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HIGHLIGHTS

� In a porcine model of metabolic

syndrome, HFpEF, and atrial myopathy,

the full extent of the inflammatory GHA is

demonstrated.

� The GHA extends from gut dysbiosis,

barrier function loss, and bacterial

translocation to systemic, microvascular,

and parenchymal inflammation in the left

heart chambers.

� Cardiac inflammation colocalizes with

cardiomyocyte hypertrophy in the left

ventricle and apoptosis in the left atrium.

� A synbiotic (prebiotic D probiotic)

intervention targeted at the gut

suppresses the GHA with reduced cardiac

structural changes in the left heart of this

model.
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ABBR EV I A T I ON S

AND ACRONYMS

CM = cardiomyocyte

DOCA = deoxycorticosterone

acetate

GHA = gut-heart axis

HFpEF = heart failure with

preserved ejection fraction

HFSD = high-fat, high-salt,

high-sugar diet

IL = interleukin

LA = left atrium

LM = Lactobacillus mucosae

LPS = lipopolysaccharide

LV = left ventricular

LVH = left ventricular

hypertrophy

MetS = metabolic syndrome

M4 = macrophage

mRNA = messenger RNA

mVE = microvascular

endothelium

NFkB = nuclear factor kB

NLRP3 = nucleotide binding

oligomerization leucine-rich

repeat and pyrin domain 3

SA = sarcomeric actinin

SLM = synbiotic Lactobacillus

mucosae

TI = terminal ileum

TLR = Toll-like receptor

TNF = tumor necrosis factor

TNFR1 = tumor necrosis factor

receptor 1
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SUMMARY
Poor diet, gut dysbiosis, and systemic inflammation constitute a gut-heart axis (GHA) that may affect heart

failure with preserved ejection fraction. Clinical scale models to interrogate this axis are limited. Here, we show

the full extent of the GHA–gut barrier function loss, systemic and microvascular inflammation, and its coloc-

alization with apoptosis (left atrium) and hypertrophy (left ventricle). Gut barrier function primacy in regulating

the GHA is supported by a synbiotic intervention that shuts down gut epithelial permeability, markedly

decreasing systemic inflammation and, remarkably, cardiac structural changes in left heart chambers. These

data support a new paradigm for targeting heart failure with preserved ejection fraction via the GHA.

(JACC Basic Transl Sci. 2025;10:1–15) © 2025 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
M etabolic syndrome (MetS) repre-
sents one of the greatest health
care challenges of the 21st cen-

tury.1 Left ventricular hypertrophy (LVH)
and atrial myopathy, cardiac complications
of MetS, contribute to heart failure with pre-
served ejection fraction (HFpEF),2 a major
cause of cardiovascular morbidity and mor-
tality in the developed world. Therapeutic
targeting of cardiometabolic disease is still
nascent, with emerging success from use of
sodium glucose cotransporter 2 inhibitors.3

A key untargeted aspect of MetS remains
low-grade systemic and organ-related
inflammation, a recognized driver of cardiac
structural changes in this disease, including
LV cardiomyocyte (CM) hypertrophy, atrial
fibrosis, and CM apoptosis.4 This inflamma-
tion in part may originate from the gut, facil-
itated by impaired intestinal barrier function
and reduced epithelial permeability, which itself is
exacerbated by derangements in the gut micro-
biome.5 Despite the likely importance of this gut-
heart axis (GHA) in the transmission of inflammatory
signaling from the gut mucosa to the cardiac paren-
chyma, little data are currently available on this inter-
action in clinical scale animal models.6 Moreover,
limited therapeutic intervention in the gut-heart in-
flammatory axis has occurred in cardiometabolic dis-
ease and HFpEF, with the major clinical focus being
myocardial infarction and systolic HF.7

We previously characterized gut dysbiosis in a
clinical scale porcine model of MetS/HFpEF that
replicates many aspects of human disease. Specif-
ically, we identified augmentation of proin-
flammatory and loss of anti-inflammatory bacterial
populations during disease evolution.8 However,
data supporting a direct relationship between gut
microbiota and structural changes within the heart
during the development of MetS/HFpEF remain
limited.9 Moreover, little is known about the spatial
and temporal links between inflammation in these
organs that may facilitate targeting of regional
inflammation in the gut with potential for the atten-
uation of cardiac-specific inflammatory sequelae,
such as myocyte death and hypertrophy. In the cur-
rent study, we examined the relationship between
the temporal development of intestinal barrier func-
tion loss and increased gut permeability, trans-
epithelial bacterial translocation and mucosal
inflammatory cell mobilization, systemic inflamma-
tory marker activation, and augmentation of resident
inflammatory cells within the heart at the ventricular
and atrial level in this MetS/HFpEF model. We
posited that replacement of anti-inflammatory
commensal bacterial populations might reverse in-
flammatory changes initiated at the gut barrier level.
Moreover, we hypothesized that correction of the
gut-heart inflammatory axis may have beneficial
consequences for pathologic structural changes
within the left atrium (LA) and LV seen in this
disease.

METHODS

We previously showed that a high-fat, high-salt, high-
sugar diet (HFSD) and subcutaneous implantation of
mineralocorticoid deoxycorticosterone acetate
(DOCA) recapitulates most human aspects of gut
dysbiosis, MetS, and cardiometabolic disease8 in a
domestic Landrace pig model. All gut microbiome,
metabolic, biochemical, and hemodynamic indexes
were fully characterized in our previous study.8 In the
current study, we used previous control (n ¼10) and
MetS (n ¼ 9) cohorts8 to evaluate all inflammatory
aspects of the GHA in these animals. In a separate
group of experiments, an additional 24 animals were
divided into 4 groups: MetS animals, as the control

http://creativecommons.org/licenses/by-nc-nd/4.0/
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group, were fed an HFSD þ DOCA implant (n ¼ 6), the
second group (Lactobacillus mucosae [LM]) were fed
similar diet þ DOCA supplemented with 1010 colony-
forming units/day LM DPC 6426 (n ¼ 6), the third
group (fiber) were fed HFSD þ DOCA supplemented
with 43 g/day PROMITOR 70 Soluble Fiber (Tate &
Lyle LLC) (n ¼ 6), and the fourth group (synbiotic
Lactobacillus mucosae [SLM]) were fed with HFSD þ
DOCA supplemented with 1010 colony-forming units/
day LM DPC 6426 and 43 g/day PROMITOR 70 Soluble
Fiber (n ¼ 6) (Supplemental Table 1, Supplemental
Methods). Animals had free access to water at all
times and were fed once per day and group housed.
Pigs were fed with the respective diets over a 12-week
period. All subsequent methods are described in the
Supplemental Methods section.

ETHICS. All experimental procedures and application
of the 3Rs10 used during the study were reviewed and
approved by the University College Cork Ethics
Committee and Animal Welfare Body, under a license
issued by the Health Products Regulatory Authority
(reference numbers: AE19130-P041 and AE19130-
P097) in exercise of the powers conferred on it un-
der the European Union (protection of animals used
for scientific purposes) Regulations 2012 (Systeme
International no. 543 of 2012) as amended and
Directive 2010/63/EU of the European Parliament and
of the Council of 22 September 2010 on the protection
of animals used for scientific purposes.

STATISTICAL ANALYSIS. Single animals were consid-
ered the experimental units, and all staining experi-
ments compared controls vs MetS or MetS vs SLM.
Data are presented as the median with 25th and 75th
percentiles (Q1-Q3) or fold change of the mean with
SD, unless otherwise specified. Comparisons between
2 groups used the Mann-Whitney U test, and com-
parisons among >2 groups used the Kruskal-Wallis
test with the Dunn post hoc test for multiple pair-
wise comparisons.

To assess Gram-negative phylum-, family-, and
genus-level changes in the pigs, significant taxa were
analyzed by 2-way analysis of variance followed by
the 2-stage step-up method of Benjamini, Krieger,
and Yekutieli for multiple comparisons, with results
presented as the mean � SEM.

Untargeted level 1 and 2a metabolomic data un-
derwent generalized logarithm transformation
through MetaboAnalyst to permit parametric anal-
ysis. Data were found to have a normal distribution
using plots and the Shapiro-Wilk test using the
MetaboAnalyst metabolomics analysis suite.11 To
visualize clustering trends between MetS and control
pigs, the unsupervised principal component analysis
tool was performed on all metabolomic data.

Correlation of LV septal thickness measurement
between echocardiography and postmortem tissue
assessment was estimated by the Pearson correlation
coefficient.

Analyses were conducted using GraphPad Prism
version 8.1 for Windows (GraphPad Software, Inc),
and a P value of <0.05 was considered statistically
significant.

GHA IN A PORCINE MODEL OF CARDIOMETABOLIC

SYNDROME. In a previous study8 by our group using
control and MetS animals, we faithfully replicated the
diastolic dysfunction porcine model first described by
Schwarzl et al,12 a model in which systolic function is
normal (LV ejection fraction of >68%). We also pre-
viously confirmed by invasive hemodynamics that
baseline LV end-diastolic pressure was significantly
elevated (>50%; P < 0.001) in MetS animals compared
to controls.8 Moreover, LV end-diastolic pressure was
increased (>85%; P < 0.001) after exposure to
dobutamine stress in MetS animals vs controls,8

consistent with an HFpEF phenotype described by
Schwarzl et al.12

In the current study, we investigated the GHA
(Figure 1) as it relates to small intestinal epithelial
permeability and mucus barrier function loss; bacte-
rial translocation; and intestinal, systemic, and car-
diac inflammation within the LV and LA chambers in
MetS animals vs control animals using our previous
study cohorts.8 Because macrophages (M4s) were the
most prominent inflammatory cells found within the
gut submucosa and heart, we examined key inflam-
matory cytokines linked to regional activation of
these cells.

RESULTS

MUCUS LAYER LOSS, INCREASED GUT PERMEABILITY AT

THE EPITHELIAL LEVEL, AND AUGMENTED REGIONAL

INFLAMMATION IN THE SUBMUCOSA OCCURS WITHIN

THE TERMINAL ILEUM OF MetS ANIMALS. MetS animals
had significant loss of mucus layer within the termi-
nal ileum (TI) after 12 weeks of HFSD compared to
control animals (Figure 1A). This was accompanied by
significant loss of antigenicity for MUC2
(Supplemental Figure 1A) as well as tight junction
proteins ZO-1 (Figure 1B) and occludin (OCLN)
(Supplemental Figure 1B). In the submucosa, there
was increased CD16þ (Figure 1C) and CD11bþ

(Supplemental Figure 1C) cells within the villi and
crypts and increased CD163þ cells (Supplemental
Figure 1D) but no significant change in CD3
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FIGURE 1 Intestinal Barrier Dysfunction, Mucosal Inflammation, Bacterial Translocation, and Systemic and Cardiac mVE Inflammation in MetS
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lymphocytes within the crypts (Supplemental
Figure 1E). On CD16þ cells, nucleotide binding oligo-
merization leucine-rich repeat and pyrin domain 3
(NLRP3) inflammasome expression was more than 3-
fold higher in the MetS group compared to controls
in both the villi and crypts (Supplemental Figure 1F).
In the TI epithelium of MetS animals, NLRP3 expres-
sion was increased (Supplemental Figure 1G) and
IGF1R expression was also increased, indicating acti-
vation (Supplemental Figure 2A). Increased CD16
expression, nuclear factor kB (NFkB) activation and
downstream signaling of NLRP3 (Asc, Casp1, and
IL 18) were confirmed by messenger RNA (mRNA)
analysis of TI submucosa in MetS animals compared
to controls (Figure 1D). Proliferation of epithelial and
CD16þ cells by Ki67 index were similar in both treat-
ment groups (Supplemental Figures 2B and 2C).
Increased cell death via terminal deoxynucleotidyl
transferase dUTP nick end (TUNEL) labeling was
detected in the villi and crypts of MetS animals
compared to controls (Supplemental Figure 2D), but
this difference in TUNEL was not observed in CD16þ

cells (Supplemental Figure 2E).

TIME COURSE OF INTESTINAL EPITHELIAL PERMEABILITY

LOSS AND SYSTEMIC MARKERS OF BACTERIAL

ENDOTOXEMIA AND M4 ACTIVATION. Fluorescence in
situ hybridization signal for translocated bacteria in
the crypt submucosa was approximately 30-fold
higher in MetS vs control animals (Figure 1E). More-
over, MetS animals showed significantly increased
ZO-1 release within the bloodstream as early as
2 weeks into the study when compared with control
animals (Figure 1F). This increased circulating tight
junction protein was maintained out to 12 weeks
(Figure 1F). Similarly, endotoxemia marker lipopoly-
saccharide (LPS) (Figure 1G) and inflammatory cyto-
kine tumor necrosis factor (TNF)-a (Figure 1H), known
to be associated with M4 activation, were elevated
FIGURE 1 Continued

Study of the gut-heart axis in control and MetS pigs fed, respectively, n

(A) Intestinal mucus layer thickness (red arrows) by Alcian blue staining o

crypts and villi (control: n ¼ 7; MetS: n ¼ 7) and (D) relative mRNA expr

(E) FISH labeling of translocating bacteria within TI crypts (designated b

n ¼ 7). (F to H) Temporal serum levels of (F) ZO-1, (G) LPS, and (H) TNF-

(I) TLR4 and (J) TNFR1 in the LA and LV within CD31þ mVE area (designa

images were acquired at 600� magnification except for Alcian blue stain

compared using the Mann-Whitney test. *P < 0.05, **P < 0.01, and ***P

acetate; FISH ¼ fluorescence in situ hybridization; HFD ¼ high-fat diet;

drome; mRNA ¼ messenger RNA; mVE ¼ microvascular endothelium; N

receptor 4; TNF ¼ tumor necrosis factor; TNFR1 ¼ tumor necrosis factor r

wk ¼ weeks.
after 2 weeks and continued to rise to week 12 in MetS
animals when compared to controls. Interestingly,
Gram-negative bacterial populations in feces most
commonly associated with LPS production were
markedly increased at 2 weeks in MetS compared to
control animals (Supplemental Figure 3).

At week 12, MetS animals also had significantly
increased levels of markers of systemic inflammation
(high-sensitivity C-reactive protein) (Supplemental
Figure 2F), cytokines associated with pro- and anti-
inflammatory M4s (interferon gamma, IL-10), endo-
thelial thrombogenicity (PAI-1), and NLRP3 inflam-
masome activation (IL-1b) (Supplemental Figure 2G).
These systemic findings prompted analysis of specific
cognate receptors in the microvascular endothelium
(mVE) within the hearts of MetS and control animals.
Immunostaining for Toll-like receptor (TLR) 4 and
TNF receptor 1 (TNFR1) was markedly increased on
mVE within the LA and LV of MetS animals compared
to controls (Figures 1I and 1J).

INFLAMMATION WITHIN THE LEFT HEART CHAMBERS

OF MetS ANIMALS. At the transcriptional level, there
was significant increases in mRNA encoding CD16,
CD68, CD163, CD11b, CD206, CD3, and CD20 in the LA
(Figure 2A) and LV (Supplemental Figure 4A). Using
immunolabeling of cells to identify the specific loca-
tion of inflammatory cells, there was a significant
(>30%) increase in CD16þ and CD163þ cells within the
LA of MetS animals compared to controls (Figure 2B).
Subsequent colabeling studies using CD163 and CD16
showed costaining to approximately 90% between
these antibodies, indicating that they identified
similar M4-like cells in the heart and the spleen
(Supplemental Figures 5A and 5B). Moreover, tran-
scriptional analysis of TIMD4 mRNA, known to be
associated with resident M4s, was significantly
increased in the LA of MetS compared to control an-
imals (Supplemental Figure 5C). In contrast, staining
ormal chow or HFD along with DOCA to induce hypertension over 12 weeks.

f TI sections. (B to D) TI immunofluorescence labeling of (B) ZO-1 and (C) CD16 in

ession of inflammatory and NLRP3 signaling genes (control: n ¼ 6; MetS: n ¼ 6).

y arrowheads) with scrambled probe as negative control (control: n ¼ 7; MetS:

a (control: n ¼ 5; MetS: n ¼ 5). (I, J) LA and LV immunofluorescence labeling of

ted by arrowheads) (control: n ¼ 10; MetS: n ¼ 9). All cropped or representative

ing, which was imaged at 200�. Data are presented as median (Q1-Q3) and were

< 0.001. DAPI ¼ 40,6-diamidino-2-phenylindole; DOCA ¼ deoxycorticosterone

IL ¼ interleukin; LA ¼ left atrium; LV ¼ left ventricle; MetS ¼ metabolic syn-

eg. ¼ negative; NFKB ¼ nuclear factor kB TI ¼ terminal ileum; TLR4 ¼ Toll-like

eceptor 1; TUNEL ¼ terminal deoxynucleotidyl transferase dUTP nick end labeling;

https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004
https://doi.org/10.1016/j.jacbts.2024.09.004


FIGURE 2 LA Inflammation, NLRP3 Activation, CM Apoptosis, and Cytokine Receptor Signaling in MetS
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for fibroblasts showed no difference between animal
groups (data not shown), nor did transcriptional
analysis for markers of fibrosis including COL1,
COL3, ACTA2, PDGFA, FGF2, or TGFb1
(Supplemental Figure 5D).

There was no increase in CD11Bþ cells in the heart
of MetS animals (Supplemental Figure 4B), and
CD68þ and CD20þ cells were undetectable in the
hearts of all animals (data not shown). CD3þ cells
were 10-fold lower than CD16/CD163þ cells, with a
small but significant increase in these lymphocytes in
the LA but not in the LV of MetS animals compared to
controls (Supplemental Figure 4C).

INCREASED NLRP3 INFLAMMASOME ACTIVATION,

TNF AND TLR4 RECEPTOR EXPRESSION, AND CM

APOPTOSIS IN THE LA OF MetS ANIMALS. CD16þ

cells in the LA of MetS animals exhibited higher levels
of Ki67 staining (Figure 2D) compared to control ani-
mals, indicating active proliferation as well as higher
costaining with IGF1R (Figure 2D), a survival signal
associated with activation of resident M4s within
tissues.13 NLRP3 inflammasome was increased in
CD16þ cells (Figure 2E) as well as sarcomeric actinin
(SA)þ CMs within the LA of MetS animals (Figure 2F).
Transcription associated with NLRP3 activation,
including ASC, Casp1, and IL18 mRNA, was also
markedly increased in the LA of MetS ani-
mals (Figure 2G).

An inflammatory microenvironment is known to
promote bystander cellular apoptosis,14 and TUNEL
staining showed a >20-fold increase in the LA of Mets
animals with more than 80% of TUNEL signal colo-
calized with CMs (Figures 2H and 2I). Transcripts
associated with apoptosis, such as Bax, BCL2, and
Casp9, were significantly increased in the LA of MetS
animals compared to controls (Figure 2J).

Given increased circulating TNFa and TNFR1 re-
ceptor staining in cardiac mVE of MetS animals, we
assessed associated receptor expression of the
FIGURE 2 Continued

(A) Relative mRNA expression of immune cell marker genes in the LA (con

(C) CD163 as a percentage of total LA cells in control vs MetS and (D) Ki

immunofluorescence labeling among CD16þ M4s, (F) SAþ CMs (designa

expression of NLRP3-associated genes (control: n ¼ 8; MetS: n ¼ 8). (H)

and (I) within CD16þ and SAþ cell populations (designated by arrowhead

mRNA (control: n ¼ 8; MetS: n ¼ 8). (K to N) LA TNFR1 immunofluorescen

as well as (M) TNFR2 positivity among SAþ CMs (control: n ¼ 10; MetS: n

MetS: n ¼ 8). LA TLR4 immunofluorescence positivity among (O) SAþ CM

expression of TLR4-associated genes (control: n ¼ 8; MetS: n ¼ 8). All

sented as median (Q1-Q3) and were compared using the Mann-Whitney

IGFR ¼ insulin-like growth factor type 1 receptor; M4 ¼ macrophage; NL

SA ¼ sarcomeric actinin; other abbreviations as in Figure 1.
proinflammatory TNFR1 and anti-inflammatory
TNFR2 in the LA of these animals. TNFR1 staining
was markedly increased in the LA of MetS animals
and was colocalized with CMs (Figure 2K) and M4s
(Figure 2L), whereas TNFR2 staining, which colo-
calized only with CMs, was significantly reduced in
the LA of MetS animals compared to controls
(Figure 2M). RNA transcription indicative of TNFR1
signaling (Casp8, RIPK3) was increased in MetS ani-
mals compared to controls (Figure 2N). Similarly,
TLR4 receptor expression within the LA was signifi-
cantly increased in MetS animals compared to con-
trols, and antigenicity was colocalized with CMs
(Figure 2O) and M4s (Figure 2P). Signaling transcripts
downstream of TLR4, such as MYD88 and IRF3, were
both elevated in the LA of MetS animals (Figure 2Q).

INCREASED M4 INFILTRATION, INFLAMMASOME

ACTIVATION, CYTOKINE RECEPTOR EXPRESSION,

AND CM HYPERTROPHY IN THE LV OF MetS ANIMALS. In
the LV of MetS animals, a significant increase in
CD16þ cells (Supplemental Figure 4D) was detected
with increased colocalization of Ki67 (Supplemental
Figure 4D). Increased NLRP3 activation (CD16,
CASP1) (Supplemental Figure 4E), as well as TLR4
immunoreactivity and signaling (SA, CD163, NFKB,
IRF3) (Supplemental Figure 4F) were detected in
MetS LV compared to controls. Similar to pathways
observed in the LA, TNFR1 expression was increased
and TNFR2 expression was decreased in the LV of
MetS animals. In the LV, expression of TNFR1 was
colocalized with M4 immunoreactivity (Supplemental
Figure 4G). Downstream signaling of TNFR1 was also
increased in the form of RIPK3 mRNA expression
(Supplemental Figure 4G). These inflammatory in-
dicators were present in association with increased
CM hypertrophy in MetS compared to control animals
and increased signal transcripts associated with hy-
pertrophy (MEF2D, RCAN1, and STAT3)15,16

(Supplemental Figure 4H).
trol: n ¼ 8 vs MetS: n ¼ 8). (B to D) Immunofluorescence labeling of (B) CD16 and

67 and IGFR labeling of CD16þ M4s (control: n ¼10; MetS: n ¼ 9). (E) LA NLRP3

ted by arrowheads) (control: n ¼ 10; MetS: n ¼ 9), and (G) relative mRNA

TUNEL positivity in total LA cells in both groups (control: n ¼ 10; MetS: n ¼ 9)

s) in the MetS group (n ¼ 7), and (J) relative expression of proapoptotic gene

ce positivity among (K) SAþ CMs and (L) CD163þ M4s designated by arrowheads

¼ 9) and (N) relative mRNA expression of TNFR1-associated genes (control: n ¼ 8;

s and (P) CD163þ M4s (control: n ¼ 10; MetS: n ¼ 9) as well as (Q) relative mRNA

representative images were cropped from 600� magnification. Data are pre-

test. *P < 0.05, **P < 0.01, and ***P < 0.001. CM ¼ cardiomyocyte;

RP3 ¼ nucleotide binding oligomerization leucine-rich repeat and pyrin domain 3;
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SLM TARGETING OF THE GHA DECREASED PATHOLOGIC

STRUCTURAL CHANGES IN THE LV AND LA OF MetS

ANIMALS. We previously showed that anti-
inflammatory commensal bacteria were significantly
reduced within 2 weeks of commencing HFSD in this
porcine model,8 with many bacteria almost
completely absent by 12 weeks of study.8 To counter
this effect, we posited that feeding animals a well-
characterized anti-inflammatory commensal LM may
attenuate the gut effects of HFSD. Moreover, we hy-
pothesized that the addition of a prebiotic fiber that
LM can use as an energy source may increase resi-
dence of this bacteria in the intestine of treated ani-
mals. Synbiotics are combinations of probiotics and
prebiotics that have positive effects on human health
and are increasingly studied in microbiome
research.17 To determine the synergistic effects of a
prebiotic fiber with a probiotic LM (SLM), we first
examined cross-feeding effects of the fiber with LM
and showed that the addition of fiber augmented
bacterial growth in vitro (Figure 3A). We then tested
the SLM intervention in vivo in the MetS model
comparing 4 groups of animals fed HFSD alone,
HFSD þ fiber, HFSD þ LM, or HFSD þ SLM. Each group
of animals was followed for 12 weeks, as in the pre-
vious MetS study (Figure 3B).

SLM intervention remarkably showed >20%
reduction in LA dimension and LV wall thickness in
MetS animals compared to MetS animals fed HFSD
alone (Figures 3C and 3D). Moreover, neither the
addition of LM alone or fiber alone had this effect on
cardiac structure. Importantly, this change in LA size
and LV thickness was hypertension independent
because neither diastolic nor systolic blood pressure
was significantly different among any of the 4 groups
(Figure 3E, Table 1). To examine further whether SLM
induced cardiac changes via the GHA, we compared
robust readouts of barrier function (mucus layer),
intestinal mucosal inflammation (CD16þ cells), and
low-grade systemic inflammation (blood TNFa) be-
tween all 4 groups. SLM significantly improved
mucus layer production (Figure 3F) and reduced
CD16þ cells within the submucosa (Figure 3G) in the
MetS group compared to the 3 other groups. Similarly,
only SLM reduced levels of circulating TNFa in
treated MetS animals to levels close to those observed
in previous control animals without MetS (Figure 3H).
No such changes were seen with LM or fiber alone
treatments (Figure 3H).

We hypothesized that the positive cross-feeding
effects of fiber observed in vitro (Figure 3A) might
enhance in vivo LM survival within the gut of SLM-
treated animals with positive therapeutic effects.
To test this, we evaluated retained LM within the
caeca of all 4 groups using polymerase chain reaction
targeted at specific sequences within the LM genome.
Cecal LM levels were markedly elevated in the SLM-
treated group compared to the other 3 groups
(Figure 3I).

SLM REDUCED BACTERIAL TRANSLOCATION ACROSS THE

EPITHELIAL BARRIER AND REDUCED EPITHELIAL

PERMEABILITY AND SUBMUCOSAL INFLAMMASOME

ACTIVATION IN CD16-POSITIVE CELLS IN MetS ANIMALS.

To investigate the mechanism by which SLM
decreased structural changes in the LV and LA of
MetS animals, extensive analysis of the previously
characterized GHA was performed in SLM-treated and
HFSD-only-treated MetS animals.

SLM significantly reduced bacterial translocation
in the submucosa of treated animals compared to
MetS only (Figure 4A). This was accompanied by sig-
nificant increases in tight junction proteins, such as
ZO-1 (Figure 4B) and OCLN (Supplemental Figure 6A)
and, to a lesser extent, mucus-associated Muc-2
expression (Supplemental Figure 6B) on epithelial
cells within the villi of SLM-treated vs control MetS
animals.

SLM significantly reduced epithelial cell and sub-
mucosal CD16þ cell–associated NLRP3 immunoreac-
tivity compared to MetS animals (Supplemental
Figures 6C and 6D). This was accompanied by sig-
nificant down-regulation of mRNA transcripts asso-
ciated with NLRP3 activation including ASC, Casp1,
and IL18 (Supplemental Figure 6E). Transcriptional
activity associated with CD16 cells and NFkB were
also markedly reduced in the SLM-treated group
compared to MetS animals (Supplemental Figure 6F).

SLM REDUCED SYSTEMIC MARKERS OF ENDOTOXEMIA,

GUT PERMEABILITY, AND INFLAMMATION WITH

REDUCTION IN mVE EXPRESSION OF TLR4 AND TNF1

RECEPTORS IN THE HEART OF MetS ANIMALS. To assess
the temporal effects of SLM treatment, blood serum
assays of bacterial endotoxemia (LPS), epithelial
permeability (ZO-1), and systemic inflammation
(TNF-a) were performed at 2 weeks, 6 weeks and
12 weeks posttherapy in MetS animals with or without
intervention. From as early as week 2, posttreatment
LPS was attenuated (at week 2 and week 12) by SLM
therapy, and inhibitory effects of SLM on epithelial
permeability (ZO-1 at week 12) and systemic inflam-
mation (TNF-a, at week 6 and week 12) were evident
throughout the study, with maximal effects seen at
week 12 (Figures 4C to 4E).

At the end of the study, SLM also significantly
reduced circulating levels of hs-CRP (Figure 4F),
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FIGURE 3 Synbiotic Targeting of the Gut-Heart Axis Reduced Cardiac Structural Changes, Intestinal Barrier Dysfunction, Mucosal M4

Abundance, and Systemic Inflammation in MetS

(A) LM growth curve in the presence or absence of fiber in media. (B) Gut-heart axis targeting of MetS using a synbiotic combination of LM and

fiber (SLM) or individual LM or fiber. (C, D) Echocardiographic measurements of the (C) LAA and (D) LV wall thickness. (E) SBP and DBP at study

termination. (F) TImucus layer thicknessmeasurements (red arrows) fromAlcian blue staining images. Representative imageswere cropped from

200� magnification. (G) TI crypt immunofluorescence positivity of CD16. (H) Serum levels of TNF-a at the study end. (I) LM abundance

measured by quantitative reverse-transcription polymerase chain reaction in cecal samples at study termination. MetS group (red): n¼ 6; SLM

group (blue): n¼6; LMgroup (pale gray): n¼6; Fib group (speckled): n¼6.Data are presented asmedian (Q1-Q3) andwere compared using the

Kruskal-Wallis test. *P< 0.05 and ***P< 0.001. DBP¼ diastolic blood pressure; Fib¼ fiber; LAA¼ left atrial area; LM¼ Lactobacillus mucosae;

OD = optical density; SBP ¼ systolic blood pressure; SLM ¼ synbiotic Lactobacillus mucosae; other abbreviations as in Figures 1 and 2.
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interferon gamma, IL10 (Figure 4F), IL8
(Supplemental Figure 6), and PAI-1 (Figure 4F), as well
as NLRP3 inflammasome marker (IL1b) (Figure 4F).
With respect to cognate inflammatory cytokine
receptors, SLM also markedly reduced cardiac mVE
expression of TLR4 (Figure 4G) and TNFR1 (Figure 4H)
within the LA and LV of treated animals when
compared to control MetS animals.

https://doi.org/10.1016/j.jacbts.2024.09.004


TABLE 1 MetS Parameters of Synbiotic-Treated Pigs

MetS SLM LM Fib

Median Q1 Q3 Median Q1 Q3 Median Q1 Q3 Median Q1 Q3

BW, kg 70.8 66.5 76.7 67.2 58.8 71.4 66.7 65.2 69.5 71.0 64.9 72.8

MBP, mm Hg 119.5 101 138 131.8 107 140 123 116 143 117 97.3 139

TAG, mg/dL 33.7 24.7 35.4 18.25 14.9 24.7 20.53 8.25 42.8 22.49 8.78 42.8

TC, mg/dL 2,740 2,170 3,702 3,147 2,218 3,648 2,953 2,666 3,404 2,704 1,431 3,201

HDL-C, mg/dL 105.0 79.9 128.6 109.7 80.9 135.3 106.6 92.1 129.4 87.7 73.6 127.4

LDL-C, mg/dL 671.1 564 885 693.5 546 821 752.2 487 1,054 659.7 288 952

LDL-C/HDL-C 7.79 4.91 9.57 5.96 4.52 9.26 7.01 4.13 10.93 6.07 3.15 10.76

FBG, mg/dL 98.12 94.2 126 131.8 92 160 100.4 71.1 132 140.3 108 154

FBIa 1.44 0.76 1.88 0.87 0.43 1.26 0.64 0.43 1.71 0.74 0.51 1.27

HOMA-IRa 1.28 1.06 1.90 1.00 0.65 1.33 0.77 0.41 1.71 0.81 0.79 1.52

No significant difference between groups, estimated by a nonparametric Kruskal-Wallis test. Groups: MetS: n ¼ 6; SLM: n ¼ 6; LM: n ¼ 6; Fib: n ¼ 6. aFBI and HOMA-IR are expressed as fold change in
comparison to baseline levels.

BW ¼ body weight; FBG ¼ fasting blood glucose; FBI ¼ fasting blood insulin; Fib ¼ fiber group; HDL-C ¼ high-density lipoprotein cholesterol; HOMA-IR ¼ homeostatic model assessment for insulin
resistance; LDL-C ¼ low-density lipoprotein cholesterol; LM ¼ Lactobacillus mucosae group; MPB ¼ mean blood pressure; SLM ¼ synbiotic Lactobacillus mucosae group; TAG ¼ triacylglycerol; TC ¼ total
cholesterol.
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SLM REDUCED M4 ACCUMULATION IN THE LA, MARKEDLY

REDUCING CM APOPTOSIS AND ATTENUATING NLRP3,

TNFR1, AND TLR4 EXPRESSION. CD16þ, CD163þ, and
CD11Bþ cells within the LA were significantly reduced
by SLM treatment compared to MetS-alone animals,
whereas CD3þ remained unchanged (Figure 5A to 5D).
Moreover, TIMD4 mRNA associated with cardiac resi-
dent M4s was significantly reduced by SLM treatment
compared toMetS alone (Supplemental Figure 6).With
respect to the most prominent CD16þ M4s, the reduc-
tion in these cells caused by SLM treatment was asso-
ciated with diminished cell proliferation (Ki67)
(Figure 5E), with significant reduction in NLRP3
inflammasome activity in these cells (Figure 5F).
Similar reduction in the NLRP3 inflammasome was
detected in SAþ CMs (Figure 5G). Moreover, mRNA
transcription associated with NLRP3 activation, such
as casp1 and IL18, were both significantly attenuated
by SLM treatment (Figure 5H).

We previously detected high levels of CM apoptosis
in association with CD16þ cell accumulation in the LA
of MetS animals. Following SLM treatment, apoptosis
within the LA of MetS animals was significantly
reduced by >60% (Figure 5I), with reduction in
apoptosis-associated RNA transcription (Bax)
(Figure 5J), and this cell death reduction was detected
in CMs but not in CD16þ cells (Figure 5K). Two path-
ways implicated with M4s in the heart and bystander
CM apoptosis include TNF and TLR4 receptors.18,19

SLM treatment reduced TNFR1 immunoreactivity in
CMs (SA) (Figure 5L) and cardiac M4s (CD163)
(Figure 5M). Cytoprotective TNFR2 was increased on
LA CMs of SLM-treated animals compared to MetS
controls (Figure 5N), with reduction of mRNA
transcripts associated with signaling downstream of
TNFR1 activation (Traf5 and Ripk3) (Figure 5O). SLM
caused similar reductions in TLR4 immunoreactivity
associated with CM (SA) (Figure 5P) and cardiac M4s
(CD163) (Figure 5Q), and reduced TLR4 downstream
signaling was confirmed by reduced IRF3 mRNA
transcription in this treatment group compared to
MetS controls (Figure 5R).

SLM REDUCED M4 ACCUMULATION AND PROLIFERATION

AND NLRP3 EXPRESSION IN THE LV, SIGNIFICANTLY

REDUCING CM SIZE (HYPERTROPHY), ATTENUATING TLR4

AND TNFR1, AND INCREASING TNFR2 EXPRESSION ON

CMs. SLM treatment reduced CD16þ, CD163þ, and
CD11Bþ cells within the LV of treated animals vs con-
trols (Supplemental Figure 7A to 7C). In CD16þ M4s,
this was associated with a reduced proliferation index
(Ki67) (Supplemental Figure 7D) and reduced coex-
pression of the NLRP3 inflammasome (Supplemental
Figure 7E). CM hypertrophy was also reduced by
approximately 30% in SLM-treated animals vs MetS
controls (Supplemental Figure 7F). Consistent with
previous data from the LA, SLM treatment also
reduced TLR4 (Supplemental Figure 7G) and TNFR1
(Supplemental Figure 7H) expression in LV CMs but
increased expression of the cytoprotective TNFR2 on
these cells (Supplemental Figure 7I).
DISCUSSION

Although there are emerging data on the role of the
GHA in human cardiometabolic disease, the clinically
relevant mechanistic foundations for this are limited
by reduced access to human intestine and heart
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FIGURE 4 Synbiotic Targeting of the Gut-Heart Axis Reduced Bacterial Translocation, Improved Tight Junction Protein Expression, and Reduced Systemic and

Cardiac mVE Inflammation in MetS

(A) TI FISH labeling of translocating bacteria within crypts and (B) ZO-1 labeling in crypts and villi (MetS: n ¼ 6; SLM: n¼ 6). (C to F) Time course serum levels of (C) LPS,

(D) ZO-1, and (E) TNF-a (at 0, 2, 6, and 12 weeks) and (F) week 12 levels of hs-CRP, IFN-g, IL-10, PAI-1, and IL-1b (MetS: n ¼ 6; SLM: n ¼ 6). (G, H) LA and LV

immunofluorescence labeling of (G) TLR4 and (H) TNFR1 in LA and LV within CD31þ mVE (designated by arrowheads) (MetS: n ¼ 8; SLM: n ¼ 9). Representative images

were cropped from 600� magnification. Data are presented as median (Q1-Q3) and were compared using the Mann-Whitney test. *P < 0.05, **P < 0.01,

and ***P < 0.001. hs-CRP ¼ high-sensitivity C-reactive protein; IFN-g ¼ interferon gamma; IL ¼ interleukin; LPS ¼ lipopolysaccharide; other abbreviations as in

Figures 1 to 3.
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FIGURE 5 Synbiotic Targeting of the Gut-Heart Axis Reduced LA Inflammatory Cell Activity, NLRP3 Signaling, and CM Apoptosis and Decreased TNFR1 and TLR4

Activation in MetS

Continued on the next page
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tissue.7 The purpose of the current study was: 1) to
determine the full temporospatial extent of the GHA
in this disease; and 2) to mechanistically determine
whether intervention targeted specifically at the gut
epithelial level could attenuate inflammation and
cardiac structural change in this axis.

Using a human-scale large animal MetS model, we
previously showed that derangements in the gut
microbiome are associated with progressive devel-
opment of HFpEF.8 In the current study, we used the
previous MetS animals that demonstrated increased
gut dysbiosis as early as 2 weeks after HFSD and
identified key temporospatial alignment of gut barrier
function loss and evidence of systemic endotoxemia
and inflammation beginning at 2 weeks into the
study. Our data are consistent with a sequence of
events that involve loss of bacterial diversity,8 in-
crease in gut-resident proinflammatory Gram-
negative bacteria associated with mucus layer loss,
increased epithelial cell activation and permeability,
translocation of bacteria (fluorescence in situ hy-
bridization) and bacterial products (LPS) with acti-
vation of inflammatory cells within the gut
submucosa and spread of low-grade inflammation to
the systemic circulation.

Importantly, we identified a CD16þ cell population
within the TI and also within the left heart (LA and LV)
that was more activated in MetS and colocalized to
proapoptotic and hypertrophic CMs. It is conceivable
that these CD16þ cells through paracrine interactions
augment CM structural changes within the MetS
heart. We identified 2 key cytokine/receptor pathways
that can facilitate such cross-talk between M4s and
CMs—namely, TNFR and TLR4—that are known to
promote cardiac apoptosis and hypertrophy.18,20

Support for amplification of these pathways in the
gut and heart was evidenced by increased NLRP3
inflammasome expression in epithelial and CD16þ

cells within the gut and in CMs and CD16þ cells within
the heart, further promoting CM pathologic changes.21
FIGURE 5 Continued

(A to E) Immunofluorescence labeling of (A) CD16, (B) CD163, (C) CD11B,

SLM: n ¼ 9). (F to H) LA NLRP3 immunofluorescence labeling among (F)

relative mRNA expression of NLRP3-associated genes (MetS: n ¼ 8; SLM

expression of proapoptotic gene BAX (MetS: n ¼ 8; SLM: n ¼ 8), and (K) T

cell populations (designated by arrow heads) (MetS: n ¼ 6; SLM: n ¼ 6)

(designated by arrowheads), (N) TNFR2 positivity among SAþ CMs (Met

n ¼ 8; SLM: n ¼ 8). (P-R) LA TLR4 immunofluorescence positivity among

(R) relative mRNA expression of TLR4-associated gene IRF3 (MetS: n ¼
presented as median (Q1-Q3) and were compared using the Mann-Whitn
A key aspect of this study was the SLM interven-
tion to test whether local targeting of the gut
epithelium was sufficient to attenuate inflammation
along the GHA. The effects of SLM on cardiac struc-
ture were robust and comparable to the effects seen
with early use of angiotensin-converting enzyme in-
hibitors used in rodent models of LVH in the 1980s.22

Given that LM has previously been shown to reside
deep in the mucus layer,23 it was not surprising that
SLM exhibited beneficial effects on epithelial mucus
production as well as reducing epithelial cell activa-
tion, proliferation, and tight junction protein loss.
This effectively “shut down” the gut barrier function
loss observed in MetS-alone animals and may have
been the key mechanistic benefit of SLM within the TI
reducing translocation of whole bacterial pop-
ulations, bacterial fragments, and LPS, with conse-
quences for reduced gut, circulatory, and cardiac
inflammation. Similarly, this benefit extended to the
mVE, a key entry point to the heart for systemic in-
flammatory cytokines, because SLM markedly
reduced cognate receptor expression for TNFR1 and
TLR4, reducing crossover of this inflammatory
cascade from the circulation to the myocardium.
Accordingly, CM- and cardiac M4–related cytokine
receptor pathways of TNFR1 and TLR4 were also
markedly attenuated in both the LA and LV by SLM
treatment. TNFa inhibitors have previously been
shown to contribute to worsening of heart failure in
human subjects, presumed due to differential off-
target effects on TNFR1 (beneficial) and TNFR2
(deleterious) receptors in the heart.24 In the current
study, SLM treatment decreased TNFR1 and increased
TNFR2 expression on CMs in the heart of MetS ani-
mals, likely abrogating the perceived dual TNF re-
ceptor inhibition effects of existing systemic TNFa
inhibitors. Therefore, SLM as a TI-targeted therapy,
may circumvent some of the deleterious bireceptor
TNF modulatory effects of established pharmacologic
inhibitors of TNF-a.25
and (D) CD3 as a percentage of total LA cells and (E) Ki67 labeling of CD16þ M4s (MetS: n ¼ 8;

CD16þ M4s and (G) SAþ CMs (designated by arrowheads) (MetS: n ¼ 8; SLM: n ¼ 9) and (H)

: n ¼ 8). (I) LA TUNEL positivity in total LA cells (MetS: n ¼ 8; SLM: n ¼ 9), (J) relative mRNA

UNEL positivity within SAþ (designated by arrowheads) (MetS: n ¼ 6; SLM: n ¼ 6) and CD16þ

. (L-O) LA TNFR1 immunofluorescence positivity among (L) SAþ CMs and (M) CD163þ M4s

S: n ¼ 8; SLM: n ¼ 9), and (O) relative mRNA expression of TNFR1-associated genes (MetS:

(P) SAþ CMs and (Q) CD163þ M4s (designated by arrowheads) (MetS: n ¼ 8; SLM: n ¼ 9) and

8; SLM: n ¼ 8). All representative images were cropped from 600� magnification. Data are

ey test. *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations as in Figures 1 to 3.
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SLM contains extracellular cytoprotective com-
pounds, the most potent identified to date being
exopolysaccharide, a heteropolysaccharide, which we
have previously shown has anti-inflammatory
effects in murine models of metabolic stress and
cardiovascular disease.26 In contrast to the potential
direct effect of SLM-derived exopolysaccharide on
epithelial health in the current study, we found no
evidence of the indirect effects of SLM, either on the
overall composition of the gut bacterial metabolome
or on secondary production of specific short-chain
fatty acids, such as butyrate, propionate, succinate,
or acetate, previously associated with beneficial ef-
fects of health-promoting gut bacteria (Supplemental
Figure 8). Moreover, SLM had no effect on selected
metabolites known to affect inflammation, including
trimethylamine-N-oxide, or derivatives of tryptophan
metabolism (Supplemental Figure 8). Thus, it is un-
likely that SLM is acting through known metabolites
to effect beneficial changes in the gut epithelial
barrier.

TRANSLATIONAL SIGNIFICANCE. The MetS model
used here replicates almost all of the dietary, micro-
biome, gut, circulatory, and heart aspects of human
cardiometabolic disease.27 The clinical scale of the
model and the anti-inflammatory effects of the syn-
biotic intervention used raises the possibility of a new
gut-directed therapeutic paradigm targeting LVH and
LA myopathy in the context of HFpEF. Although
further preclinical studies are warranted, our data
indicate a potentially groundbreaking disease-
modifying therapy for patients with cardiometabolic
disease. Future studies should look at mining com-
pounds both from within and on the surface of bac-
teria to determine the druggability of this effect.

STUDY LIMITATIONS. The pigs used in this study
were all female (because of concerns regarding
growth, handling, and male aggression), and thus
extrapolation to male subjects needs to be done with
caution, although the literature supports car-
diometabolic disease being more prominent in males
compared to females. These animals were also young
and in their growth phase and therefore do not
represent mature adults. The current Landrace model
is well established as a model for HFpEF and MetS but
lacks some of the additional nuanced translational
elements of Ossabaw and other specialized porcine
breeds in terms of obesity and full-blown diabetes—
something we recently reviewed in detail.28 The
current porcine study is limited to 12 weeks, whereas
cardiometabolic disease in human subjects develops
over decades, and the sample sizes used were modest
although statistically significant. Similarly, this time
limitation extends to the duration of treatment with
the synbiotic, which may be different in human dis-
ease, where longer-term intervention may be
required. Moreover, the current intervention model
reflects more disease prevention, and it remains to be
proven whether such intervention reverses preexist-
ing structural heart changes in MetS established over
many years.

CONCLUSIONS

Our study suggests a poor diet-microbiome interface
drives epithelial barrier dysfunction, augmenting gut,
blood, and cardiac inflammatory aspects of the GHA.
The proposed gut-directed synbiotic targeting of this
axis has the potential to reduce the structural heart
changes in the LA and LV induced by MetS, which
may be complementary to current risk factor reduc-
tion approaches in this disease. These data support
wider research on the gut epithelial barrier as an
important gatekeeper of inflammation in car-
diometabolic disease.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In a

porcine model of diet-induced cardiometabolic disease, a

synbiotic (Lactobacillus mucosae þ fiber) reduces LA

myopathy and LVH through attenuation of the gut-heart

inflammatory axis. Targeting this axis may offer new

avenues for the treatment of cardiometabolic disease.

TRANSLATIONAL OUTLOOK: Further research is

required to translate these experimental findings to clin-

ical application of either synbiotics or bacterial-derived

products as a potential therapeutic approach to patients

with metabolic syndrome, LA myopathy, and LVH.
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