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Abstract

Rationale: A strong association has emerged between the gut microbiome and atherosclerotic 

disease. Our recent data suggest L. plantarum 299v (Lp299v) supplementation reduces infarct size 

in male rats. Limited human data are available on the impact of Lp299v on the vasculature.

Objective: To determine whether oral Lp299v supplementation improves vascular endothelial 

function and reduces systemic inflammation in humans with stable coronary artery disease (CAD).

Methods and Results: Twenty men with stable CAD consumed a drink containing Lp299v (20 

billion CFU) once daily for six weeks. Following a 4-week washout, subjects were given an option 

of additionally participating in a 10-day study of oral liquid Vancomycin (250 mg 4x daily). 

Vascular endothelial function was measured by brachial artery flow-mediated dilation (FMD). 

Before and following Lp299v, plasma short-chain fatty acids, trimethylamine oxide (TMAO), and 

adipokine levels were measured. Additional plasma samples underwent unbiased metabolomic 

analyses using liquid chromatography/mass spectroscopy (UHPLC/MS). 16S rDNA sequencing 

was used to determine changes of the stool microbiome. Arterioles from CAD patients were 

obtained and endothelium-dependent vasodilation was measured by video-microscopy following 

intra-luminal incubation with plasma from Lp299v study subjects. Lp299v supplementation 

improved brachial FMD (P=0.008) without significant changes in plasma cholesterol profiles, 

fasting glucose, or body mass index. Vancomycin did not impact FMD. Lp299v supplementation 
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decreased circulating levels of IL-8 (P=0.01), IL-12 (P=0.02), and leptin (P=0.0007) but did not 

significantly change plasma TMAO concentrations (P=0.27). Plasma propionate (P=0.004) 

increased while acetate levels decreased (P=0.03). Post-Lp299v plasma improved endothelium-

dependent vasodilation in resistance arteries from patients with CAD (P=0.02).16S rRNA analysis 

the showed Lactobacillus genus was enriched in post-probiotic stool samples without other 

changes.

Conclusions: Lp299v improved vascular endothelial function and decreased systemic 

inflammation in men with CAD, independent of changes in traditional risk factors and TMAO. 

Circulating gut-derived metabolites likely account for these improvements and merit further study.

Clinical Trial: NCT01952834
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INTRODUCTION

While some progress has been made through treatment of traditional cardiac risk factors, 

atherosclerotic diseases remain the leading cause of morbidity and mortality in industrialized 

nations and a growing problem in developing countries. Therefore, there exists a significant 

unmet clinical need for identifying novel therapies to prevent and treat the progression of 

cardiovascular disease. Development of such potential therapies requires identification of 

additional contributory processes that contribute to cardiovascular disease so that 

mechanism-based interventions may be developed.

The human intestinal tract is colonized by trillions of microbes representing all three 

domains of life. Signals from the intestinal microbiota are important for normal development 

and physiology; alteration of these microbial communities (dysbiosis) in patients or animal 

models is associated with multiple disease states. Recent human and human-tissue based 

association studies suggest a strong link between the gut microbiome and the prevalence of 

atherosclerotic disease 1, 2. Differences in both the human gut microbiome species balance 

and diversity (e.g., Firmicutes versus Bacteroides phyla prevalence) have been associated 

with the development of atherosclerosis and plaque stability.3 Dietary choline intake has 

been mechanistically linked to atherosclerotic plaque formation through increasing 

circulating trimethylamine oxide (TMAO) derived from gut microbiome metabolism of 

choline to trimethylamine.4–7 Mouse-based proof-of-principle studies using antibiotics, fecal 

transplant, high fiber diets, and acetate supplementation support the concept that the gut 

microbiota plays a critical role in regulating vascular function and systemic inflammation 

that contributes to atherogenesis.5, 8–10

However, to date, limited human data are available that address whether any gut 

microbiome-targeted intervention improves vascular endothelial function in individuals at 

high risk for adverse cardiovascular events. Impaired endothelial function begins before the 

development of atherosclerosis and predicts future adverse cardiovascular events in both 
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those with and without prevalent atherosclerotic disease11–15. Critical components of 

endothelial dysfunction include impaired nitric oxide bioavailability, which is readily 

measurable by non-invasive means and the presence of a systemic and endothelial 

inflammatory phenotype15. Lactobacillus plantarum supplementation decreases circulating 

leptin levels, systolic blood pressure, and fibrinogen levels in otherwise healthy smokers16. 

We recently demonstrated that L. plantarum 299v (Lp299v) supplementation or vancomycin 

administration reduces myocardial infarct size in hypertensive male rats17. Additionally, L. 
plantarum reduces LPS-mediated atherosclerotic plaque inflammation in an atherosclerotic 

mouse model.18 These data support the concept that Lp299v may have beneficial effects on 

human vascular health, but need further human studies to translate the findings from mouse 

models and begin determining possible mechanisms of effect in humans.

We hypothesized that Lp299v supplementation would both improve endothelial function in 

humans with CAD and reduce systemic inflammation. We tested this hypothesis in a pilot 

study of 21 men with stable coronary artery disease (CAD) with six weeks of daily 

supplementation with Lp299v. In addition to direct measurement of in vivo endothelial 

function and markers of systemic inflammation, we used plasma obtained from these 

subjects preceding and following supplementation to directly test whether the favorable 

effects of Lp299v supplementation on human vascular endothelium and human mononuclear 

cells were a result of changes in circulating plasma composition.

METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Subjects.

Twenty-one men (ages 40 –75 years) with stable coronary artery disease as diagnosed by 

coronary angiography were recruited between 2013–2015 (ClinicalTrials.gov Identifier: 

NCT01952834). Participants were recruited from the Milwaukee metropolitan area by 

posted and distributed flyers, print media advertisements, internet-based advertisements, and 

physician referrals. The study protocol was approved by the Medical College of Wisconsin’s 

Institutional Research Board, and all participants provided written informed consent prior to 

study participation.

Screening before enrollment included a detailed medical history including current 

medications, and a focused cardiac and vascular physical exam by a study physician to 

screen for occult non-cardiac disease and evaluate for eligibility for the study participation. 

Participants were eligible for the study if they were between ages 40–75 years,male, and had 

a known history of coronary artery disease (by either history of myocardial infarction, 

angiogram demonstrative of greater than or equal to 50% stenosis in at least one major 

epicardial coronary artery, or a previous stress test that showed evidence of ischemia that 

had not been revealed to be a false positive test by angiography). Given that prior animal 

work demonstrating the benefit of probiotic supplementation and vancomycin was 

performed exclusively in male rats, only men were included in the study. Individuals were 

excluded from participation if they met any of the following criteria: unstable angina or 
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myocardial infarction by history, ECG, and or enzymatic criteria within 1 month of 

enrollment; left ventricular dysfunction defined as left ventricular ejection fraction (LVEF 

%) less than 45% within 1 year of enrollment by an echocardiogram, MRI or nuclear 

imaging; uncontrolled resting hypertension (B.P greater than 170/100 mm Hg); chronic 

renal insufficiency (creatinine clearance < 60 mL/min); chronic liver disease; cancer 

requiring chemotherapy within five years of enrollment; cognitive impairment; implanted 

defibrillator or permanent pacemaker; received probiotics, prebiotics or antibiotics within 12 

weeks of screening visit; and dosage changes to vasoactive medications, including HMG-

CoA reductase inhibitors, in the 6 weeks prior to enrollment.

Treatment allocation.

Eligible subjects were allocated in a non-randomized manner to a six-week supplementation 

with 2.7 oz/day of GoodBelly StraightShot, a commercially available Lactobacillus 
plantarum 299v formulation (NextFoods, Boulder, CO) containing 20 billion colony forming 

units of the bacterium. One serving of GoodBelly StraightShot contains 50 calories and 13 

grams of sugar. Additionally, individuals who completed the probiotic intervention had the 

option of additionally participating in a 10-day study of oral liquid vancomycin 

administration beginning approximately one month following the six-week treatment with 

Lactobacillus plantarum 299v.

Study visit procedures for probiotic intervention.

All subjects who passed a phone screen were invited to a screening visit for study eligibility. 

Patients fasted overnight before their study visit. Blood pressure and heart rate were 

measured in triplicate and averaged. Anthropometrics (height, weight, and waist 

circumference) were measured in metric units. Peripheral venous blood was drawn from an 

upper extremity vein for biomarker analyses, including conventional risk factors for 

cardiovascular disease (total cholesterol, LDL-cholesterol, triglycerides, serum glucose, and 

hemoglobin A1C); inflammatory cytokines ; circulating adipokines; and metabolomic 

analyses. Biomarkers were measured at baseline and the end of the probiotic intervention 

phase only. Stool samples were collected pre- and post-probiotic therapy for microbiome 

analysis. Endothelial function as measured by brachial artery reactivity was measured at 

baseline as well as at the end of the probiotic intervention using standard procedures in our 

laboratory.

Optional vancomycin intervention study.

After completion of the probiotic phase of the study, participants were given the option of 

enrolling in a 10-day oral vancomycin study that commenced following a thirty-day washout 

period. Vancomycin was dispensed in 250mg doses to be taken four times daily during the 

duration of the intervention phase. Measurements of endothelial function by brachial 

reactivity were made prior to and following 10 days of vancomycin administration.
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Measurement of in vivo endothelial function by brachial artery reactivity.

Standard and validated technique using vascular ultrasound was used for in vivo 
measurement of endothelial function of the brachial artery in the dominant arm as previously 

performed in our laboratory.19–22 Greater detail is included in the Online Supplement.

Stool microbiome analysis.

Stool was collected from 17 of the 20 subjects immediately before and at day 42 following 

consumption of Lactobacillus plantarum. Bacterial DNA was isolated from the stool 

samples, ranging in concentrations 34 ng/µl – 154 ng/µl with total masses ranging from 500 

ng - 2300 ng and stored at −20ºC.The bacterial 16S rRNA genes were amplified using the 

degenerate forward primer: 5’-AGRGTTTGATCMTGGCTCAG-3’ and the non-degenerate 

reverse primer:5’-GGTTACCTTGTTACGACTT-3’. Thirty-five cycles of bacterial 16S 

rRNA gene PCR amplification were performed. Samples were amplified to specification and 

moved forward for hybridization. For each sample, amplified products were concentrated 

using a solid-phase reversible immobilization method for the purification of PCR products 

and quantified by electrophoresis using an Agilent 2100 Bioanalyzer.

Bacterial diversity and comparative community structure of human fecal DNA samples were 

characterized by Second Genome Inc. (San Francisco, CA) using the high-density G3 

PhyloChip 16S rRNA microarray-based assay and bioinformatic methods. The microbiota 

analysis focused on calculating inter-sample distances and assessing the significance of 

microbiome dissimilarity 23. Data analysis incorporated several separate stages: 

preprocessing and data reduction, summarization, normalization where needed, sample-to-

sample distance metrics, ordination/clustering, sample classification, and significance 

testing. Details of the microarray analysis and data analysis are included in Online 
Supplement.

Measurement of plasma TMAO, adipokines, cytokines, and circulating adhesion 
molecules.

Analysis of TMAO in human plasma samples was adapted from Wang et al. 2014.24 Details 

of regarding all assays for these biomarkers are included in Online Supplement.

Measurement of circulating short chain fatty acids.

Measurements of short-chain fatty acids in plasma samples pre- and post-probiotic 

supplementation were performed by the Mayo Clinic Metabolomics Research Core 

(U24DK100469) using a targeted mass spectrometry approach leveraging 13C or 15N 

isotope-labeled reference compounds as appropriate.

Untargeted metabolomic profiling.

Untargeted metabolite profiling was performed on paired pre- and post-probiotic 

supplementation plasma samples by the Mayo Clinic Metabolomics Research Core 

(U24DK100469) using a 6550i Funnel Accurate-Mass Quadrupole Time-of-Flight Mass 

Spectrometer coupled with an Agilent 1290 Infinity UHPLC system (Agilent Inc, USA). 

Metabolite separation was achieved with a hydrophilic interaction column and a non-polar 
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reversed-phase C18 column. Quality control samples composed of a subset of samples were 

injected during each run. Putative metabolite identification was performed using the Metlin 

database and MetaCore with a detection window of ±10 ppm. Only metabolites present in 

≥80% of samples were reported and used in analyses. Pre- and post-plasma samples 

appropriate for this analysis were available on 18 of the 20 subjects completing the study.

Assessment of ex vivo human arteriolar endothelium-dependent vasodilation by 
videomicroscopy.

Human small resistance arterioles from gluteal fat pad biopsies or surgical discards were 

prepared and endothelium dependent vasodilation to increasing doses of acetylcholine (Ach) 

measured by videomicroscopy as previously described.21, 25–27 Vessel diameters were 

measured after each addition of Ach by video-microscopy using digital calipers (Boeckeler 

Instruments, Tucson, AZ). Paired vessels from each tissue sample underwent intra-luminal 

exposure to plasma obtained either before or after Lp299v supplementation for six hours 

before vasomotor measurements. Exposure to intra-luminal L-NAME (100 μmol/L) was 

performed for 30 minutes before incubation in each type of plasma. At the end of each series 

of vessel study, smooth muscle reactivity was determined by adding papaverine (0.2 

mmol/L). Endothelium-dependent vasodilation of additional vessels from healthy volunteers 

was measured prior to and following four hours of exposure to 10 µM TMAO. This TMAO 

concentration was selected as it represents approximately twice the concentration reported in 

the plasma of individuals with CAD at highest risk of repeat cardiovascular events.28

Statistical analyses.

Statistical analyses were performed using SPSS 22.0, SigmaPlot 12.5, and GraphPad Prism. 

Subject characteristics, plasma biomarkers, and measures of endothelial function were 

measured at baseline and following six weeks of probiotic supplementation and compared 

by paired t-test or Wilcoxon Signed Rank test for non-normally distributed data as 

appropriate. General linear models with repeated measures were used to determine if 

thienopyridine or beta-blocker use significantly modified the impact of Lp299v. Other drug 

classes were not tested in this manner due to either their high or low utilization in the study 

population making insights from such analyses limited. For the separate vancomycin sub-

study, similar measurements were also compared by paired t-test before and following 

vancomycin therapy. The primary outcome for this study was brachial artery FMD%. Our ad 

hoc power analysis suggested that enrollment of 22 subjects would give us 80% power to 

detect a 25% increase in FMD% from baseline assuming a 20% drop-out rate at alpha=0.05. 

P-values of <0.05 were considered statistically significant for all comparisons except those 

made for the untargeted metabolomics analyses. Using the data from the untargeted 

metabolomics analysis, the two-factor principal component analysis was performed using 

Mass Profiler Professional (Agilent Inc.) to determine if there were differences in the 

metabolomic profile in samples obtained before and following probiotic supplementation. 

Details of the microarray analysis and data analysis are included in Online Supplement.

Malik et al. Page 6

Circ Res. Author manuscript; available in PMC 2019 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Subject recruitment.

A total of 23 subjects were recruited for this study. Two subjects failed screening and were 

excluded. One subject suffered a stroke during the study and withdrew prior to completing 

the probiotic portion of the study. A total of 20 subjects completed the probiotic 

intervention. Thirteen of the 20 subjects agreed to participate in the additional vancomycin 

intervention portion of the study. Baseline characteristics for these 20 subjects are delineated 

in Table 1.

Baseline Characteristics and Changes by Intervention Group.

During the probiotic intervention phase (Table 2), there were non-significant downward 

trends in total cholesterol (172±37 to 164±32 mg/dl, P=0.18) and LDL-cholesterol (96±33 to 

89±30 mg/dl, P=0.16) levels, whereas triglyceride (P=0.47), and HDL (P=0.22) levels 

showed no appreciable difference. Systolic blood pressure increased following probiotic 

supplementation (132±11 to 138±12 mmHg, P=0.04) but diastolic blood pressure (P=0.49), 

heart rate, weight (P=0.67), and BMI (P=0.76) remained unchanged. Vancomycin 

supplementation did not result in any changes in total cholesterol, LDL and HDL 

cholesterol, triglycerides, weight, BMI, blood pressure, and heart rate (Table 2). Vascular 
Measurements: After a six-week intervention with the probiotic, brachial FMD% 

significantly increased overall from 3.55±1.96 % to 4.73±2.32 % (Figure 1A-B, P=0.004). 

This significant difference remained even after allosteric rescaling using the method by 

Atkinson et al. (P=0.008). 29 There were no significant changes in baseline and peak 

hyperemic shear, resting diameter, or nitroglycerin-mediated vasodilation over the probiotic 

intervention phase (Table 3).

General linear models failed to demonstrate an impact of thienopyridine use (P=0.41) or b-

blocker use (P-0.71) on our findings. The change in systolic blood pressure with Lp299v 
supplementation was not associated with a change in FMD% (r=0.09,P=0.70) or resting 

brachial diameter (r=−0.31, P=0.20). Vancomycin therapy (N=13) showed no significant 

change in FMD% (Figure 1C, 4.05±1.90 to 3.8±2 %, P=0.728). Also, resting diameter, 

baseline and peak hyperemic shear and nitroglycerin-mediated dilation remained unchanged 

(Table 3).

Impact of Lp299v supplementation on overall plasma metabolite content.

A total of 11,006 metabolites were identified in the subject plasma sample. Two-thousand 

nine-hundred eighty-nine were identified based on known elution patterns. Results of the 

two-factor principal component analysis are shown in Figure 2. A total of 114 compounds 

differed between pre- and post-probiotic supplementation plasma samples at P<0.05. 

Twenty-nine were positively identified while 85 remain unknown. Following adjustment for 

multiple testing using Bonferroni correction, no individual metabolite differed significantly 

between time points.
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Impact of post-Lp299v supplementation plasma and TMAO on endothelium-dependent 
vasodilation of human microvessels.

We used plasma from 4 different subjects on five sets of subcutaneous adipose arterioles 

obtained from patients with CAD. As shown in Figure 3, treatment with post-probiotic 

plasma significantly improved endothelium-dependent vasodilation to acetylcholine (N=5, 

P=0.02 overall for pre- vs. post-Lp299v supplementation, P <0.004 at acetylcholine doses at 

10−7,10−6, and 10−5 concentrations). There was no significant difference in the vasodilatory 

response to 2 mM papaverine (98.6±1.7 vs. 97.6±2.6 % for pre- vs. post-Lp299v 
supplementation, P=0.50). Use of L-NAME completely abrogated this improvement (Figure 
3A). In a separate set of experiments, exposing adipose arterioles from healthy volunteers to 

10 µM TMAO for 4 hours did not significantly impair endothelium-dependent vasodilation 

to acetylcholine (Figure 3B, N=4, P=0.65). Post-probiotic plasma had no effect on 

vasodilation of additional arterioles that were denuded of endothelium (Figure 3C, P=0.40, 

N=3)

Plasma biomarkers.

Probiotic supplementation resulted in a decrease of circulating inflammatory cytokines IL-8 

by 33 % (Figure 4A, 14±7, to 10±4 pg/mL, P=0.01) and IL-12 by 21 % (Figure 4B, 53±29 

to 42±27 pg/mL, P=0.02). No significant changes were seen in plasma levels of the 

following cytokines and circulating adhesion molecules prior to and following Lp299v 
supplementation: IL1β (median/IQR 0.83/1.37 vs. 0.66/1.45 pg/mL; P=0.37); TNF-α 
(median/IQL 8.80/65.10 vs. 7.30/39.30; P=0.38); IFN-γ (median/IQL 4.0/40.35 vs. 4.0/27.7 

pg/mL; P=0.98); TGF-β (median/IQL 17.5/8.5 vs. 17.3/10.6 ng/mL; P=0.16); ICAM1 

(23.9±5.2 vs. 24.0±7.9 ng/mL; P=0.99 ), and VCAM1 (47.6±15.2 vs. 47.8±18.6; P=0.95). 

Plasma TMAO concentration remained unchanged following probiotic supplementation 

[median pre-Lp299v 1,03 (interquartile rage 0.62–2.20) vs. vs. post-Lp299v median of 1.41 

(interquartile range 0.71–4.15); P=0.27, Figure 5A-B). Plasma leptin levels significantly 

decreased post-supplementation (Figure 5C-D, 12.8±9.1 vs. 10.3±8.3 ng/mL P=0.001) while 

adiponectin levels remained unchanged (Figure 5E-F, 5.09±3.51 vs. 5.00±3.99 µg/mL, 

P=0.85). Plasma levels of acetic acid significantly decreased (Online Figure IA-IB, 
44.2±11.5 vs. 37.7±7.1 µM, P=0.03) while propionic acid levels significantly increased 

(Onlinge Figure IC-ID, 31.5±.3.3 vs. 35.9 µM, P<0.001). No significant changes in butyric 

acid were seen (Online Figure IE-IF), 0.80±0.31 vs. 0.83±0.28 µM, P=0.66).

Microbiome profiling.

Community characterization: We examined the richness, diversity and taxonomic 

composition of each sample. Bacterial genus richness ranged from 334 to 530, whereas 

archaeal genus richness ranged from 8 to 25. There was no significant change in the 

bacterial genus richness, and family level abundance detected in sample categories by time 

point of measurement (before and following L. plantarum 299v supplementation, Online 
Figure II). The top 9 classes represent approximately 67% of each sample’s operational 

taxonomic units (OTUs, Online Figure III). None of the top 9 classes exhibited a 

significant change in the OTU proportion following probiotic supplementation (Online 
Figure IIIB).
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Whole microbiome analysis: We analyzed beta diversity and explicit comparisons 

between samples, considering data from the whole microbiome. Because of the low 

dissimilarity within a subject’s sample pairs, there was no separation of the microbiome 

between pre- and post-treatment samples observed in ordination and hierarchical clustering 

analysis using abundance metrics when paired samples were not considered. Hierarchical 

clustering analysis based on the abundance of 2,206 taxa revealed no separate clusters of 

samples from before and following probiotic supplementation (Online Figure IIB). Most of 

the respective pre- and post-probiotic paired samples grouped with each other.

Paired comparison between pre- and post-probiotic treatment samples.

We performed a paired t-test to look for those OTUs that were significantly increased or 

decreased based on time-point while taking the sample parings into account. All 

comparisons were performed using the relative abundances of OTUs and plotted in rank 

abundance. There were 70 overlapping OTUs found to be significantly different between 

pre- and post-supplementation in their abundance. Nineteen of the 70 OTUs were classified 

at the genus level. Lactobacillus and Bacillus species were found enriched in post-treatment 

samples. Prior to adjustment for multiple comparisons, lactobacillus reuteri appeared more 

abundant in most of the post-treatment samples than pre-treatment samples from all subjects 

in the study (P=0.0014) (Online Figure IIC). OTU number 380, unclassified taxa in the 

Lactobacillaceae family, also appeared abundant in the post-treatment samples than pre-

treatment samples from most subjects (P=0.0028) (Online Figure IID). Following adjusted 

for a false discovery rate of 5%, none of the OTUs were significantly different between 

sampling points. All 70 OTUs with P<0.05 in unadjusted analyses are presented in Online 
Table I.

DISCUSSION

This study suggests that the intestinal microbiota is mechanistically linked to systemic 

inflammation and vascular endothelial function in men with coronary artery disease. . Six-

weeks of daily supplementation with GoodBelly™ StraightShot containing live, active 

Lp299v cultures significantly improved endothelium-dependent vasodilation of the brachial 

artery in men with stable coronary artery disease. Additionally, Lp299v supplementation 

resulted in systemic anti-inflammatory effects as evident by significantly decreased 

circulating levels of inflammatory cytokines IL-8 and IL-12, both known to play significant 

roles in leukocyte production, leukocyte, and endothelial activation, and recruitment to the 

vasculature.30–33 Lp299v supplementation also reduced leptin levels, confirming studies 

performed in animal models and further supporting Lp299v’s anti-inflammatory effect.34 

Exposure to post-Lp299v supplementation plasma significantly improved endothelium-

dependent vasodilation of resistance arteries from humans with CAD. Additionally, acute 

exposure to an elevated concentration of TMAO did not have an appreciable effect on 

endothelium-dependent vasodilation in healthy human vessels. Levels of short-chain fatty 

acids (SFCAs) changed with Lp299v supplementation, including a significant increase in 

plasma propionic acid and with a concomitant decrease in circulating acetic acid levels. 

Additionally, principal component analysis of plasma metabolites demonstrates that the 

metabolomics profile can be readily used to determine whether plasma sample was taken 

Malik et al. Page 9

Circ Res. Author manuscript; available in PMC 2019 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



before or following Lp299v supplementation. With respect to the stool microbiome, no 

changes were observed in the overall richness, diversity, or taxonomic composition of the 

stool microbiome. Unadjusted analyses of the OTU level suggest possible changes in species 

of the Lactobacillus genus that need to be verified with a larger sample size.

Taken together, these data demonstrate for the first time, to our knowledge, that oral 

supplementation with the probiotic Lp299v improves vascular endothelial function in men 

with CAD for both conduit and resistance vessels through increasing NO bioavailability 

while concomitantly reduces systemic inflammation. These effects were observed despite no 

significant favorable changes in traditional cardiovascular risk factors, suggesting that 

Lp299v supplementation may favorably impact vascular health at least in part through novel, 

yet-to-be-identified mediators. This concept is supported by clear differences in the plasma 

metabolite profiles when comparing pre- and post-Lp299v supplementation samples using 

two-factor principal component analysis. Additionally, our in vivo and ex vivo vessel data 

strongly suggest Lp299v’s favorable effects are independent of TMAO. TMAO produced as 

a byproduct of gut microbiome metabolism of choline has been established as both a 

predictor of future adverse CV events in patients with CAD and potentially as being 

mechanistically involved in atherogenesis, platelet activation, and endothelial inflammation 

and dysfunction.7 Therefore, our data suggest gut microbiome-targeted interventions may 

favorably impact the vascular risk profile without an appreciable effect on TMAO 

production in men with CAD.

Animal studies of probiotic supplementation support the concept that this method of gut 

microbiome targeted therapy could have a beneficial impact on the vasculature. Rats 

supplemented with VSL#3 (a mixture of eight strains of probiotic from the Streptococcus, 

Lactobacillus, and Bifidobacteria genera) demonstrated reduced vascular oxidative stress 

and improved NO dependent vasorelaxation in a common bile duct ligation model.35 Similar 

results were seen using supplementation with multiple Lactobacillus species in a 

hypertensive rat model.36 Obese mice supplemented with Lactobacillus coryniformis 
CECT5711 on a high fat diet show improved endothelium-dependent vasodilation and 

reduced vascular oxidative stress.37 To our knowledge, the only prior published work 

focusing on the impact of a probiotic on endothelial function in humans demonstrated a 

reduction in circulating VCAM-1 in 30 subjects with metabolic syndrome following 12 

weeks of Lactobacillus casei supplementation but not in other measures of endothelial 

function.38 We did not detect a change in either VCAM-1 or ICAM-1 in our study sample. 

Differences between the studies likely reflect differences in the study design including study 

duration, species of probiotic, and study duration.

Our study significantly extends to humans the concept that probiotic supplementation can 

directly and favorably impact vascular endothelial function by increasing NO bioavailability, 

and that this effect is likely induced in large portion by changes in circulating metabolites 

derived from gut microbiome metabolism. The impact of any probiotic intervention, like 

Lp299v, may be genus- and species-specific and may also differ based on host factors (e.g. 

age, sex, obesity and prevalent disease) that influence the gut microbiome composition, and 

may account for differences seen between our study and Tripolt et al.38–42 Additional work 
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in this area will be necessary to more precisely target specific probiotic interventions which 

improve vascular health in particular patient populations.

In addition to improvements in endothelium-dependent vasodilation and NO bioavailability, 

Lp299v supplementation resulted in reduced systemic levels of IL-8, IL-12, and leptin. 

Endothelial cells produce IL-8 which acts to recruit monocytes to the vascular wall 

suggesting a key role for IL-8 in vascular inflammation and atherogenesis.43, 44 IL-12 acts to 

induce cytotoxic T-cell activation and monocyte activation leading to additional pro-

inflammatory cytokine activation known to contribute to vascular inflammation and 

atherogenesis.45, 46 The observed decrease in leptin levels is similar to a reduction observed 

in a prior rat study by co-authors Baker and Salzman using the same Lp299v formulation 

used in the current study.34 The observed decrease in leptin was associated with a reduction 

in induced myocardial infarct size and improved myocardial recovery post-infarction. Leptin 

levels are known to be elevated in individuals with increased body fat mass and insulin 

resistance, and increased levels are associated with adipose inflammation.47 Additionally, 

leptin activates multiple pro-inflammatory cells and the production of pro-inflammatory 

cytokines (IL-6, TNF-α, Th1 cells, mononuclear cells, NK cells) known to contribute to 

vascular dysfunction and atherogenesis.48–52 While we were unable to find changes in 

several other inflammatory markers, overall, our findings suggest Lp299v supplementation 

may suppress systemic inflammation which may have a favorable clinical impact on men at 

high risk for future cardiovascular events through reductions in vascular inflammation, 

reduced plaque formation, and increased plaque stability.53

The mechanisms behind the favorable vascular effects of Lp299v supplementation remain 

unclear. The lack of change in plasma lipids and glucose levels as well as the slight increase 

in blood pressure seen suggest the favorable impacts of Lp299v on vascular function and 

inflammation are independent of traditional cardiac risk factors in our study of men with 

CAD. However, our untargeted metabolomics profiling of plasma prior to and following 

Lp299v supplementation, and our data showing improvement in endothelial function with 

direct, acute exposure to post-Lp299v plasma strongly support the concept that Lp299v 
supplementation’s favorable effects are mediated by changes in circulating metabolites (or 

their systemically modified derivatives) originating from changes in the gut microbiome. 

While no single plasma metabolite significantly differed following supplementation, two-

factor PCA analysis demonstrated differences of the overall metabolomic profile. Our data 

do not support TMAO as one of the metabolites involved in the ameliorative effects of 

Lp299v supplementation. Even when excluding the two subjects with high TMAO 

measurements in post-Lp299v measurements, no significant changes were seen (data not 

shown). While TMAO represents one of many potential metabolites by which gut 

microbiome may impact vascular function, atherogenesis, and plaque stability, the concept 

that additional non-TMAO metabolites are likely involved in regulation of the cardiovascular 

system is well-accepted.7

Therefore, our data suggest further studies are needed to determine the identities and 

mechanisms of gut-microbiome produced metabolites changed by Lp299v supplementation 

that impact vascular endothelial function and systemic inflammation. One possible 

contributor in our study is propionate- a short chain fatty acid (SFCA) that increased with 
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Lp299v supplementation. Saccharolysis and fermentation by the colonic microbiome 

account for the overwhelming majority of circulating SCFAs in humans.54 Recent data 

implicate SFCAs as important cell signaling molecules connecting gut microbial metabolism 

with blood pressure and vascular endothelial function through interactions with specific G 

protein-coupled receptors (GPCRs) with differing affinities for specific SCFAs. 

Interestingly, one of these GPCRs, free fatty acid receptor 3 (FFAR3/GPR41), has recently 

been demonstrated to be present in mouse vascular endothelium.55 Activation of this 

receptor lowers blood pressure and improves endothelium-dependent vasodilation in mice, 

while mice deficient in GPR41 have elevated blood pressures and impaired endothelium-

dependent vasodilation.55–57 The GPR41’s EC50 (11.6±1.4 µM) and dose-response curve for 

propionate suggests the increase in propionate concentration we observed would be on the 

steep portion of the dose-response curve and therefore expected to have an observable 

biological effect.58 FFAR2(GPR43) and FFAR3 are also expressed on human mononuclear 

cells, and their activation suppresses the inflammatory response in human monocytes.59 Fit 

into the context of these prior works, our data suggest increases in systemic propionate 

bioavailability may account for a least a portion of Lp299v’s beneficial effects.

We did find a modest elevation in blood pressure post-Lp299v supplementation. These data 

conflict with a small prior study in healthy men and women showing Lp299v 
supplementation reduced systolic blood pressure.60 The reason for the differences between 

studies is unclear but may have to do with significant differences in the populations in each 

study (older men with CAD with only 5% current smokers compared to a study population 

that is significantly younger, sex-balanced, and comprised of 100% current smokers). The 

size of both studies are small, suggesting further data will be necessary to fully elucidate the 

relationship between Lp299v supplementation and systolic blood pressure.

Our data have several limitations. First, this work represents a small, interventional pilot 

study designed to determine whether Lp299v supplementation might have favorable effects 

on vascular function and systemic inflammation in humans and warrants further study. A 

larger, placebo-controlled, randomized trial is necessary to validate our findings and further 

assess mechanisms of effect. Only men were enrolled in this pilot due to multiple reports of 

significant differences in the gut microbiota composition between men and women that may 

in part relate to sex hormones and our preliminary data derived from male rats.34, 40–42, 61, 62 

Therefore our results cannot be generalized to women, and women should be included in the 

larger study mentioned to provide appropriately powered sex-stratified analyses. Our results 

only apply to patients with stable CAD and cannot be generalized to healthier populations or 

those with other chronic illnesses. We did not restrict the diet of individuals in this study. 

While diet can influence the composition of the gut microbiome, at individual level, 

bacterial lineages of the gut microbiome are remarkably stable over long periods of time 

with a variety of diets (e.g., low fat or low carbohydrate).62 Even in the setting of dietary 

interventions, the bacterial communities in each individual are more alike over time than 

when compared to communities in other individuals.63–67 Due to the small sample size, we 

were unable to confirm significant changes in Lactobacillus species in our analyses after 

multiple testing adjustment for 2206 OTU comparisons. Thus, these findings should be 

considered exploratory and suggest a larger study is warranted. Balanced against these 
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limitations are the novelty of the findings and the novel mechanistic directions that this work 

suggests concerning how probiotic supplementation may impact vascular health.

In conclusion, we found that Lp299v supplementation results in improved endothelium-

dependent vasodilation and reduced systemic inflammation in men with stable coronary 

artery disease. Favorable changes include increased NO bioavailability as measured by 

endothelium-dependent vasodilation and reduced IL-8, IL-12, and leptin levels. The 

mechanisms of effect appear likely related to the probiotic causing changes in gut 

microbiome-derived circulating metabolites, including propionate, and appear to be 

independent of traditional cardiovascular risk factors and not related to changes in TMAO 

concentrations. Overall these findings support the concept that targeted use of probiotic 

supplementation may be an effective method to reduce cardiovascular risk in men. Our 

discovery of a relationship between Lp299v, improved vascular endothelial function, and 

decreased inflammation suggests the intestinal microbiota may be a promising target for 

interventions to prevent and treat the progression of cardiovascular disease.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• The connection between gut microbiome composition and activity and 

atherosclerotic vascular disease has been increasing recognized in recent 

years.

• Animal studies suggest supplementation with oral probiotics may have 

favorable effects on the vasculature.

What New Information Does This Article Contribute?

• Oral supplementation with L. plantarum 299v (Lp299v), a probiotic, 

improved vascular endothelial function and inflammation in men with stable 

coronary artery disease.

• The favorable effects of Lp299v occur without favorable changes in 

traditional cardiovascular risk factors or trimethylamine oxide (TMAO) 

levels.

• The favorable effects of Lp299v appear to be mediated through changes in 

circulating metabolites that lead to an increase in nitric oxide (NO) 

bioavailability.

The interaction between the gut microbiome, vascular regulation, and atherosclerosis has 

only recently been recognized. Limited human data are available to determine whether 

any gut microbiome-targeted intervention has the potential modifies cardiovascular risk 

in patients with coronary artery disease. We demonstrated, for the first time, that 

supplementation with L. plantarum 299v (Lp299v) improved endothelium-dependent 

vasodilation and reduced systemic inflammation in men with stable coronary artery 

disease. These favorable effects of Lp299v occurred without favorable changes in 

traditional cardiovascular risk factors. Additionally, we found supplementation did not 

change plasma TMAO, the gut metabolite most commonly associated with cardiovascular 

risk. The findings suggest that Lp299v-induced changes in gut-derived metabolites may 

be responsible for the favorable effects. Our discovery of a relationship between Lp299v, 
improved vascular endothelial function, and decreased inflammation suggests the target 

the intestinal microbiota with Lp299v could be a promising new method to reduce the 

activity and progression atherosclerotic disease.

Malik et al. Page 18

Circ Res. Author manuscript; available in PMC 2019 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Brachial FMD% significantly improved following six weeks of Lp299v supplementation 

(3.55+1.96 to 4.73+2.32%, P=0.008) (A). Individual changes in brachial FMD% are 

depicted (B). There was no significant change in FMD% following ten days of oral 

vancomycin (4.05+1.90 to 3.8+2 %, P=0.73) (C). FMD- Flow-Mediated Dilation
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Figure 2: 
Two-way Principal Component Analysis of untargeted metabolite profiling performed on 

paired pre- and post-probiotic supplementation plasma samples. Squares represent pre-

Lp299v samples and triangles represent post Lp299v samples.
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Figure 3: 
Six hours of intra-luminal exposure to post Lp299v plasma significantly improved 

endothelium-dependent vasodilation of resistance arterioles from subjects with CAD (N=5 

for all experiments, P=0.02 overall, *−P<0.004 at the indicated concentration of Ach). This 

improvement was completely blocked by eNOS-inhibitor L-NAME (A). Four hours of intra-

luminal exposure with 10µM TMAO has no significant impact on endothelium-dependent 

vasodilation to Ach (N=4, P=0.65) in arterioles from healthy subjects (B). Endothelial 

denudation abrogated the acetylcholine vasodilatory response of human arterioles exposed to 

pre- and post-Lp299v plasma equivalently (P=0.40). Ach- acetylcholine.
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Figure 4: 
Impact of Lp299v supplementation on systemic inflammatory cytokines. Circulating plasma 

levels of IL-8 were significantly reduced by Lp299v supplementation (14±7, to 10±4 pg/mL, 

P=0.01) (A). Lp299v similarly reduced systemic IL-12 levels (53±29 to 42±27 pg/mL, 

P=0.02) (B).
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Figure 5: 
Impact of Lp299v supplementation on circulating TMAO and adipokine concentrations. 

Plasma TMAO concentration remained unchanged following probiotic supplementation 

(1.64±1.39 vs. 3.35±4.47 µM, P=0.27) (A and B). Plasma leptin levels significantly 

decreased post-supplementation (2.8±9.1 vs. 5.00±3.99 µg/mL, P=0.85).
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Table 1:

Demographics and Characteristics of Study Participants

Table 1 Baseline Demographics

Age (yr) 63±7

Sex (% Male) 100

History of Coronary Artery Disease (%) 100

History of Myocardial Infarction (%) 30

History of Percutaneous Coronary Intervention (%) 80

Diabetes Mellitus (%) 15

Hypertension (%) 50

Hyperlipidemia (%) 70

HMG-CoA Reductase Inhibitors (%) 85

Smoking Status (%current/%past) 5/45

Weight (kg) 98.4±13.0

Waist Circumference (cm) 109.3±9.5

Body Mass Index (kg/m2) 31.1±4.1

Medication Use (% taking medication class indicated):

Aspirin 75

Thienopyridines 45

Beta-Blockers 65

ACE Inhibitors 25

Angiotensin II Receptor Blockers 15

HMG CoA Reductase Inhibitors 85

Ezetimibe 15

Fish Oil 25

Long-Acting Nitrates 0

Ranolazine 5
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Table 2:

Subject Characteristics Before and Following Study Interventions

Baseline Characteristics Pre-Probiotic (N=20) Post-Probiotic (N=20)  

Weight, kg 98 ± 3 99 ± 13 P = 0.67

Waist Circumference, cm 109 ± 9 110 ± 9 P = 0.39

BMI, kg/m2 31 + 4 31 + 4 P = 0.76

Heart Rate, per minute 66 ± 8 68 ± 8 P = 0.38

Systolic Blood Pressure, mmHg 132 ± 11 138 ± 12 P = 0.039*

Diastolic Blood Pressure, mmHg 76 ± 8 77 ± 8 P = 0.49

Total Cholesterol, mg/dl 172 ± 37 164 ± 32 P = 0.18

LDL-Cholesterol, mg/dl 96 ± 33 89 ± 30 P = 0.16

HDL-Cholesterol, mg/dl 50 ± 14 48 ± 13 P = 0.22

Triglycerides, mg/dl 128 ± 59 135 ± 74 P = 0.47

 Pre-Vancomycin (N=13) Post-Vancomycin (N=13)  

Weight, kg 102 + 14 102 + 14 P = 0.48

Waist Circumference, cm 112 + 10 112 + 10 P = 0.47

BMI, kg/m2 32 + 5 32 + 5 P = 0.49

Heart Rate, per minute 66 + 7 67 + 7 P = 0.15

Systolic Blood Pressure, mmHg 132 + 16 134 + 18 P = 0.74

Diastolic Blood Pressure, mmHg 73 + 7 75 + 8 P = 0.38

Total Cholesterol, mg/dl 160 + 40 155 + 32 P = 0.33

LDL-Cholesterol, mg/dl 88 + 34 83 + 29 P = 0.29

HDL-Cholesterol, mg/dl 50 + 14 51 + 12 P = 0.65

Triglycerides, mg/dl 105 + 45 96 + 25 P = 0.46

BMI indicates body mass index; LDL low-density lipoprotein; HDL, high-density lipoprotein
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Table 3:

Measurements of Vascular Function Before and Following Study Interventions

 Pre-Probiotic (N=20) Post-Probiotic (N=20)  

Resting Diameter, mm 3.94 + 0.38 3.87 + 0.42 P = 0.35

Flow Mediated Dilation, mm 0.14 + 0.08 0.18 + 0.08 P = 0.008*

Peak Hyperemic Shear dynes/cm2 76 + 14 80 + 16 P = 0.29

Baseline Peak Shear dynes/cm2 41 + 10 40 + 11 P = 0.79

Nitroglycein Mediated Dilation, % 22.8 + 6.3 22.0 + 7.6 P = 0.87

 Pre-Vancomycin (N=13) Post-Vancomycin (N=13)  

Resting Diameter, mm 4.05 + 0.06 4.01 + 0.43 P = 0.73

Flow Mediated Dilation, mm 0.16 + 0.07 0.16 + 0.09 P = 0.77

Peak Hyperemic Shear dynes/cm2 76 + 23 82 + 23 P = 0.32

Baseline Peak Shear dynes/cm2 39 + 8 42 + 10 P = 0.04

Nitroglycein Mediated Dilation, % 19.5 + 5.9 17.5 + 4.3 P = 0.17
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