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Background: Microbiome has been linked to the pathogenesis of coronary artery
disease (CAD) but data providing direct evidence for an association of short-chain
fatty acids (SCFA) with CAD are lacking. This study aimed to evaluate the role of
propionate, the most important SCFA in patients with CAD.

Methods: We performed a cross-sectional study enrolling patients admitted for
invasive coronary angiography in two university hospitals in Germany. Patients
with known or suspected CAD and risk factors for cardiovascular disease were
prospectively recruited. Blood sampling was performed after overnight fasting and
before invasive procedures. Measurement of propionate was performed by liquid
chromatography.

Results: The study included 1,253 patients (median [IQR], 67 [58—-76] years; 799 men
[64%]). A total of 739 had invasively confirmed CAD with at least one coronary artery
stenosis >50% and 514 had exclusion of CAD. CAD patients had significant lower
levels of propionate (median 5.75uM, IQR, 4.1-7.6) compared to the non-CAD groups
6.53uM (4.6-8.6, p<0.001). Multivariate linear regression analysis revealed an odds
ratio of 0.94 (Cl 0.90-0.98, p=0.002) for propionate as predictor of CAD. The odds
ratio was further decreased to 0.45 (Cl 0.31-0.65, p<0.001) when comparing patients
in the lowest quartile of propionate with those with higher levels of propionate.

Conclusion: The study provides large-scale in vivo data for the association of
propionate to manifest coronary artery disease, independent of other traditional
cardiovascular risk factors.
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Introduction

Alterations of the gut microbiome have been linked to cardiovascular disease including coronary
artery disease (CAD) in cross sectional studies. The microbiome metabolizes resistant dietary fibers
through fermentation to short chain fatty acids (SCFA) including propionate, butyrate, and acetate,
which can pass the mucosal border and thereby enter the circulation. There is accumulating evidence
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from animal studies that propionate and butyrate elicit favorable effects
on endothelium, lipid profile, blood pressure, and act as anti-
inflammatory mediators (1). Propionate may improve endothelial
function by activation of GPR41, reduces renin secretion, lowers serum
cholesterol concentrations and elicits anti-inflammatory effects by an
increase or regulatory T cells (2-5). A broad variety of therapeutic
interventions including probiotics, antibiotics, stool transplantation, or
supplementation of SCFA could be envisioned to increase SCFA
concentrations in the circulation. The majority of these interventions are
broadly available, easy to perform and are therefore promising
candidates to prevent atherosclerosis.

Recently, oral supplementation of propionate led to reduction of
low-density lipoprotein in patients with hypercholesterinemia (6). In
an animal model, Haghikia et al. (6) demonstrated an improvement
of aortic atherosclerotic lesions in response to propionate in
apolipoprotein E—/— (Apoe—/—) mice fed with high-fat diet.
However, human studies on the impact of SCFS concentrations on
atherosclerosis are lacking (7).

We hypothesized that higher concentrations of propionate are
associated with a lower risk for coronary artery disease. We therefore
investigated for the first time, whether the plasma concentration of
propionate is associated with the prevalence of manifest coronary artery
disease in individuals undergoing coronary angiography.

Methods
Study design

Patients admitted for elective coronary angiography to the
university hospitals of Brandenburg an der Havel and Ruhr-University
Bochum, both in Germany. Were eligible for inclusion in the study.
1,253 participants were prospectively recruited between 2017 and
2020. Exclusion criteria were emergency admissions, known cancer
disease, acute infectious disease (symptoms of infection or fever),
known rheumatic or other inflammatory disease, and age < 18 years.
Blood samples were obtained in all patients after overnight fasting
and before any invasive procedure. Based on the findings of
angiography patients were assigned to the CAD group (n="739), if
there was an at least 50% stenosis of a coronary artery. Patients in the
non-CAD group (514) had no stenosis or stenosis <50% in all
coronary arteries. Written informed consent was obtained from all
participants. The study was approved by the local ethics committees
of the medical association of Brandenburg (Nr. AS69bB/2016) and of
the Ruhr University of Bochum (Nr. 15-5279) in accordance with the
Declaration of Helsinki.

Biomarker and laboratory assessment

Serum was prepared from blood samples and was cryopreserved
(—80°C). Laboratory parameters were obtained by standard clinical
assays in the central laboratory unit of the university hospitals.

SCFA analysis was performed as described previously by liquid
chromatography tandem mass spectrometry (LC-MS/MS) upon
derivatization to 3-nitrophenylhydrazones (3NPH) with minor
modifications (8). Sample preparation was carried out as described for
portal vein plasma (9). In brief, 10 pL of an internal standard mixture
containing D5-propionic acid (Cambridge Isotope Laboratories,
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United States) was added to 10 pL serum and mixed. 100 pl acetonitrile
were added and centrifuged after mixing. 50 pl of the supernatant were
derivatized to 3NPH derivatives (8) and 10 pL of the quenched reaction
mix were injected into the LC-MS/MS system.

Statistical analysis

Normal distribution of data was checked using the Shapiro-Wilk
test. In case of normal distribution, the comparison of two groups was
performed with the t-test (>2 groups: F test). Otherwise, the Mann-
Whitney-U test (2 groups) or Kruskal-Wallis test (>2 groups) was
applied. Data are presented as median with interquartile range. The
Chi-square test was used to compare the frequency of a categorical
variable between independent groups. Pearson’s correlation coefficient
assessed the correlation between two continuous variables. Logistic
univariate and multivariate logistic regression analysis was used to assess
the relationship between propionate and CAD b <adjusting for different
risk factors. All statistical analyses were performed by using the SPSS
and the GraphPad software.

Results

Demographic characteristics of study
participants

A total of 1,253 participants were included in the analysis
(n=739 in the CAD group, n=>514 in the non-CAD group). The
characteristics of the study participants are shown in Table 1. The

TABLE 1 Description of the main cardiovascular risk factors and biomarkers
based on the study group.

CAD No CAD p-value

N 739 514

Age, years 69 (61-76) 63 (55-73) <0.001
Male, no (%) 562 (76) 237 (46) <0.001
Hypertension, no (%) 656 (89) 374 (67) <0.001
Diabetes, no (%) 263 (36) 80 (16) <0.001
Current smoking, no (%) 256 (35) 104 (20) 0.001
Statins, no (%) 585 (79) 174 (34) <0.001
BMI, kg/m? 28 (26-32) 28 (25-32) 0.43
HDL, mg/dL 46 (39-59) 56 (45-66) <0.001
LDL, mg/dL 102 (78-133) 126 (100-152) <0.001
Cholesterol, mg/dL 171 (143-205) 196 (172-225) <0.001
Triglyceride, mg/dL 128 (95-183) 116 (86-165) 0.001
Lipoprotein-a nmol/L 15 (7-82) 12 (6-34) 0.07
hsCRP, mg/dL 0.11 (0.0-0.62) | 0.11 (0.0-0.86) 0.44
HbAlc, % 5.9 (5.8-6.8) 5.6 (5.3-5.9) <0.001
Propionate, pM 5.75 (4.1-7.6) 6.53 (4.6-8.6) <0.001

Data are presented as median with interquartile range or number (%). Statistical comparison
was performed by Chi square test for categorical variables and Mann Whitney test for metric
variables. Significant values are shown in bold numbers. NA, not applicable; BMI, body mass
index; CAD, coronary artery disease; HbAlc, glycated hemoglobin Alc; HDL, high-density
lipoprotein; hsCRP, high sensitive C reactive protein; LDL, low-density lipoprotein.
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incidence of CAD was higher in participants who were male, had
diabetes, hypertension and a history of smoking compared to
participants who were female or without the respective risk factor
(p <0.05 for all comparisons).

Associations of propionate concentrations
with established risk factors for coronary
artery disease

In a first approach the associations of serum propionate
concentrations with lipid concentrations, body mass index (BMI),
Lipoprotein (a) [LP (a)], and hemoglobin Alc (HbAlc) were analyzed.
In the overall study population males and persons with hypertension
had lower propionate concentrations (p<0.05 for all comparisons,
Supplementary Table 1). Among all participants, higher age, male
gender and smoking were weakly associated with lower propionate
concentrations in the multivariate regression analysis (p <0.05). Diabetes
and triglycerides were associated with higher propionate concentrations
(p<0.05). In patients with CAD diabetes, triglycerides and cholesterol
were still associated with higher propionate concentrations but all
associations were very weak (Supplementary Table 2).

Since statins may affect the gut microbiome (10) and consequently
SCFA concentrations, we performed an additional analysis by dividing
patients in those with and without statins (Supplementary Table 3).
Participants on statins had lower propionate concentrations compared
to the group without statins (p<0.001).

Association of propionate concentrations
with coronary artery disease

Patients with CAD had lower concentrations of propionate
compared to patients without CAD (p <0.001, Table 1). In univariate
logistic regression analysis of all study participants, an increase in 1
SD of propionate concentration was associated with 95% reduced risk
for CAD [odds ratio 0.92, 95% confidence interval (CI), 0.89 to 0.95,
p<0.001, Figure 1]. In multivariate analyses adjusting for age, gender,
diabetes, hypertension, smoking and intake of statins the odds ratio
remained significant (OR 0.94, CI 95% 0.90-0.98) suggesting that

10.3389/fcvm.2023.1063296

propionate is an independent predictor of CAD. In a further
regression analysis adjusted for HDL, LDL, cholesterol and
triglycerides propionate was constantly associated with CAD
(Figure 2).

The significance of propionate as a robust marker for the presence
of CAD was further investigated by performing a logistic regression
analysis using quartiles of propionate concentrations. Higher levels of
propionate (quartile 4) were associated with a significantly lower odds
ratio of 0.448, CI 95% 0.31-0.65, compared to propionate concentrations
in quartile 1 (Supplementary Table 4).

Discussion

The present cross-sectional study provides first evidence that higher
concentrations of propionate are indeed associated with a lower risk of
CAD independent of established cardiovascular risk factors. As
described above, there is an increasing amount of experimental data
indicating that propionate may elicit beneficial effects on cardiovascular
risk factors like hypertension, endothelial dysfunction, and
hypercholesterolemia (1, 2, 6). Whereas alterations in the microbiome
have successfully been linked to a modification of cardiovascular risk, a
proof that these effects might translate into a measurable reduction of
CAD prevalence was missing so far.

Multivariate regression analyses revealed a negative association
of propionate concentrations with the presence of CAD, which
remained significant after adjustment for several risk factors. Hence,
an independent vasoprotective effect of these SCFA may
be postulated.

The lower concentrations of propionate in patients on statins
(Supplementary Table 3) may not reflect a direct effect of statins but
rather the burden of risk factors leading to administration of statins.
Statins are known to modify the composition of the gut microbiome
(10). Noteworthy, however, the observed association between
propionate and the prevalence of CAD remained significant after
adjustment for statin use as well. Due to its non-interventional, cross-
sectional character, the present study is not able to attribute causality
to the observed associations. Nevertheless, these first-in-human
results are a crucial prerequisite for interventional studies on this
promising cardiovascular prevention strategy.

Univariate
Risk factors QOdds ratio for CAD (Cl) p
Propionate -5 0.92 (0.89-0.95) <0.001
L]
Smoking : (=== 2.15 (1.65-2.81) <0.001
1
Diabetes 2 ] 3.17 (2.37-4.24) <0.001
Hypertension E @] 3.00 (2.21-4.07) <0.001
iy 1.0 20 30 40
FIGURE 1

Association of propionate concentrations with the presence of coronary artery disease (CAD). The association of propionate with CAD was assessed by
logistic regression using univariate and multivariate models adjusted for selected cardiovascular risk factors (hypertension, diabetes, smoking), age, gender,
body-mass index and intake of statins. Odds ratios and 95% confidence intervals are presented. Odds ratios for continuous variables are per 1-SD increase.

Multivariate
Risk factors . Odds ratio for CAD (Cl) p
Propionate 9% 0.94 (0.90-0.98) 0.002
Smoking : (] 2,83 (1.97-4.08) <0.001
Diabetes : ] 2.24(1.583.) <0.001
Hypertension | —— 1.68 (1.11-2.54) 0.001
) 1.0 20 30 40
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Univariate
Risk factors Qdds ratio for CAD (CI) p
Propionate [ | E 0.92 (0.89-0.95) <0.001
Cholesterol 1.0 (1.0-1.02) 0.02

¢
Triglycerides n 0.99 (0.98-1.0) 0.15

LDL 0.98 (0.96-0.99) <0.001
HDL M:  0.96 (0.95-0.97) <0.001
l 1.0 15
FIGURE 2

increase.

Multivariate
Risk factors Qdds ratio for CAD (Cl) p
Propionate ] . 0.92 (0.88-0.96) <0.001
Cholesterol é 1.0 (1.0-1.02) 0.03
Triglycerides :. 0.99 (0.99-1.0) 0.13
LDL . 0.98 (0.97-0.99) 0.01
HDL l 0.98 (0.96-0.99) <0.001
) 1;0 15

Association of propionate concentrations with the presence of coronary artery disease (CAD). The association of propionate with CAD was assessed by
logistic regression using univariate and multivariate models adjusted for the major lipid parameters (HDL, LDL, Cholesterol, Triglycerides) in addition to age,
gender, hypertension, diabetes and smoking. Odds ratios and 95% confidence intervals are presented. Odds ratios for continuous variables are per 1-SD

Beyond its role as a metabolite of the gut microbiome, propionate is
part of several food products including cheese, coffee, or seafood.
Moreover, it is available as a dietary supplement, which allows
supplementation independent of modifying the microbiome. We have
previously shown that the achieved serum concentrations are able to
elicit an immunomodulation with increases of regulatory T cells (4). So
far, there are no known side effects of this dietary supplement.

Limitations

These results are hypothesis generating and do not provide any
causal association for the role of short fatty acids in the pathogenesis of
atherosclerosis and coronary artery disease. Further experimental
studies are warranted to shed light on the mechanism leading to an
association of propionate with the coronary artery disease.

Conclusion

Based on the present findings, future studies should investigate this
new approach in primary and secondary cardiovascular prevention.
After decades of focusing on traditional cardiovascular risk factors,

modification of SCFA concentrations may offer new opportunities to
reduce cardiovascular morbidity and mortality.
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