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Background: An association between gut microbes and cardiovascular disease (CVD) has been established, but the underlying mechanisms remain largely unknown.

Methods: We conducted a secondary analysis of the cross-sectional data obtained from the Metabolic Syndrome in Men (METSIM) population-based cohort of 10,194 Finnish men (age = 57.65 ± 7.12 years). We tested the levels of circulating gut microbe-derived metabolites as predictors of CVD, ischemic cerebrovascular accident (CVA), and myocardial infarction (MI). The Kaplan–Meier method was used to estimate the time from the participants' first outpatient clinic visit to the occurrence of adverse outcomes. The associations between metabolite levels and the outcomes were assessed using Cox proportional hazard models.

Results: During a median follow-up period of 200 months, 979 participants experienced CVD, 397 experienced CVA, and 548 experienced MI. After adjusting for traditional risk factors and correcting for multiple comparisons, higher plasma levels of succinate [quartile 4 vs. quartile 1; adjusted hazard ratio, aHR = 1.30, (confidence interval (CI), 1.10–1.53) p = 0.0003, adjusted p = 0.01] were significantly associated with the risk of CVD. High plasma levels of ursodeoxycholic acid (UDCA) (quartile 3 vs. quartile 1); [aHR = 1.68, (CI, 1.26–2.2); p = 0.0003, adj. p = 0.01] were associated with a higher risk of CVA. Furthermore, as a continuous variable, succinate was associated with a 10% decrease in the risk of CVD [aHR = 0.9; (CI, 0.84–0.97); p = 0.008] and a 15% decrease in the risk of MI [aHR = 0.85, (CI, 0.77–0.93); p = 0.0007].

Conclusion: Gut microbe-derived metabolites, succinate, and ursodeoxycholic acid were associated with CVD, MI, and CVA, respectively. Regulating the gut microbes may represent a potential therapeutic target for modulating CVD and CVA.
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1 Introduction

Despite advances in treatment, cardiovascular disease (CVD) remains the leading cause of death globally, contributing to morbidity and high healthcare system costs (Benjamin et al., 2019; Roth et al., 2020). CVD is influenced by genetic, environmental, and known traditional risk factors, which further complicate the understanding of the disease (Bjorkegren and Lusis, 2022). Broadly known traditional risk factors, such as high cholesterol, diabetes, obesity, and smoking, only account for a fraction of the incidence of CVD (Benjamin et al., 2019). In recent years, studies have identified gut dysbiosis and gut microbe-derived metabolites as novel risk factors for atherosclerosis, cerebrovascular disease, hypertension, and myocardial dysfunction (Drouin et al., 2019). The gut microbiome composition is highly dynamic and is an important mediator between the host's internal and external environments. It can be altered throughout the host's lifespan by various factors such as the host's genetics, diet, and medications (Spanogiannopoulos et al., 2016; Bubier et al., 2021; Rehner et al., 2023). The adaptive and malleable nature of the gut microbiome serves to optimize the host's metabolic and immune performance in response to physiological and environmental alterations, thereby maintaining physiological homeostasis and health status (Candela et al., 2014). Imbalances in the gut microbial composition and the plasma concentration of gut microbe-derived metabolites can induce metabolic shifts that result in cardiometabolic diseases including CVD (Brown and Hazen, 2015; Witkowski et al., 2020). Gut microbes produce numerous bioactive metabolites that can be absorbed into enterohepatic circulation and transported to various tissues, affecting the host's physiology (Fan and Pedersen, 2021). For example, the gut microbe-derived metabolite trimethylamine N-oxide (TMAO) has been identified as a novel risk marker and plays an important role in the onset and development of CVD and all-cause mortality. The concentration of TMAO could be used to predict the risk of incident CVD (Brown and Hazen, 2015). In the present study, the association between 35 gut microbe-derived metabolites and the risk of CVD was assessed in the population-based cohort of Metabolic Syndrome in Men (METSIM) during a 200-month follow-up. We also examined the association of these 35 metabolites with cerebrovascular accident (CVA) and myocardial infarction (MI) individually.



2 Materials and methods


2.1 Study design and sample population

In this study, we conducted a secondary analysis of the data from the METSIM population-based cross-sectional and longitudinal cohort. The METSIM cohort consisted of 10,194 men, aged between 45 and 74 years, selected from the population register of Kuopio town, Eastern Finland. The data were collected from 2005 to 2010. The prevalence and incidence of CVD and type 2 diabetes (T2D) are higher in Finnish men than in Finnish women; therefore, only men were included in the METSIM study. In addition, the sample was limited to men to increase its homogeneity. The homogenous nature of the cohort made it particularly useful for understanding host–microbiome relationships. The cohort underwent detailed phenotyping, particularly for cardiovascular- and diabetes-related traits, and had a long follow-up period of 200 months. In our study, CVD was defined as the occurrence of incident total myocardial infarction events, coronary artery disease death, and cerebral infarction events during the follow-up period. The METSIM study has been previously described in detail (Laakso et al., 2017).



2.2 Setting, data collection, and metabolites

During their 1-day outpatient visit at the University of Kuopio, the information regarding the patients' clinical data, health status, and medical treatments were collected. Measurements of height, weight, waist-to-hip ratio, blood pressure (BP), and fat percentages were recorded. In the clinic, fasting blood samples were collected and stored at −80°C. Laboratory analyses of fasting glucose, hemoglobin A1c (HbA1c), lipids, and high-sensitivity C-reactive protein (CRP) were performed after 12 h and have been mentioned previously (Stancakova et al., 2009). Metabolites were measured at baseline, using Metabolon's untargeted Discovery HD4 platform (Metabolon, Durham, NC, USA) with ultra-high-performance liquid chromatography–tandem mass spectroscopy. The methods have been previously described in detail (Vangipurapu et al., 2019; Yin et al., 2022). A total of 35 unique gut microbe-derived metabolites were included in the statistical analyses. We selected 35 gut microbe-derived metabolites based on their availability in the METSIM cohort. We excluded gut-derived metabolites with more than 20% missing values. All laboratory methods, such as metabolomics analysis, were performed in accordance with the relevant guidelines and regulations. The data of the METSIM participants were linked to several Finnish registries, including a hospital discharge registry, a drug reimbursement and prescription registry, and cancer and mortality registries.



2.3 Statistical analysis

All metabolites were log-transformed to correct for skewness. Student's t-test or Welch's t-test was used for continuous variables, and the χ2 test was used for categorical variables to determine significant differences between the groups. Missing values were imputed. The Kaplan–Meier survival curves were estimated and generated as right-censored with the endpoint of the diagnosis of CVD, cerebrovascular accident (CVA), and myocardial infarction (MI). The Cox proportional hazards analysis was conducted to determine the hazard ratio (HR) and 95% confidence intervals (95% CIs) for CVD, CVA, and MI stratified according to the metabolites in quartiles [quartile 4 (Q4) vs. quartile 1 (Q1)]. Adjustments were made for age, body mass index (BMI), smoking status, systolic blood pressure (SBP), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), HbA1c, triglycerides, C-reactive protein (CRP), and the estimated glomerular filtration rate (eGFR). The p-values were obtained and further corrected for multiple comparisons using the Bonferroni correction. The overall event-free survival was defined as the interval from the initial recruitment date to the date of follow-up when outcomes were diagnosed. The statistical analysis and visualization were performed using R Studio with R version 4.0.5.




3 Results

A total of 979 (11.4%) participants experienced CVD, 397 (4%) experienced CVA, and 548 (6%) experienced MI events during the follow-up period. The clinical and laboratory characteristics of the participants are shown in Tables 1, 2.


TABLE 1 Comparison of the baseline characteristics of the participants without CVD, with CVD, without CVA, and with CVA.
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TABLE 2 Comparison of the baseline characteristics of the participants without MI and with MI.
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The levels of metabolites at baseline in patients with and without CVD and CVA are shown in Table 3. After adjusting for multiple comparisons, no significant differences were found in the levels of metabolites between patients with MI and those without MI. In the Kaplan–Meier analysis, it was observed that patients in the highest quartile (Q4) of the metabolites had a significantly higher risk of CVD and CVA compared to patients in the lowest quartile. However, patients in the Q3 level of ursodeoxycholic acid (UDCA) had a higher risk of CVA compared to those in the Q1 level. In addition, the Kaplan–Meier curves of phenylacetylglutamine (PAG) and N-acetyltryptophan showed a dose-dependent increased risk of CVD (Figure 1). After adjusting for multiple comparisons, the Kaplan–Meier curves for metabolite concentrations in relation to MI events became non-significant.


TABLE 3 Comparison of gut microbe-derived metabolite concentrations between participants in the non-CVD and CVD groups, and between those in the non-CVA and CVA groups.
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FIGURE 1
 The Kaplan–Meier estimates and the risk of incident CVD and CVA over the follow-up period are stratified according to the quartiles of plasma metabolite levels. p-values derived from the log rank test are indicated and adjusted for multiple comparisons using the Bonferroni correction. PAG, phenylacetylglutamine.


In the METSIM cohort, higher succinate levels (Q4. vs. Q1.) were associated with a 1.41-fold increased risk of CVD at the follow-up period of 200 months [unadjusted HR = 1.41; 95% CI, (1.18–1.7) adj. p < 0.001]. After adjusting for traditional CVD risk factors, higher levels of succinate were associated with a 1.3-fold increased risk of CVD [adjusted HR = 1.30; 95% CI, (1.10–1.53) p = 0.0003, adjusted p = 0.01]. We also examined the association between succinate and CVD as a continuous variable, which improved the robustness of the analysis (Bennette and Vickers, 2012). Interestingly, as a continuous variable, succinate was associated with a decreased risk of CVD [unadjusted HR = 0.91; 95% CI, (0.85–0.98) p = 0.016; adjusted HR = 0.9; 95% CI, (0.84–0.97) p = 0.008]. We then examined the association between succinate and metabolic disorders traits, including diabetes, obesity, and lipids, at baseline. After adjusting for traditional risk factors, significant inverse associations between succinate and plasma insulin levels (β = −0.02, p = 4.5E-04), homeostatic model assessment of insulin resistance (HOMA-IR; β = −0.023, p = 4.2E-04), BMI (β = −0.004, p = 0.002), and waist-to-hip ratio (β = −0.001, p = 6.0E-04) were observed, and a positive association was observed with HDL-C (β = 0.010, p = 4.4E-04).

A forest plot indicating the risk of incident CVA stratified by quartile gut microbe-derived metabolite levels after adjusting for traditional risk factors is shown in Figure 2. UDCA remained a significant predictor of CVA [unadjusted HR = 1.7; 95% CI, (1.3–2.3) p = 0.0002, adj. p = 0.007], even after adjusting for covariates and the Bonferroni correction [adjusted HR = 1.68; CI, (1.26–2.2) p = 0.0003, adj. p = 0.01]. Only succinate as a continuous variable remained a significant predictor for MI [unadjusted HR = 0.85; CI, (0.77–0.94) p = 0.0009, adj. p = 0.03], even after adjusting for traditional risk factors [adjusted HR = 0.85; CI, (0.77–0.93) p = 0.0007, adj. p = 0.024]. After adjusting for traditional risk factors, no association between PAG, CVD, and MI was found. A significant association between PAG [unadjusted HR = 1.5; CI, (1.3–1.7) p = 3.86e-07] and CVA [adjusted HR = 1.42; CI, (1.06–1.9) p = 0.018] was noted; however, after the correction for multiple comparisons, the p-value became non-significant. All 35 gut microbe-derived metabolites are shown in Table 4.


[image: Figure 2]
FIGURE 2
 The forest plot indicating the risks of CVA incident 200 months following enrollment, stratified by the quartiles of gut microbe-derived metabolites levels. The multivariable Cox model for hazard ratios included adjustments for traditional risk factors. The 95% confidence interval is indicated by the length of the line. PAG, phenylacetylglutamine; Q, quartile.



TABLE 4 Gut microbe-derived metabolites included in statistical analyses.
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4 Discussion

The present study suggested that high plasma levels of succinate and UDCA are potential risk markers of CVD and CVA, respectively. In addition, succinate was found to be inversely associated with insulin resistance and obesity and positively associated with HDL-C.

The role of succinate continues to be a topic of discussion (Fernandez-Veledo and Vendrell, 2019). Succinate is an important metabolite of both host cell mitochondria and gut microbes. It is an intermediate product of the tricarboxylic acid cycle and serves as an inflammatory signal in the host. It has been shown to be a key mediator, via IL-1β, of macrophage response to lipopolysaccharide (Mills et al., 2016). In addition, gut microbes produce succinate as a byproduct of anaerobic fermentation. An increased abundance of succinate-producing bacteria is positively correlated with elevated plasma succinate levels and an increased risk of obesity (Serena et al., 2018). The concentrations of succinate are regulated by balancing succinate-consuming and succinate-producing bacterial strains. An imbalance in the succinate-producing and succinate-consuming bacterial strains in the gut results in the intestinal accumulation of succinate (Fernandez-Veledo and Vendrell, 2019). Succinate is typically detected at a relatively low concentration in the intestinal lumen, and it is rapidly converted into an intermediate in the production of propionate, although exact values can vary depending on the microbial species and the sample type (Wullt et al., 2007; Louis and Flint, 2017). The levels of succinate are reported at median concentrations of 15.3 μM in the plasma of healthy individuals (Kushnir et al., 2001) and have been found to increase up to 35.5 μM in patients with aortic aneurysm and dissection (Cui et al., 2021). The high plasma levels of succinate can activate SUCNR1 and signal transduction in macrophages and smooth muscle cells. SUCNR1 is inactive in normal tissues and can be activated under certain conditions, such as hypoxia and tissue injury (Fernandez-Veledo et al., 2021). During inflammatory responses, depending on cellular subsets, succinate plays crucial dual roles, which results in inflammation or anti-inflammation (Grimolizzi and Arranz, 2018). The binding of succinate to SUCNR1, which is expressed in human umbilical vein endothelial cells and macrophages, activates the transcription factor hypoxia-inducible factor (HIF)-1α, stimulates the succinate/IL-1β signaling axis, promotes the expression of IL-1β to produce excess pro-inflammatory cytokines, and exacerbates the inflammatory process of atherosclerosis (Tannahill et al., 2013; Xu et al., 2022). Elevated succinate levels in plasma were found to be associated with increased cardiovascular risk factors in young adults (Osuna-Prieto et al., 2021) and cardiac hypertrophy associated with obstructive coronary artery disease (Aguiar et al., 2014). Xu et al. observed that the arterial serum succinate level right before angiography was significantly elevated in patients with coronary heart disease compared to healthy controls (Xu et al., 2022). Another study demonstrated that the level of succinate in the coronary sinus was significantly elevated in patients with ST-elevation MI (Mills et al., 2016). At lower levels, succinate may offer metabolic and health benefits. A study conducted on animals suggested that Prevotella copri produces succinate that improved glucose homeostasis and body weight gain by serving as an intestinal gluconeogenic substrate. Increased cecal levels of succinate after the supplementation of fructo-oligosaccharides resulted in the activation of intestinal gluconeogenesis, which helped prevent obesity in a glucose-intolerant phenotype of mice fed a high-fat and high-sucrose diet (De Vadder et al., 2016).

In our analysis, UDCA, a secondary bile acid, was found to be a significant predictor of CVA. Patients with CVA had increased levels of UDCA in the serum compared to those in the non-CVA group. Manufactured UDCA has been used for decades to treat cholestatic liver diseases (de Vries and Beuers, 2017). UDCA has been shown to penetrate the cerebrospinal fluid in a dose-dependent manner (Parry et al., 2010). It has demonstrated neuroprotective effects in the rotenone model of Parkinson's disease by modulating the inflammatory apoptotic cascade (Abdelkader et al., 2016). Zhang et al. demonstrated that UDCA levels are lower in patients with CVA compared to those without CVA (Zhang et al., 2024). The authors measured the levels of UDCA after a stroke, and their sample size was relatively small (n = 56). In addition, in our previous study where we examined the associations between gut microbe-derived metabolites and metabolic syndrome traits in the METSIM cohort, we found significant associations between UDCA, insulin resistance, BMI, and total cholesterol (Mirzaei et al., 2024).

A significant elevation of PAG, a synthetic product of phenylacetate produced by the liver, was observed in cases of CVD and CVA. However, we did not find any significant association between PAG and CVD, CVA, and MI after adjusting for traditional risk factors. The non-significant result may be due to lack of power rather than lack of effect. Hazen et al. were the first to reveal a positive correlation between PAG and platelet functions and thrombosis (Zhu et al., 2023). They showed that PAG can promote CVD via adrenergic receptors (Nemet et al., 2020). Recent studies have demonstrated that plasma PAG levels at the time of admission were elevated in patients with an ischemic stroke and were associated with short-term adverse outcomes (Yu et al., 2021a,b).

In a prospective study of two cohorts of participants without the evidence of acute coronary syndrome with a follow-up period of 3 years, elevated plasma PAG and p-cresol sulfate (Q4 vs. Q1 quartile) were associated with major adverse cardiovascular events, defined as death, MI, and stroke. The researchers also showed that uremic toxins, including p-cresol sulfate and indoxyl sulfate, were associated with incident adverse cardiac event risks among subjects with primarily preserved kidney function (Nemet et al., 2023). Their results differed from those of our analyses, where adjusting for multiple comparisons impacted the significant associations between these metabolites and the risk of CVD.

The present study has several strengths and limitations. The METSIM cohort is a large randomly selected population-based cohort. We used a very conservative threshold for statistical significance by using the Bonferroni correction for multiple comparisons in our analyses. The homogeneity of the sample allowed for the control of numerous potential confounding variables. Our study consisted of only middle-aged and elderly Finnish men; therefore, our findings need to be replicated in more diverse populations. The findings are not generalizable to minority populations or women. Finally, our study was an association study, and we could not establish a causal relationship between gut microbe-derived metabolites and CVD.
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microbe-derived metabolites Non-CVD CVI Adjusted p-value

Mean SD Mean SD
N-acetyltryptophan —0.005 (0.35) —0.05 (0.34) 4.6E—05
Phenylacetylglutamine (PAG) —0.10 (0.70) 0.001 (0.69) 6.3E—05
p-cresol —0.18 (90) —0.07 (83) 0.0014
Phenylacetate —0.17 (0.76) —0.07 (0.79) 0.0031
Succinate —0.11 (0.76) —0.17 (0.88)
CVA
Mean SD
Phenylacetylglutamine (PAG) —0.09 0.08
Phenylacetate —0.16 —0.0007
Ursodeoxycholate —0.09 0.07 0.035

CVD, cardiovascular disease; CVA, cerebrovascular accident; SD, standard deviation.
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€ al traits Non-C' CVD p-value Non-CVA CVA

Age (years) mean % SD 572(7) 6172 (6.7) 23E-68 573 (7.05) 61.8 (6.6) 8.3E-33
BMI (Kg/m?) 26.5(4.7) 275 (5.5) 1.7E-10 266 (4.2) 272 (45) 0.007
Waist-to-hip ratio 0.97 (0.08) 0.99 (0.09) 14E-25 097 (0.8) 0.99 (0.8) 22E-08
Fat mass (%) 23(8.5) 265 (10.3) 1.6E-46 23.1(8) 265 (10.5) 22E-16
Plasma glucose (mmol/L) 5.8(0.8) 5.9(0.9) 73E-11 5.8 (1.9) 5.8 (1.4) 0.002
Plasma insulin (mU/L) 6.8(6.5) 83(8.5) 5.1E-18 69 (6.7) 79(75) 0.0002
HbAIC (%) 5.7 (0.4) 5.9(0.6) 5.5E-43 57(05) 59(0.6) 8.0E-15
HOMA-IR 1.7 (1.8) 22(25) 4.1E-20 1.8 (1.9) 2.1(23) 4.8E-05
Total cholesterol (mmol/L) 52(1.3) 5.1(1.5) 0.01 52(1.3) 5.0 (1.3) 0.008
LDL cholesterol (mmol/L) 32(1.2) 35(1.3) 0.025 32(1.2) 31(12) 001
HDL cholesterol (mmol/L) 1.5(0.5) 1.3(0.5) L6E-11 1.3(05) 1.0 (05) 0.034
Total triglyceride (mmol/L) 1.2(0.8) 1.3 (0.9) 5.0E-10 12(08) 13 (0.8) 0.10
Systolic BP (mmHg) 136 (21.3) 142 (23.5) 22E-16 135 (21.3) 142 (23.3) 1.3E-10
Diastolic BP (mmHg) 87.3(12.6) 87.3(13.3) 043 873 (12.6) 87 (12.6) 0.90
GEFR 0.09 (0.01) 0.08 (0.02) 12E-11 0.88 (0.01) 0.85 (0.02) 1.2E-04
CRP (mg/L) 1.06 (1.8) 1527) 1.6E-64 1.0(1.9) 14 (2.6) 3.1E-06
Alcohol/week (gram) 62(137) 49 (129) 1.6E-05 61 (136) 62 (138) 0.16
Smoking [n (%)]

No 3,626 (42) 343 (35) 1.0E-06 4,005 (41) 145 (36) 1.2E-05
Yes 1,517 (17.6) 230 (23.5) 1,762 (18) 81 (20)

Ex-smoker 3,495 (40.5) 406 (41.5) 4,026 (41) 178 (44)

Statins [n (%)]

No 6,562 (76) 679 (69.4) 6.6E-06 7,089 (72) 261 (65) 7.7E-04
Yes 2,076 (24) 300 (30.6) 2,704 (28) 143 (35)

CVD, cardiovascular disease; CVA, cerebrovascular accident; SD, standard deviation; BMI, body mass index; HbAlc, hemoglobin Al¢c; HOMA-IR, homeostatic model assessment of insulin

resistance; LDL, low-density lipoprotein; HDL, high-density lipoprotein; BP, blood pressure; GER, glomerular filtration rate; CRP, C-reactive protein.
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€ al traits N Mi Mi p-value
Age (years) mean = SD 57.4(0.9) 60.7 (0.8) 9.7E-24
BMI (Kg/m?) 26.6 (4.8) 27.2(5.1) 5.2E-05
Waist-to-hip ratio 0.97 (0.08) 1(0.08) LIE-10
Fat mass (%) 23.1(8.7) 26.6 (10.4) 22e-16
Fasting plasma glucose (mmol/L) 5.8(0.8) 5.9(09) 2.6E-06
Fasting plasma insulin (mu/L) 6.9(6.7) 7.8(7.8) 1.2E-09
HbAILC (%) 5.7(0.5) 5.9(0.6) 22E-16
HOMA-IR 18(1.9) 2.1(23) 8.2E-11
Total cholesterol (mmol/L) 52(1.3) 5.1(13) 0.68
LDL cholesterol (mmol/L) 32(1.2) 3.1(12) 0.40
HDL cholesterol (mmol/L) 1.3(0.5) 1.1(05) 6.5E-10
Total triglyceride (mmol/L) 12(08) 1.4(07) 3.8E-07
Systolic blood pressure (nmHg) 136 (21.3) 142 (24) 1.0E-10
Diastolic blood pressure (mmHg) 87.3(12.5) 87.6 (12.7) 0.32
GFR 0.09 (0.01) 0.08 (0.02) 2.2E-07
CRP (mg/L) 1.09 (1.8) 1.5(2.6) 1.3E-07
Total alcohol/week (g) 61 (136) 61.5(136.5) 4.7E-06
Smoking [n (%)]

No 3,946 (41) 204 (35) 1.6E-05
Yes 1,696 (18) 147 (25)

Ex-smoker 3,965 (41) 239 (40)

Statins [n (%)]

No 6,967 (73) 383 (65) 7.8E-05
Yes 2,640 (27) 207 (35)

MI, myocardial infarction; SD, standard deviation; BMI, body mass index; HbAlc, hemoglobin Alc; HOMA-IR, homeostatic model assessment of insulin resistance; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; GER, glomerular filtration rate; CRP, C-reactive protein.
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