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EDITORIAL COMMENT
Synbiotics and Gut-Heart Axis in
Cardiometabolic Disease

Marco Sachse, MD,a,b,c,d Konstantinos Stellos, MDb,c,d,e
I n the past 2 decades, diagnostic and pharmaco-
logic treatments for heart failure with preserved
ejection fraction (HFpEF) have significantly

advanced, reflecting a deeper understanding of this
complex clinical syndrome.1 Despite these improve-
ments, more than 6 million adults in the United States
live with chronic heart failure (HF), and the incidence
and prevalence of HFpEF continue to rise, driven by
factors such as aging, sedentary lifestyle, and cardio-
metabolic disorders (eg, arterial hypertension,
abdominal obesity, diabetes mellitus, and hyperlipid-
emia), thus emphasizing the urgent need to identify
previously unappreciated cofactors involved in the
development of cardiometabolic disease with heart
involvement (HFpEF).1 Inflammation is a major deter-
minant of cardiovascular disease and several proin-
flammatory peptides, enzymes, or cytokines are
associated with cardiovascular disease prognosis.2,3

However, the triggers of chronic inflammation in car-
diometabolic disease are not well understood.

Interestingly, within the last decade, the role of the
human gut microbiome in cardiovascular disease and
heart failure has gained mounting evidence.3-6

Among the first studies, Koeth et al4 reported how
gut microbiota can metabolize dietary components
such as L-carnitine, a nutrient found in red meat,
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linking microbiota to cardiovascular health and
potentially foreshadowing implications for heart
failure. Both murine and human studies have pre-
viously suggested the presence of an association
between gut microbiota–derived metabolites and
heart failure.5,6 Given this growing understanding of
the gut microbiome’s link to various diseases,
therapeutic attempts, primarily through dietary
modifications, have been made to shape the gut
microbiome and increase the prevalence of benefi-
cial microbes.1,4-7 For instance, in mineralocorticoid
excess–treated mice, supplementation with a high-
fiber diet resulted in a higher prevalence of Bac-
teroides acidifaciens, which was associated with
reduced cardiac fibrosis and left ventricular hyper-
trophy.5 Whether a combination therapy of pre-
biotics together with probiotics may be effective for
the treatment of cardiometabolic disease remains to
be shown (Figure 1).

In this issue of JACC: Basic to Translational Science,
Herisson et al8 examine the therapeutic potential of a
symbiotic treatment composed of a prebiotic fiber
and a Lactobacillus mucosa–rich diet in a porcine
model of cardiometabolic disease defined by the
development of metabolic syndrome with HFpEF. It
has been previously shown that a 12-week high-fat
diet (HFD) increases the body weight of the experi-
mental pigs by 10 kg, the serum lipids by 2- to 10-fold,
and the insulin levels by 3-fold, alongside a notable
cardiac hypertrophy and dilation of the left
ventricle.9 In their study, Herisson et al8 assessed the
impact of metabolic syndrome on the porcine termi-
nal ileum by analyzing the expression of mucin 2 and
key intestinal epithelial barrier proteins, including
Zonulin-1 (ZO1) and Occludin (OCLN), as well as in-
flammatory markers within intestinal villi and crypts.
The expression of mucin 2 was markedly reduced
by 50% in villi and of ZO1, and OCLN by 50% both in
villi as well as crypts after a 12-week HFD with
deoxycorticosterone-acetate (DOCA). Additionally,
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FIGURE 1 Synbiotic Treatment Improves Cardiac Health in a Porcine Cardiometabolic Disease Model

A high-fat diet (HFD) combined with deoxycorticosterone acetate (DOCA) administration over 12 weeks was associated with increased

inflammation in the terminal ileum. Intestinal inflammation correlated with elevated concentrations of lipopolysaccharide (LPS) and tumor

necrosis factor (TNF)-a in porcine blood, alongside increased immune cell infiltration within the terminal ileum submucosa. Elevated

inflammatory markers were further associated with cardiac inflammation. Higher levels of cardiac tissue inflammation were linked to cardiac

remodeling, characterized by cardiomyocyte hypertrophy and increased fibrotic markers. Synbiotic treatment, comprising Lactobacillus

mucosae and prebiotic fibers, mitigated intestinal inflammation and was associated with reduced LPS and TNF-a expression in porcine blood,

as well as diminished cardiac inflammation and remodeling. However, the potential of symbiotic Lactobacillus mucosae treatment to mitigate

blood inflammation-mediated organ damage beyond the heart remains to be investigated. Created in BioRender. Polycarpou, M. (2024)

https://BioRender.com/l48s780.
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intestinal TLR4, CD16-, CD11B-, and NLRP3-positive
cells were elevated by 30% to 200% in the metabolic
syndrome model.8

To confirm the presence of gut permeability in the
metabolic animals, fluorescence in situ hybridization
was used to label translocating bacteria from the
porcine terminal ilium lumen to the crypts submu-
cosa, and serum analysis revealed a significant
elevation in gut permeability markers. After only
2 weeks of cardiometabolic diet, ZO1 levels had
increased by more than 2-fold, and by 12 weeks, ZO1,
lipopolysaccharide (LPS), and tumor necrosis factor
(TNF)-a concentrations had risen significantly,
showing nearly a 4-fold increase. In the porcine heart,
the investigators demonstrated a robust activation of
the NLRP3 inflammasome, upregulation of TLR4
expression, and a 20-fold increase in terminal deox-
ynucleotidyl transferase dUTP nick end labeling–
positive cells, accompanied by increased mRNA
expression of Bax, BCL2, and Caspase 9 (Casp9) in the
left atrium of animals with metabolic syndrome,
indicating significant cardiomyocyte apoptosis.8 In
the left ventricle of metabolic syndrome animals,
similar pathologic findings were observed, including
increased infiltration of CD16þ proinflammatory cells
and enhanced NLRP3 activation. These changes were
associated with left ventricular hypertrophy, as evi-
denced by both macroscopic and echocardiographic
assessments.8 Taken together, the investigators pro-
vide compelling evidence of a large-scale animal
model that effectively captures the intricate rela-
tionship between the gut and heart in a preclinical
setting.

Building on this model, Herisson et al8 conducted
an intervention study to evaluate the therapeutic ef-
fects of a prebiotic fiber and symbiotic Lactobacillus
mucosae (SLM)–rich diet over a 12-week period. The
SLM-treated animals exhibited a 30% reduction in left
atrial area and a 25% reduction in left ventricular wall
thickness compared to untreated metabolic syndrome
animals. In terms of intestinal barrier function, the
SLM treatment led to a more than 2-fold increase in

https://BioRender.com/l48s780
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mucosal layer thickness compared to the 50% reduc-
tion observed in the animals with metabolic syn-
drome, a layer crucial for intestinal barrier function
by preventing bacteria to reach the epithelium trig-
gering inflammation.8 Furthermore, a >50% reduc-
tion in CD16þ cells within the intestinal crypts and
TNF-a serum concentrations was described by the
investigators. Systemic inflammatory markers and
gut permeability indicators were reduced by 30% to
50%. Similarly, the left atrium displayed 30% to 50%
fewer inflammatory cells, with attenuated activation
of tumor necrosis factor receptor 1 and TLR4 signaling
pathways. Additionally, proapoptotic gene expres-
sion and terminal deoxynucleotidyl transferase dUTP
nick end labeling positivity were decreased by 2-
fold.8

This study from Herisson et al8 provides valuable
insights into the effects of a Lactobacillus- and fiber-
rich (SLM) diet in a large animal model. The in-
vestigators report that SLM treatment reduced
terminal ileum submucosal and cardiac inflammation,
with decreased proinflammatory immune cell infil-
tration and attenuation of systemic inflammation.
Consistent with Herisson et al8, fiber-rich diets in
murine models have been associated with reduced
fibrosis, decreased left ventricular wall thickness, and
reversal of left ventricular dilation, as observed in the
deoxycorticosterone acetate-salt model.5 Moreover,
supplementation with Lactobacillus following
antibiotic-induced microbiome depletion post–
myocardial infarction improved survival rates. This
improvement was attributed to the production of
short-chain fatty acids by Lactobacillus, which
modulated the post-infarction immune response,
increasing proportions of myeloid cells, macro-
phages, and neutrophils by 2- to 4-fold.10

However, in the current study from Herisson et al8,
no alterations in the microbiome or short-chain fatty
acid production were observed in response to the
SLM diet. As the investigators point out, the duration
of treatment required to observe microbial shifts and
the full impact of microbiome-modifying diets may
vary significantly between animals and humans. A 12-
week study may not be sufficient to capture the
complete extent of microbial and end-organ changes
in humans, where disease-related structural defects
accumulate over years.1,8 The investigators treated
the animals with SLM in parallel to HFD þ DOCA;
however, it remains to be studied whether SLM
treatment can reduce or resolve the established
porcine HFpEF phenotype once metabolic syndrome
is fully developed. Additionally, elucidating the full
metabolome of the porcine model could reveal un-
identified metabolites that contribute to the observed
disease phenotype. A more detailed characterization
of circulating and resident immune cells could un-
cover immune cell subpopulations with altered
prevalence across different organ compartments.

Despite favorable outcomes in murine HF
models, human studies targeting the gut micro-
biome have reported less success. For instance,
trimethylamine N-oxide (TMAO) is strongly associ-
ated with systemic inflammation and cardiovascular
diseases, including HF.1,7 This led to the GutHeart
multicenter randomized trial involving 151 patients
with a left ventricular ejection fraction below 40%.
Participants were treated with either the probiotic
yeast Saccharomyces boulardii or rifaximin, aimed
at reducing TMAO-producing bacteria. However, the
trial revealed no significant improvements in car-
diac function, microbiota diversity, or systemic
levels of TMAO and C-reactive protein after
3 months of treatment, raising questions about the
effectiveness of targeting TMAO in patients with
HF.7 Therefore, this clearly underscores the need
for a deeper mechanistic understanding of how the
gut microbiome influences cardiovascular inflam-
mation and disease.

Several key questions remain to be addressed:
Which microbiota or metabolites may influence the
integrity of the intestinal epithelial barrier, and how
do they mechanistically operate? How do diets affect
beneficial microbes, and how do these beneficial mi-
crobes impact gut epithelial permeability and
inflammation, both locally and within the heart? Do
all metabolites influencing disease result from
microbiome production, or do microbiome-related
metabolites also affect host cells in ways that accel-
erate disease progression? Furthermore, are specific
immune cells responsible for particular types of heart
damage? The current study from Herisson et al8 pro-
vides valuable insights into the effects of a Lactoba-
cillus- and fiber-rich diet in a large animal model. It
remains to be shown whether the SLM diet may
reduce systemic and cardiac inflammation in patients
with cardiometabolic disease. Herisson et al8

encourage the research community to further inves-
tigate the molecular effects of microbiome-modifying
treatments in this valuable human-scale disease
model.
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