHD, coronary heart disease. The determinations were carried out at baseline (y0) and after 3 years of 

dietary intervention (y3), which consisted in the consumption of a low-fat or a Mediterranean diet. non-diab, CHD patients without type 2 

diabetes mellitus; new-diab, CHD patients with recently diagnosed type 2 diabetes mellitus, and without treatment for diabetes; diab, CHD 

patients with type 2 diabetes mellitus, and under treatment for diabetes. Baseline values and values after 3 years of dietary intervention were 

analyzed together by ANOVA for repeated measures in order to test sex-specific changes induced by the consumption of healthy diets: the 

variables for age, body mass index, total cholesterol, low-density lipoproteins, and blood pressure were used as co-variables in the adjusted 

models. P(sex): p-value according to the sex, P(time): p-value for time. P(inter): p-value for interaction between sex and time.
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p < 0.05) (Table 1). These sex differences were found between 

CHD men and CHD women, independently of the T2DM status.

3.2 Baseline characteristics according to 
T2DM status in CHD men and CHD women

We also observed that age, BMI, waist circumference, plasma 

levels of glucose, insulin, HbA1c, total cholesterol (TC), HDL-c, 

LDL-c, triglycerides, C-reactive protein, and systolic blood 

pressure all increased from the non-diab to the new-diab group 

and to the diab group in both CHD men and CHD women (all, 

p < 0.05) (Table 1). These differences between groups according 

to their T2DM status were found in CHD men and CHD 

women separately.

3.3 Baseline characteristics according to 
sex and T2DM in CHD patients

We found statistically significant sex differences in waist 

circumference, plasma levels of TC, and HDL-c, in the non- 

diab, new-diab and diab groups separately (Table 1). However, 

sex-differences in age, C-reactive protein, and systolic blood 

TABLE 1 Baseline characteristic of the CORDIOPREV population according to sex.

Variable Sex all CHD non-diab CHD new diab CHD diab CHD P-value diab

Age (years) Men 59.1 ± 0.3 57.4 ± 0.5a 59.4 ± 0.7b 61.3 ± 0.5b <0.001

Women 61.8 ± 0.6 59.1 ± 1.1a 63.1 ± 1.6a,b 64.0 ± 0.9b 0.002

p-value sex <0.001 0.150 0.038 0.011

BMI (kg/m2) Men 31.0 ± 0.1 30.3 ± 0.2a 30.8 ± 0.3a 32.1 ± 0.3b <0.001

Women 31.9 ± 0.4 30.5 ± 0.6a 32.5 ± 0.8a,b 33.1 ± 0.6b 0.010

p-value sex 0.018 0.810 0.053 0.074

Waist circunference (cm) Men 106.1 ± 0.4 103.7 ± 0.5a 105.8 ± 0.9a 109.5 ± 0.6b <0.001

Women 101.0 ± 1.0 96.3 ± 1.5a 101.9 ± 1.9a,b 105.4 ± 1.7b <0.001

p-value sex <0.001 <0.001 0.063 0.007

Fasting Glucose (mg/dl) Men 112.9 ± 1.2 93.8 ± 0.5a 111.0 ± 2.0b 140.4 ± 2.7c <0.001

Women 117.8 ± 3.8 91.2 ± 1.2a 107.0 ± 3.3a 151.5 ± 7.9b <0.001

p-value sex 0.125 0.048 0.392 0.095

Fasting Insulin (mU/L) Men 11.0 ± 0.4 8.9 ± 0.3a 11.7 ± 0.9b 13.4 ± 0.9b <0.001

Women 11.2 ± 0.9 8.5 ± 0.6a 11.3 ± 1.2a,b 14.2 ± 2.0b 0.011

p-value sex 0.768 0.581 0.846 0.707

HbA1c (%) Men 6.62 ± 0.04 5.89 ± 0.02a 6.70 ± 0.07b 7.58 ± 0.08c <0.001

Women 6.80 ± 0.10 5.92 ± 0.04a 6.53 ± 0.08b 7.84 ± 0.17c <0.001

p-value sex 0.064 0.513 0.293 0.148

TC (mg/dl) Men 157.3 ± 1.0 159.7 ± 1.5a 162.3 ± 2.5a 151.1 ± 1.7b <0.001

Women 167.1 ± 2.7 171.6 ± 4.4a,b 177.5 ± 6.3a 157.7 ± 3.8b 0.013

p-value sex <0.001 0.003 0.015 0.090

HDL-c (mg/dl) Men 41.1 ± 0.3 43.1 ± 0.5a 40.6 ± 0.8b 38.7 ± 0.5b <0.001

Women 47.3 ± 1.0 51.1 ± 1.4a 47.6 ± 1.9a,b 43.2 ± 1.5b <0.001

p-value sex <0.001 <0.001 <0.001 <0.001

LDL-c (mg/dl) Men 87.8 ± 0.9 90.7 ± 1.2a 90.9 ± 2.1a 82.0 ± 1.6b <0.001

Women 92.3 ± 2.1 96.6 ± 3.6a 99.8 ± 4.5a 84.5 ± 2.9b 0.008

p-value sex 0.038 0.068 0.091 0.472

TAG (mg/dl) Men 135.8 ± 2.4 123.7 ± 3.2a 143.5 ± 5.8b 148.2 ± 4.5b <0.001

Women 133.6 ± 5.4 116.0 ± 7.4a 135.6 ± 12.7a,b 151.1 ± 9.0b 0.012

p-value sex 0.706 0.338 0.576 0.772

CRP (mg/L) Men 2.34 ± 0.07 2.02 ± 0.10a 2.62 ± 0.17b 2.63 ± 0.13b <0.001

Women 2.99 ± 0.18 2.43 ± 0.27a 3.15 ± 0.39a,b 3.51 ± 0.28b 0.021

p-value sex <0.001 0.100 0.194 0.003

Systolic BP (mm Hg) Men 138.2 ± 0.7 136.1 ± 1.0a 136.6 ± 1.6a 142.0 ± 1.2b <0.001

Women 141.4 ± 1.6 135.8 ± 2.4a 140.8 ± 3.4a,b 147.6 ± 2.6b 0.004

p-value sex 0.055 0.902 0.281 0.042

Diastolic BP (mm Hg) Men 77.6 ± 0.4 78.5 ± 0.6a 77.4 ± 0.9a 76.6 ± 0.6a 0.073

Women 75.3 ± 0.8 76.6 ± 1.1 74.4 ± 1.9 74.4 ± 1.3 0.392

p-value sex 0.011 0.160 0.185 0.134

Means values ± S.E.M. BMI: body mass index; HbA1c, glycated hemoglobin A1c; TC, total cholesterol; HDL, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; 

TAG, triacylglycerides; CRP, C-reactive protein; BP, blood pressure; CHD, coronary heart disease; non-diab, CHD patients without type 2 diabetes mellitus, new-diab, CHD patients with 

recently diagnosed type 2 diabetes mellitus, and without treatment for diabetes, diab, CHD patients with type 2 diabetes mellitus, and under treatment for diabetes; P-value diab, One-way 

ANOVA p-value between non-diab CHD, new diab CHD and diab CHD groups in men or women separately. Values with different letters are statistically significant different in Bonferroni 

post hoc multiple comparison tests; P-value sex, One-way ANOVA p-value between all CHD men and all CHD women, or between men and women in non-diab CHD, new diab CHD and 

diab CHD groups separately.
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pressure were only observed between CHD diab men and CHD 

diab women. In fact, age, C-reactive protein, and systolic blood 

pressure were higher in CHD diab women than in CHD diab 

men (p = 0.011, p = 0.003, and p = 0.042, respectively), whereas 

no differences were observed between sexes in the non-diab 

group (Table 1).

3.4 Sex-dependent prevalence of T2DM 
and MetS in CHD patients

We observed that the percentage of women with MetS in the 

CORDIOPREV population was higher than the percentage of 

men (P = 0.010). Indeed, the percentage of women with a 

small number of MetS criteria was lower than men, but the 

percentage of women with a greater number of MetS criteria 

was higher than men (P = 0.037). However, we did not 

observe statistically differences in the percentage of men and 

women according to the T2DM status, while a trend for lower 

percentage of non-diab and higher percentage of diab women 

than men was noticeable (Table 2). A multiple logistic 

regression analysis was conducted to assess the relationship of 

the anthropometric and biochemical variables and the 

prevalence of T2DM (new-diab and diab groups together vs. 

non-diab group) (Supplementary Figure S1). Among the MetS 

criteria (Supplementary Table S2), we found a higher 

percentage of women following the criteria of waist 

circumference and HDL plasma levels than men (P < 0.001 

and P = 0.001, respectively), whereas no differences were 

found in the criteria based on glucose, triacylglycerides 

and hypertension.

3.5 Sex-dependent differences in IMT-CC 
and carotid plaques in CHD patients

We found that IMT-CC and the number of plaques were 

higher in CHD men than in CHD women (both, p < 0.05), 

whereas no sex differences were found in the percentage of 

carotid plaques presence and plaques height. The sex differences 

found between CHD men and CHD women, are independent of 

the T2DM status.

3.6 Differences in IMT-CC and carotid 
plaques according to T2DM status in CHD 
men and CHD women

We found that IMT-CC increased from the non-diab to the 

new-diab group and to the diab group in both, CHD men and 

CHD women (both, p < 0.001). We observed that the number of 

plaques and the plaques height increased from the non-diab to 

the new-diab group and to the diab group in CHD men 

(p = 0.039 and p = 0.025, respectively), which was not observed 

in CHD women. However, a trend for the increase of the 

number of plaques from the non-diab to the new-diab group 

and to the diab group in CHD women was noticeable. These 

differences between groups according to their T2DM status were 

found in CHD men and CHD women separately. Finally, no 

differences in the percentage of carotid plaques presence were 

observed according to T2DM status in CHD men nor 

CHD women.

3.7 Differences in IMT-CC and carotid 
plaques according to sex and T2DM in CHD 
patients

We observed that IMT-CC and the number of plaques were 

lower in CHD non-diab women than in CHD non-diab men, 

whereas no differences were observed between sexes in CHD 

new-diab or CHD diab groups (Table 3). Thus, our results 

showed sex differences in IMT-CC and the number of plaques 

in non-diab CHD patients, while no sex differences we found in 

CHD diab patients.

3.8 Endotoxemia and TMAO modulation by 
the consumption of healthy diets in CHD 
patients

We explored the modulation of the LPS, LBP and TMAO 

plasma levels by the consumption of a LF and the Med diet. 

These analyses were carried out taken together both LF and 

Med diets and separately for LF and Med diets. The 

consumption of healthy diets administered in our study for 3 

years reduced the LPS plasma levels in new-diab group 

(p < 0.001), whereas no diet effect was observed in LPS plasma 

levels in non-diab and diab groups (Figure 1). We also found a 

reduction on the LPS plasma levels in new-diab group by the 

consumption of the LF and by the consumption of the Med diet 

(Supplementary Figures S2, S3, respectively). In addition, we 

observed lower LPS plasma levels in CHD non-diab women 

than in CHD non-diab men (P = 0.044) taken together baseline 

and y3 plasma levels, whereas no sex differences were found in 

the CHD new-diab and CHD diab groups (Figure 1). Moreover, 

we found no modulation by the consumption of healthy diets 

nor sex differences in the LBP plasma levels. When we analyze 

the effect of LF and MED diets LPS plasma levels by sex 

TABLE 2 Sex-dependent prevalence of T2DM in CHD patients.

T2DM groups Men (%) Women (%) p-value

non-diab 47.04 41.71 0.287

new-diab 19.11 18.29

diab 33.86 40.00

non-diab 47.04 41.71 0.199

new-diab + diab 52.96 58.29

T2DM, type 2 diabetes mellitus; CHD, coronary heart disease; non-diab, CHD patients 

without type 2 diabetes mellitus, new-diab, CHD patients with recently diagnosed type 2 

diabetes mellitus, and without treatment for diabetes, diab, CHD patients with type 2 

diabetes mellitus, and under treatment for diabetes; The chi-square test was applied to 

establish differences in T2DM prevalence.

Garcia-Fernandez et al.                                                                                                                                            10.3389/fcvm.2025.1527406 

Frontiers in Cardiovascular Medicine 06 frontiersin.org



separately (Supplementary Figures S4, S5), we observed a 

reduction of the LPS plasma levels in new-diab group in men 

and women irrespective of the diet consumed (p < 0.001 and 

p = 0.031, respectively), whereas no diets effect was observed in 

LPS plasma levels in non-diab and diab groups.

By other hand, we did not observe changes on the TMAO 

plasma levels by the consumption of LF and Med diets 

(Figure 1, Supplementary Figures S2, S3). However, we observed 

lower TMAO plasma levels in CHD non-diab women than in 

CHD non-diab men (P = 0.049) (Figure 1). We found 

TABLE 3 Sex-dependent differences in IMT-CC and carotid plaques in CHD patients.

Variable Sex All CHD non-diab CHD new diab CHD diab CHD P-value diab

IMT-CC (mm) Men 0.75 ± 0.01 0.72 ± 0.01a 0.78 ± 0.01b 0.79 ± 0.01b <0.001

Women 0.72 ± 0.01 0.67 ± 0.02a 0.73 ± 0.03a,b 0.78 ± 0.02b <0.001

p-value sex 0.032 0.013 0.260 0.599

Carotid plaques presence (%) Men 82 81 78 84 0.338

Women 81 76 88 83 0.507

p-value sex 0.865 0.473 0.338 0.776

Number of plaques Men 1.61 ± 0.05 1.45 ± 0.07a 1.65 ± 0.14a,b 1.76 ± 0.10b 0.039

Women 1.33 ± 0.10 1.07 ± 0.11 1.71 ± 0.35 1.44 ± 0.15 0.056

p-value sex 0.037 0.033 0.881 0.133

Plaques height (mm) Men 1.90 ± 0.04 1.82 ± 0.07 1.78 ± 0.10 2.06 ± 0.07 0.025

Women 1.85 ± 0.10 1.67 ± 0.16 1.98 ± 0.22 1.96 ± 0.15 0.347

p-value sex 0.604 0.363 0.486 0.567

Means values ± S.E.M. or percentage for carotid plaques presence; IMT-CC, intima-media thickness of both common carotid arteries; ApoA, apolipoprotein A; CHD, coronary heart disease; 

non-diab, CHD patients without type 2 diabetes mellitus, new-diab, CHD patients with recently diagnosed type 2 diabetes mellitus, and without treatment for diabetes, diab, CHD patients 

with type 2 diabetes mellitus, and under treatment for diabetes; P-value diab, One-way ANOVA p-value between non-diab CHD, new diab CHD and diab CHD groups in men or women 

separately. Values with different letters are statistically significant different in Bonferroni post hoc multiple comparison tests; P-value sex, One-way ANOVA p-value between all CHD men 

and all CHD women, or between men and women in non-diab CHD, new diab CHD and diab CHD groups separately. Carotid plaques presence statistical differences were analyzed by the 

chi-square test.
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comparable results on TMAO plasma levels when we analyzed LF 

and Med diets separately (Supplementary Figures S1, S2).

4 Discussion

Sex differences are currently focus of researching, and the 

analyzing of CHD patients according to the sex and the diabetic 

status may uncover a potential sexual dimorphism in the 

increase of CVD risk associated to the co-occurrence with 

T2DM. We explored whether the sexual dimorphism in 

endotoxemia and TMAO plasma levels in CHD patients is 

in8uenced by the presence of diabetes, in addition to its 

potential modulation by the consumption of the health diets, LF 

and Med. We found that a reduction on the LPS plasma levels 

in new-diab group by the consumption of the LF and by the 

consumption of the Med diet independently of the sex of the 

patients. No diet effect was observed for TMAO plasma levels. 

However, plasma levels of LPS and TMAO were lower in CHD 

non-diab women than CHD non-diab men, whereas no sex 

differences were observed in the new-diab and diab groups. 

Thus, sex differences observed in CHD non-diabetic patients 

were not present in CHD diab patients, while the CHD new- 

diab patients displayed intermediate behavior. These sex 

differences were consistent with lower IMT-CC and a 

smaller number of plaques in CHD non-diab women than CHD 

non-diab men, with no sex differences in the new-diab 

group and diab groups. This latter is especially important as 

the atherosclerotic plaque stability also shows sex-specific 

differences (7).

LPS is a pro-atherogenic bacterial component which induces 

in8ammation and subsequently IR (34, 35). Although our study 

did not show differences in LPS plasma levels between the 

different groups according to T2DM, we observed sex 

differences in LPS plasma levels in one of the groups of patients 

according to T2DM. Indeed, LPS plasma levels were lower in 

CHD non-diab women than CHD non-diab men, whereas no 

sex differences were found in the new-diab group and diab groups.

Both LBP and CRP are acute phase proteins (36). While LBP 

responds to invasive bacterial infection and presents LPS to 

important cell-surface pattern recognition receptors called CD14 

and TLR4 (37), CRP binds to phosphocholine expressed on the 

surface of damaged cells, as well as to the polysaccharides and 

peptosaccharides present on bacteria, and helps to promote 

phagocytosis and the innate immune response against foreign 

infectious pathogens (38, 39). In line with this, the low-grade 

in8ammation linked to high plasma levels of in8ammatory 

molecules such as CRP, have apported evidence for the positive 

association between elevated CRP levels and T2DM (40, 41). In 

fact, the multiple logistic regression analysis conducted in our 

study to assess the relationship of the anthropometric and 

biochemical variables and T2DM showed to CRP plasma levels 

as the more strength positively variable.

Our research showed lower LBP plasma levels in diab patients 

than in new-diab patients, with non-diab patients displaying 

intermediate levels in both CHD men and CHD women, with 

no sex differences found. In contrast, CRP plasma levels were 

different between sexes according to T2DM status. While CRP 

in plasma levels in CHD men was higher in the new-diab group 

than the non-diab group, with the diab group showing 

intermediate levels, no differences were found in CHD women 

according to T2DM. In addition, we found higher CRP plasma 

levels in CHD diab women than in CHD diab men, whereas no 

sex differences in CRP levels were found in the non-diab and 

new-diab groups. This is especially important if we take into 

account that CRP levels are an indicator of in8ammation, a 

major risk factor for CVD (42). While one sex difference has 

actually been proposed for CRP plasma levels (43, 44), in our 

study we only found that this sex difference was due mainly to 

the diab group, as no sex differences were observed in the non- 

diab or new-diab groups.

Over the last few years, the association between plasma levels 

of TMAO and an increased risk of CVD has been highlighted. 

Several mechanisms have been proposed, including the 

inhibition of cholesterol transportation, the induction of foam 

cell formation and platelet reactivity (45, 46). Moreover, serum 

TMAO levels are associated with intima-media thickness, 

considered an early marker of atherosclerosis (32), and more 

recently an indicator of arterial injury (47, 48). Our study 

showed that the plasma levels of TMAO were lower in CHD 

non-diab women than CHD non-diab men, whereas no sex 

differences were observed in the new-diab group and diab 

groups. Moreover, IMT-CC and the number of plaques were 

lower in CHD non-diab women than in CHD non-diab men, 

whereas no sex differences were observed in the new-diab group 

and diab groups. Moreover, it has been described that plaque 

erosion is more prevalent in women whereas prevalence of 

plaque rupture and vulnerability increased with age in women 

but not in men (8). In addition, it has been also described a 

higher prevalence of rupture in women after menopause (49). 

Taken together, these results suggest that the cardiovascular risk 

associated to T2DM in CHD women is higher than non-T2DM 

CHD women, whereas it does change in CHD T2DM men as 

compared with non-T2DM CHD men. Of note, the analysing of 

IMT-CC and the carotid plaques in CHD patients according to 

the sex and the diabetic status has not been previously reported, 

to the best of our knowledge.

The CVD is in8uenced by sex, and men have generally higher 

prevalence than women (2), although once women have developed 

CVD, they have a higher risk of cardiovascular mortality than men 

(3). In line with this, we have previously shown that overall, CHD 

men had higher TMAO plasma levels than CHD women, together 

with higher IMT-CC, a larger number of carotid plaques and 

lower cholesterol ef8ux than CHD women, which may partially 

account for the sex dimorphism in the prevalence of CVD (33). 

The current work showed these differences when comparing 

CHD non-diab men and CHD non-diab women, whereas no 

differences were found between CHD diab men and CHD diab 

women, suggesting that the potential cardioprotection observed 

in women against CVD development, compared with men, is 

reduced by the presence of T2DM. In fact, the co-occurrence of 

CHD with T2DM markedly increases the risk of macrovascular 
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complication and mortality (21, 22). Based on our results, we 

suggest that the condition of T2DM may at least partially cancel 

out any sex differences in endotoxemia and TMAO plasma 

levels in CHD patients, therefore in8uencing CVD development. 

Thus, although the contribution of T2DM to the cardiovascular 

risk has been previously described, taken together, our results 

point to a higher cardiovascular risk associated to T2DM in 

women than in men. In fact, we explored the first time the sex 

differences in the added cardiovascular risk associated to the co- 

occurrence of CHD with T2DM.

Our results showed that the presence of T2DM cancels out the 

reduced endotoxemia and TMAO levels observed in non-diabetic 

CHD women, compared with CHD men. Presumably, this may 

account for the higher percentage of CHD patients with T2DM 

in women than in men. This idea is also supported by the fact 

that the prevalence in the CORDIOPREV population of MetS, 

which has not previously been described for CHD patients. Our 

study showed that the prevalence of MetS a condition with 

elevated cardiovascular risk (12), was higher in CHD women 

than in CHD men. Moreover, the incidence of MetS in women 

was higher than in men. In addition, MetS is associated to a 

higher risk of T2DM development (50).

Our study has the limitations that the contribution of T2DM 

to the cardiovascular risk according to the sex was not the primary 

outcome of CORDIOPREV study but it allowed us to associate, at 

least observationally, the sex differences in endotoxemia and 

TMAO plasma levels with cardiovascular risk according to 

T2DM status in CHD patients. Further studies are need to fully 

understand this relationship.

Our results suggest the sex differences in CHD patients are 

in8uenced by the presence of T2DM. Overall, sex differences in 

endotoxemia and TMAO plasma levels were less in patients who 

had CHD and T2DM simultaneously. However, despite similar 

endotoxemia between sexes in CHD T2DM patients was 

observed, CHD T2DM women had higher levels of 

in8ammation than CHD T2DM men. Taken together, our 

results also suggest that the cardiovascular risk associated to 

T2DM is higher in women than in men.
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SUPPLEMENTARY FIGURE S1

Relationship of the anthropometric and biochemical variables with T2DM by 

multiple logistic regression analysis. T2DM, type 2 diabetes mellitus. The 

analysis was carried out including the baseline values for age, body mass 

index (BMI), waist circumference, insulin, total cholesterol (TC), high- 

density lipoprotein cholesterol (HDL-c), low-density lipoprotein 

cholesterol (LDL-c), triglycerides (TAG), C-reactive protein (CRP), and 

blood pressure (BP) as dependent variables and type 2 diabetes mellitus 

as independent variable (new-diab and diab groups together vs non-diab 

group). CHD, coronary heart disease.

SUPPLEMENTARY FIGURE S2

Baseline LPS, LBP and TMAO plasma levels and changes after 3 years of the 

consumption of the low-fat diet according to sex in each of the T2DM 

group. LPS, plasma levels of lipopolysaccharide; LBP, plasma levels of 

lipopolysaccharide binding protein; TMAO, plasma levels of 

trimethylamine N-oxide; T2DM, type 2 diabetes mellitus; CHD, 

coronary heart disease; y0, baseline; y3, after 3 years of the 

consumption of the low-fat diet; non-diab, CHD patients without type 

2 diabetes mellitus; new-diab, CHD patients with recently diagnosed 

type 2 diabetes mellitus, and without treatment for diabetes; diab, CHD 

patients with type 2 diabetes mellitus, and under treatment for 

diabetes. ANOVA for repeated measures. P(sex), p-value according to 

the sex; P(time), p-value for time; P(inter), p-value for interaction 

between sex and time.

SUPPLEMENTARY FIGURE S3

Baseline LPS, LBP and TMAO plasma levels and changes after 3 years of 

the consumption of the Mediterranean diet according to sex in each of 

the T2DM group. LPS, plasma levels of lipopolysaccharide; LBP, plasma 

levels of lipopolysaccharide binding protein; TMAO, plasma levels of 

trimethylamine N-oxide; T2DM, type 2 diabetes mellitus; CHD, 

coronary heart disease; y0, baseline; y3, after 3 years of the 

consumption of the Mediterranean diet; non-diab, CHD patients 

without type 2 diabetes mellitus; new-diab, CHD patients with recently 

diagnosed type 2 diabetes mellitus, and without treatment for diabetes; 

diab, CHD patients with type 2 diabetes mellitus, and under treatment 

for diabetes. ANOVA for repeated measures. P(sex), p-value according 

to the sex; P(time), p-value for time; P(inter), p-value for interaction 

between sex and time.

SUPPLEMENTARY FIGURE S4

Baseline LPS, LBP and TMAO plasma levels and changes after 3 years in men 

according to the diet in each of the T2DM group. LPS, plasma levels of 

lipopolysaccharide; LBP, plasma levels of lipopolysaccharide binding 

protein; TMAO, plasma levels of trimethylamine N-oxide; T2DM, type 2 

diabetes mellitus; CHD, coronary heart disease; y0, baseline; y3, after 3 

years of the consumption of the Mediterranean diet; non-diab, CHD 

patients without type 2 diabetes mellitus; new-diab, CHD patients with 

recently diagnosed type 2 diabetes mellitus, and without treatment for 

diabetes; diab, CHD patients with type 2 diabetes mellitus, and under 

treatment for diabetes. ANOVA for repeated measures. P(diet), p-value 

according to the sex; P(time), p-value for time; P(inter), p-value for 

interaction between diet and time.

SUPPLEMENTARY FIGURE S5

Baseline LPS, LBP and TMAO plasma levels and changes after 3 years in 

women according to the diet in each of the T2DM group. LPS, plasma 

levels of lipopolysaccharide; LBP, plasma levels of lipopolysaccharide 

binding protein; TMAO, plasma levels of trimethylamine N-oxide; T2DM, 

type 2 diabetes mellitus; CHD, coronary heart disease; y0, baseline; y3, 

after 3 years of the consumption of the Mediterranean diet; non-diab, 

CHD patients without type 2 diabetes mellitus; new-diab, CHD patients 

with recently diagnosed type 2 diabetes mellitus, and without treatment 

for diabetes; diab, CHD patients with type 2 diabetes mellitus, and under 

treatment for diabetes. ANOVA for repeated measures. P(diet), p-value 

according to the sex; P(time), p-value for time; P(inter), p-value for 

interaction between diet and time.

Garcia-Fernandez et al.                                                                                                                                            10.3389/fcvm.2025.1527406 

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2025.1527406/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1527406/full#supplementary-material


References

1. Sigala EG, Vaina S, Chrysohoou C, Dri E, Damigou E, Tatakis FP, et al. Sex- 
related differences in the 20-year incidence of CVD and its risk factors: the 
ATTICA study (2002–2022). Am J Prev Cardiol. (2024) 19:100709. doi: 10.1016/j. 
ajpc.2024.100709

2. Suman S, Pravalika J, Manjula P, Farooq U. Gender and CVD- does it really 
matters? Curr Probl Cardiol. (2023) 48:101604. doi: 10.1016/j.cpcardiol.2023.101604

3. Vogel B, Acevedo M, Appelman Y, Bairey Merz CN, Chieffo A, Figtree GA, et al. 
The lancet women and cardiovascular disease commission: reducing the global 
burden by 2030. Lancet. (2021) 397:2385–438. doi: 10.1016/S0140-6736(21)00684-X

4. Reynolds HR, Shaw LJ, Min JK, Spertus JA, Chaitman BR, Berman DS, et al. 
Association of sex with severity of coronary artery disease, ischemia, and symptom 
burden in patients with moderate or severe ischemia: secondary analysis of the 
ISCHEMIA randomized clinical trial. JAMA Cardiol. (2020) 5:773–86. doi: 10. 
1001/jamacardio.2020.0822

5. Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, 
et al. Global burden of cardiovascular diseases and risk factors, 1990–2019: update 
from the GBD 2019 study. J Am Coll Cardiol. (2020) 76:2982–3021. doi: 10.1016/j. 
jacc.2020.11.010

6. Sakkers TR, Mokry M, Civelek M, Erdmann J, Pasterkamp G, Diez Benavente E, 
et al. Sex differences in the genetic and molecular mechanisms of coronary artery 
disease. Atherosclerosis. (2023) 384:117279. doi: 10.1016/j.atherosclerosis.2023.117279

7. Man JJ, Beckman JA, Jaffe IZ. Sex as a biological Variable in atherosclerosis. Circ 
Res. (2020) 126:1297–319. doi: 10.1161/CIRCRESAHA.120.315930

8. Seegers LM, Araki M, Nakajima A, Yonetsu T, Minami Y, Ako J, et al. Sex 
differences in culprit plaque characteristics among different age groups in patients 
with acute coronary syndromes. Circ Cardiovasc Interv. (2022) 15:e011612. doi: 10. 
1161/CIRCINTERVENTIONS.121.011612

9. Baaten C, Nagy M, Bergmeier W, Spronk HMH, Van Der Meijden PEJ. Platelet 
biology and function: plaque erosion vs. rupture. Eur Heart J. (2024) 45:18–31. 
doi: 10.1093/eurheartj/ehad720

10. Rao PM, Kelly DM, Jones TH. Testosterone and insulin resistance in the 
metabolic syndrome and T2DM in men. Nat Rev Endocrinol. (2013) 9:479–93. 
doi: 10.1038/nrendo.2013.122

11. Campesi I, Ruoppolo M, Franconi F, Caterino M, Costanzo M. Sex-gender- 
based differences in metabolic diseases. Handb Exp Pharmacol. (2023) 282:241–57. 
doi: 10.1007/164_2023_683

12. Li X, Zhai Y, Zhao J, He H, Li Y, Liu Y, et al. Impact of metabolic syndrome and 
it’s components on prognosis in patients with cardiovascular diseases: a meta- 
analysis. Front Cardiovasc Med. (2021) 8:704145. doi: 10.3389/fcvm.2021.704145

13. Pradhan AD. Sex differences in the metabolic syndrome: implications for 
cardiovascular health in women. Clin Chem. (2014) 60:44–52. doi: 10.1373/ 
clinchem.2013.202549

14. Alipour P, Azizi Z, Raparelli V, Norris CM, Kautzky-Willer A, Kublickiene K, 
et al. Role of sex and gender-related variables in development of metabolic syndrome: 
a prospective cohort study. Eur J Intern Med. (2024) 121:63–75. doi: 10.1016/j.ejim. 
2023.10.006

15. Ervin RB. Prevalence of metabolic syndrome among adults 20 years of age and 
over, by sex, age, race and ethnicity, and body mass index: United States, 2003–2006. 
Natl Health Stat Rep. (2009) 13:1–7.

16. Rosengren A. Cardiovascular disease in diabetes type 2: current concepts. 
J Intern Med. (2018) 284:240–53. doi: 10.1111/joim.12804

17. Jonsson AL, Backhed F. Role of gut microbiota in atherosclerosis. Nat Rev 
Cardiol. (2017) 14:79–87. doi: 10.1038/nrcardio.2016.183

18. Gomes JMG, Costa JA, Alfenas RCG. Metabolic endotoxemia and diabetes 
mellitus: a systematic review. Metab Clin Exp. (2017) 68:133–44. doi: 10.1016/j. 
metabol.2016.12.009

19. Bennett BJ, De Aguiar Vallim TQ, Wang Z, Shih DM, Meng Y, Gregory J, et al. 
Trimethylamine-N-oxide, a metabolite associated with atherosclerosis, exhibits 
complex genetic and dietary regulation. Cell Metab. (2013) 17:49–60. doi: 10.1016/ 
j.cmet.2012.12.011

20. Razavi AC, Potts KS, Kelly TN, Bazzano LA. Sex, gut microbiome, and 
cardiovascular disease risk. Biol Sex Differ. (2019) 10:29. doi: 10.1186/s13293-019- 
0240-z

21. Defronzo RA. Insulin resistance, lipotoxicity, type 2 diabetes and 
atherosclerosis: the missing links. The Claude Bernard lecture 2009. Diabetologia. 
(2010) 53:1270–87. doi: 10.1007/s00125-010-1684-1

22. Ma CX, Ma XN, Guan CH, Li YD, Mauricio D, Fu SB. Cardiovascular disease in 
type 2 diabetes mellitus: progress toward personalized management. Cardiovasc 
Diabetol. (2022) 21:74. doi: 10.1186/s12933-022-01516-6

23. Delgado-Lista J, Alcala-Diaz JF, Torres-Pena JD, Quintana-Navarro GM, 
Fuentes F, Garcia-Rios A, et al. Long-term secondary prevention of cardiovascular 
disease with a Mediterranean diet and a low-fat diet (CORDIOPREV): a 

randomised controlled trial. Lancet. (2022) 399:1876–85. doi: 10.1016/S0140-6736 
(22)00122-2

24. American Diabetes, A. Diagnosis and classification of diabetes mellitus. 
Diabetes Care. (2011) 34:S62–9. doi: 10.2337/dc11-S062

25. Expert Panel on Detection, Evaluation, and Treatment of High Blood 
Cholesterol in Adults. Executive summary of the third report of the national 
cholesterol education program (NCEP) expert panel on detection, evaluation, and 
treatment of high blood cholesterol in adults (adult treatment panel III). JAMA. 
(2001) 285:2486–97. doi: 10.1001/jama.285.19.2486

26. Estruch R, Ros E, Salas-Salvado J, Covas MI, Corella D, Aros F, et al. Primary 
prevention of cardiovascular disease with a Mediterranean diet supplemented with 
extra-virgin olive oil or nuts. N Engl J Med. (2018) 378:e34. doi: 10.1056/ 
NEJMoa1800389

27. Haro C, Rangel-Zuniga OA, Alcala-Diaz JF, Gomez-Delgado F, Perez-Martinez 
P, Delgado-Lista J, et al. Intestinal microbiota is in8uenced by gender and body mass 
index. PLoS One. (2016) 11:e0154090. doi: 10.1371/journal.pone.0154090

28. Allain CC, Poon LS, Chan CS, Richmond W, Fu PC. Enzymatic determination of 
total serum cholesterol. Clin Chem. (1974) 20:470–5. doi: 10.1093/clinchem/20.4.470

29. Paisley EA, Park EI, Swartz DA, Mangian HJ, Visek WJ, Kaput J. 
Temporal-regulation of serum lipids and stearoyl CoA desaturase and lipoprotein 
lipase mRNA in BALB/cHnn mice. J Nutr. (1996) 126:2730–7. doi: 10.1093/jn/126. 
11.2730

30. Warnick GR, Benderson J, Albers JJ. Dextran sulfate-Mg2+ precipitation 
procedure for quantitation of high-density-lipoprotein cholesterol. Clin Chem. 
(1982) 28:1379–88. doi: 10.1093/clinchem/28.6.1379

31. Camargo A, Jimenez-Lucena R, Alcala-Diaz JF, Rangel-Zuniga OA, Garcia- 
Carpintero S, Lopez-Moreno J, et al. Postprandial endotoxemia may in8uence the 
development of type 2 diabetes mellitus: from the CORDIOPREV study. Clin Nutr. 
(2019) 38:529–38. doi: 10.1016/j.clnu.2018.03.016

32. Lin HF, Huang LC, Chen CH, Hsu CY, Lin RT, Juo SH. Age and sex differences 
in the effect of parental stroke on the progression of carotid intima-media thickness. 
Atherosclerosis. (2015) 241:229–33. doi: 10.1016/j.atherosclerosis.2015.02.025

33. Garcia-Fernandez H, Alcala-Diaz J, Quintana-Navarro G, Lopez-Moreno J, Luque- 
Cordoba D, Ruiz-Diaz Narvaez E, et al. TMA Oxidation into the pro-atherogenic TMAO 
is higher in coronary heart disease men: from the CORDIOPREV study. World J Men 
Health. (2025) 43:249–58. doi: 10.5534/wjmh.230366

34. Caesar R, Fak F, Backhed F. Effects of gut microbiota on obesity and 
atherosclerosis via modulation of in8ammation and lipid metabolism. J Intern 
Med. (2010) 268:320–8. doi: 10.1111/j.1365-2796.2010.02270.x

35. Saad MJ, Santos A, Prada PO. Linking gut microbiota and in8ammation to 
obesity and insulin resistance. Physiology (Bethesda). (2016) 31:283–93. doi: 10. 
1152/physiol.00041.2015

36. Beers DR, Zhao W, Neal DW, Thonhoff JR, Thome AD, Faridar A, et al. 
Elevated acute phase proteins re8ect peripheral in8ammation and disease severity 
in patients with amyotrophic lateral sclerosis. Sci Rep. (2020) 10:15295. doi: 10. 
1038/s41598-020-72247-5

37. Utrata A, Schmidtner N, Mester P, Schmid S, Muller M, Pavel V, et al. Plasma 
lipopolysaccharide-binding protein (LBP) is induced in critically ill females with 
gram-negative infections-preliminary study. Infect Dis Rep. (2025) 17:10. doi: 10. 
3390/idr17010010

38. Ridker PM, Everett BM, Thuren T, Macfadyen JG, Chang WH, Ballantyne C, 
et al. Antiin8ammatory therapy with canakinumab for atherosclerotic disease. 
N Engl J Med. (2017) 377:1119–31. doi: 10.1056/NEJMoa1707914

39. Antonelli MJ, Kushner I, Epstein M. The constellation of vitamin D, the acute- 
phase response, and in8ammation. Cleve Clin J Med. (2023) 90:85–9. doi: 10.3949/ 
ccjm.90a.22048

40. Wang X, Bao W, Liu J, Ouyang YY, Wang D, Rong S, et al. In8ammatory 
markers and risk of type 2 diabetes: a systematic review and meta-analysis. 
Diabetes Care. (2013) 36:166–75. doi: 10.2337/dc12-0702

41. Kanmani S, Kwon M, Shin MK, Kim MK. Association of C-reactive protein 
with risk of developing type 2 diabetes mellitus, and role of obesity and 
hypertension: a large population-based Korean cohort study. Sci Rep. (2019) 
9:4573. doi: 10.1038/s41598-019-40987-8

42. Kuppa A, Tripathi H, Al-Darraji A, Tarhuni WM, Abdel-Latif A. C- 
reactive protein levels and risk of cardiovascular diseases: a two-sample 
bidirectional Mendelian randomization study. Int J Mol Sci. (2023) 24:9129. 
doi: 10.3390/ijms24119129

43. Khera A, Vega GL, Das SR, Ayers C, Mcguire DK, Grundy SM, et al. Sex 
differences in the relationship between C-reactive protein and body fat. J Clin 
Endocrinol Metab. (2009) 94:3251–8. doi: 10.1210/jc.2008-2406

44. Bafei SEC, Yang S, Chen C, Gu X, Mu J, Liu F, et al. Sex and age differences in 
the association between high sensitivity C-reactive protein and all-cause mortality: a 

Garcia-Fernandez et al.                                                                                                                                            10.3389/fcvm.2025.1527406 

Frontiers in Cardiovascular Medicine 11 frontiersin.org

https://doi.org/10.1016/j.ajpc.2024.100709
https://doi.org/10.1016/j.ajpc.2024.100709
https://doi.org/10.1016/j.cpcardiol.2023.101604
https://doi.org/10.1016/S0140-6736(21)00684-X
https://doi.org/10.1001/jamacardio.2020.0822
https://doi.org/10.1001/jamacardio.2020.0822
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.atherosclerosis.2023.117279
https://doi.org/10.1161/CIRCRESAHA.120.315930
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011612
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011612
https://doi.org/10.1093/eurheartj/ehad720
https://doi.org/10.1038/nrendo.2013.122
https://doi.org/10.1007/164_2023_683
https://doi.org/10.3389/fcvm.2021.704145
https://doi.org/10.1373/clinchem.2013.202549
https://doi.org/10.1373/clinchem.2013.202549
https://doi.org/10.1016/j.ejim.2023.10.006
https://doi.org/10.1016/j.ejim.2023.10.006
https://doi.org/10.1111/joim.12804
https://doi.org/10.1038/nrcardio.2016.183
https://doi.org/10.1016/j.metabol.2016.12.009
https://doi.org/10.1016/j.metabol.2016.12.009
https://doi.org/10.1016/j.cmet.2012.12.011
https://doi.org/10.1016/j.cmet.2012.12.011
https://doi.org/10.1186/s13293-019-0240-z
https://doi.org/10.1186/s13293-019-0240-z
https://doi.org/10.1007/s00125-010-1684-1
https://doi.org/10.1186/s12933-022-01516-6
https://doi.org/10.1016/S0140-6736(22)00122-2
https://doi.org/10.1016/S0140-6736(22)00122-2
https://doi.org/10.2337/dc11-S062
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.1371/journal.pone.0154090
https://doi.org/10.1093/clinchem/20.4.470
https://doi.org/10.1093/jn/126.11.2730
https://doi.org/10.1093/jn/126.11.2730
https://doi.org/10.1093/clinchem/28.6.1379
https://doi.org/10.1016/j.clnu.2018.03.016
https://doi.org/10.1016/j.atherosclerosis.2015.02.025
https://doi.org/10.5534/wjmh.230366
https://doi.org/10.1111/j.1365-2796.2010.02270.x
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.1038/s41598-020-72247-5
https://doi.org/10.1038/s41598-020-72247-5
https://doi.org/10.3390/idr17010010
https://doi.org/10.3390/idr17010010
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.3949/ccjm.90a.22048
https://doi.org/10.3949/ccjm.90a.22048
https://doi.org/10.2337/dc12-0702
https://doi.org/10.1038/s41598-019-40987-8
https://doi.org/10.3390/ijms24119129
https://doi.org/10.1210/jc.2008-2406


12-year prospective cohort study. Mech Ageing Dev. (2023) 211:111804. doi: 10.1016/ 
j.mad.2023.111804

45. Zeisel SH, Warrier M. Trimethylamine N-oxide, the microbiome, and heart and 
kidney disease. Annu Rev Nutr. (2017) 37:157–81. doi: 10.1146/annurev-nutr-071816- 
064732

46. Cuervo L, Mcalpine PL, Olano C, Fernandez J, Lombo F. Low-molecular-weight 
compounds produced by the intestinal Microbiota and cardiovascular disease. Int 
J Mol Sci. (2024) 25:10397. doi: 10.3390/ijms251910397

47. Raggi P, Stein JH. Carotid intima-media thickness should not be referred to as 
subclinical atherosclerosis: a recommended update to the editorial policy at 

atherosclerosis. Atherosclerosis. (2020) 312:119–20. doi: 10.1016/j.atherosclerosis. 
2020.09.015

48. Spence JD. IMT is not atherosclerosis. Atherosclerosis. (2020) 312:117–8. 
doi: 10.1016/j.atherosclerosis.2020.09.016

49. Burke AP, Farb A, Malcom G, Virmani R. Effect of menopause on plaque 
morphologic characteristics in coronary atherosclerosis. Am Heart J. (2001) 141: 
S58–62. doi: 10.1067/mhj.2001.109946

50. Neeland IJ, Lim S, Tchernof A, Gastaldelli A, Rangaswami J, Ndumele CE, et al. 
Metabolic syndrome. Nat Rev Dis Primers. (2024) 10:77. doi: 10.1038/s41572-024- 
00563-5

Garcia-Fernandez et al.                                                                                                                                            10.3389/fcvm.2025.1527406 

Frontiers in Cardiovascular Medicine 12 frontiersin.org

https://doi.org/10.1016/j.mad.2023.111804
https://doi.org/10.1016/j.mad.2023.111804
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.1146/annurev-nutr-071816-064732
https://doi.org/10.3390/ijms251910397
https://doi.org/10.1016/j.atherosclerosis.2020.09.015
https://doi.org/10.1016/j.atherosclerosis.2020.09.015
https://doi.org/10.1016/j.atherosclerosis.2020.09.016
https://doi.org/10.1067/mhj.2001.109946
https://doi.org/10.1038/s41572-024-00563-5
https://doi.org/10.1038/s41572-024-00563-5

	Sex-differences in endotoxemia and trimethylamine N-oxide according to the diet and type 2 diabetes status in coronary heart disease patients: from the CORDIOPREV study
	Introduction
	Methods
	Study participants
	Study design
	Clinical plasma parameters
	Measurement of LPS
	Measurement of TMAO in plasma
	Carotid ultrasonography
	Statistical analysis

	Results
	Baseline characteristics according to sex of the CHD patients
	Baseline characteristics according to T2DM status in CHD men and CHD women
	Baseline characteristics according to sex and T2DM in CHD patients
	Sex-dependent prevalence of T2DM and MetS in CHD patients
	Sex-dependent differences in IMT-CC and carotid plaques in CHD patients
	Differences in IMT-CC and carotid plaques according to T2DM status in CHD men and CHD women
	Differences in IMT-CC and carotid plaques according to sex and T2DM in CHD patients
	Endotoxemia and TMAO modulation by the consumption of healthy diets in CHD patients

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


