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Aims Recent studies have suggested a key role of intestinal microbiota in pathological progress of multiple organs viaimmune modulation.
However, the interactions between heart and gut microbiota remain to be fully elucidated. The aim of the study is to investigate the
role of gut microbiota in the post-ischaemia/reperfusion (I/R) inflammatory microenvironment.

Methods Here, we conducted a case-control study to explore the association of gut bacteria translocation products with inflammation bio-
and results markers and I/R injury severity in ST-elevation myocardial infarction patients. Then, we used a mouse model to determine the ef-
fects of myocardial I/R injury on gut microbiota dysbiosis and translocation. Blooming of Proteobacteria was identified as a hallmark
of post-I/R dysbiosis, which was associated with gut bacteria translocation. Abrogation of gut bacteria translocation by antibiotic
cocktail alleviated myocardial I/R injury via mitigating excessive inflammation and attenuating myeloid cells mobilization, indicating
the bidirectional heart—gut—microbiome—immune axis in myocardial I/R injury. Glucagon-like peptide 2 (GLP-2), an endocrine pep-
tide produced by intestinal L-cells, was used in the experimental myocardial I/R model. GLP-2 administration restored gut micro-
biota disorder and prevented bacteria translocation, eventually attenuated myocardial I/R injury through alleviating systemic
inflammation.

Conclusion Our work identifies a bidirectional communication along the heart—gut—microbiome—immune axis in myocardial I/R injury and de-
monstrates gut bacteria translocation as a key regulator in amplifying inflammatory injury. Furthermore, our study sheds new light
on the application of GLP-2 as a promising therapy targeting gut bacteria translocation in myocardial I/R injury.
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Schematic diagram showing the role of the heart—gut—microbiome—immune axis in myocardial I/R injury. Application of glucagon-like peptide 2 targeting

heart—intestine axis might be a potential strategy to alleviate I/R injury.
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1. Introduction

Acute myocardial infarction (AMI) is one of the leading causes of morbidity
and mortality worldwide. Nowadays, primary percutaneous coronary inter-
vention is widely used to restore blood flow, thereby reducing the infarct
size. However, the process of reperfusion itself may induce further cardiac
deterioration, known as myocardial ischaemia/reperfusion (I/R) injury.'
Microvascular obstruction (MVO) represents a pivotal manifestation of myo-
cardial I/R injury and has been identified as an independent risk factor for
poor prognosis in patients with AMI2 Accumulating evidence indicated
that the inflammatory cascade triggered by I/R injury is considered one of
the main mechanisms of MVO formation®. Following myocardial I/R, a variety
of damage-associated molecules are released from necrotic cardiac resident
cells, thus inducing an inflammatory cascade within the heart. Though inflam-
mation is essential for converting necrotic tissue into scar, prolonged or ex-
cessive inflammation may lead to sustained tissue damage and improper
healing. However, the intricate mechanisms underlying the occurrence of ex-
cessive inflammation following myocardial I/R injury are not fully elucidated.

Intestinal commensal microbes, the most abundant symbiotic organisms
in the body, have emerged as a potent regulator of the host immune

system. Emerging evidence suggests that an imbalance of gut microbiota
communities has been associated not only with intestinal pathological con-
ditions but also with many extra-intestinal diseases, such as obesity,4 can-
cer,5 diabetes,6 and cardiovascular diseases.”® Recent studies shed light on
the crosstalk between intestinal microbiota and severity of myocardial in-
farction (MI).”"® A current report by Tang et al.'" has demonstrated that
depletion of intestinal microbiota influences post-MI cardiac inflammation
and outcome in an experimental Ml model. Additionally, circulating levels
of lipopolysaccharides (LPS) and bacterial ribosomal DNA (rDNA) are sig-
nificantly increased in ST-elevation myocardial infarction (STEMI) patients
and are associated with poor prognosis.n’14 These results provide the first
hints suggesting the role of bacterial invasion and translocation in the de-
velopment of MIl. However, the impact of myocardial I/R injury on gut
microbiota homoeostasis and the contribution of I/R-induced microbiota
alterations on peripheral immune activation as well as inflammatory re-
sponse in myocardium remain largely unknown. Therefore, the objective
of this study is to explore gut microbiota alterations under myocardial I/
R injury and their role in the post-I/R inflammatory microenvironment.
Our study unravels the role of the heart—gut—microbiome—immune axis
in myocardial I/R injury and provides novel therapeutic insight into
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gut-targeted therapeutic strategies to improve the prognosis of AMl in the
future.

2. Methods

The human study was performed in accordance with the Declaration of
Helsinki and was approved by the Institutional Ethics Committee of
Nanjing Drum Tower Hospital (Approval No. 2019-190-01). Informed
consent was obtained from each study participant. All procedures with an-
imals were approved by the Institutional Ethics Committee of Nanjing
Drum Tower Hospital (Approval No. 20011141) and performed in ac-
cordance with the guidelines from Directive 2010/63/EU of the
European Parliament. After the study, all animals were anaesthetized by
isoflurane inhalation (1.5-2%) and then euthanized by cervical dislocation.
Detailed descriptions are provided in the Supplementary Material.

2.1 Statistical analysis

Continuous variables with normal distribution were expressed as mean +
standard deviation. Categorical variables were reported as counts (per-
centage). Differences between percentages were assessed by y* test or
Fisher’s exact test. The groups containing normally distributed parametric
data were tested using a two-way Student’s t-test (for two groups) or one-
way analysis of variance (ANOVA) followed by Tukey’s multiple compari-
son test (for more than two groups). Non-parametric data were compared
by Mann—Whitney’s U test. Two-way ANOVA followed by Bonferroni’s
multiple comparison test was used to determine differences between
groups at multiple time points. Binary logistic regression was used to assess
the association between clinical covariates and MVO formation (results
presented as odds ratio and 95% confidence interval). Variables with P <
0.10 at univariable analysis were then included as covariates in multivariable
analysis. Correlations between continuous variables were determined
using Pearson’s correlation or Spearman’s correlation. The Kaplan—Meier
method and Log-rank (MantelCox) test were used to construct and com-
pare the survival curves of animals, respectively. All analyses were per-
formed using Prism 6 software (GraphPad) and SPSS (version 18.0).
Only differences with a P-value of less than 0.05 were considered statistic-
ally significant.

3. Results

3.1 Gut bacterial translocation was
associated with inflammation and severity
of I/R injury in STEMI patients

We recruited 23 healthy controls and 97 STEMI patients to explore the
occurrence of intestinal microbiota translocation and its correlation with
the clinical characteristics of STEMI patients. Zonulin and LPS were recog-
nized as products and systemic markers for increased gut permeability and
bacterial translocation.”® We found elevated levels of zonulin and LPS in
the serum of STEMI patients when compared with control (Figure 1A
and B). Same higher levels were observed in blood bacterial 165 rDNA
measured by quantitative polymerase chain reaction (qQPCR) (Figure 1C),
suggesting more abundant bacteria rDNA in the systemic circulation of
STEMI patients. Significant positive correlations were found between
LPS, zonulin, and blood bacterial load in STEMI patients (Figure 1D and
E), raising the possibility that intestinal bacteria might invade into blood
post-Ml as a consequence of enhanced gut permeability. Furthermore,
we found that increased serum LPS positively correlated with infarct size
and MVO size, and negatively correlated with left ventricular ejection frac-
tion (LVEF%) in STEMI patients (Figure 1F—H). Meanwhile, the neutrophil—
lymphocyte ratio (NLR), white blood cells, and neutrophil counts were
strongly correlated with serum LPS concentration (see Supplementary
material online, Figure S1A-C). However, the correlation between
C-reactive protein and LPS was not significant (see Supplementary
material online, Figure S1D). These findings suggested that translocation

of bacterial LPS from gut to systemic circulation might be considered a
novel factor accounting for excessive activation of inflammation and severe
I/R injury in STEMI patients.

Given that MVO was identified as an independent risk factor for
prognosis in AMI patients and correlated with the extent of inflammation,
we then explored the relationship between bacteria translocation and
MVO formation. Clinical, demographic, and laboratory characteristics
for STEMI patients with or without MVO were summarized in
Supplementary material online, Table S1. Among all the collected clinical
data, C-reactive protein, peak Troponin T was significant in the univariate
logistic regression analysis, but was not significant in the multivariate logistic
regression analysis. Intriguingly, LPS, blood bacterial enrichment, and NLR
remained significant in both the univariate and multivariate logistic regres-
sion analyses (Figure 1/ and J; Supplementary material online, Table $2), in-
dicating that intestinal bacterial translocation is an independent risk factor
for STEMI patients with MVO.

3.2 Myocardial I/R injury-induced intestinal
microbiota dysbiosis and intestinal mucosal
injury

To determine the impact of myocardial I/R injury on gut microbiota, we sub-
jected mice to 60 min of ischaemia followed by reperfusion or a sham oper-
ation and performed 16S ribosomal RNA (rRNA) gene sequencing on
colonic contents of mice 3 days following the operation. According to our
results, the gut microbial community structure of the myocardial I/R group
was clearly distinguished from the sham group according to principal co-
ordinate analysis (PCoA) and Anosim analysis (Figure 2A-C). At the phylum
level, myocardial I/R injured mice displayed perturbed microbiota signatures
characterized as a significant higher level of Proteobacteria compared with
sham mice (Figure 2D and F). The main classes within Proteobacteria phylum,
such as Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, and
Gammaproteobacteria, were dramatically increased in the myocardial I/R
group relative to the sham group (Figure 2E and G). Pathogenic bacteria
Gammaproteobacteria contributed mostly to the prevalence of
Proteobacteria in the myocardial I/R group compared with the sham group
(Figure 2H). At the family and genus level, hallmarks of post-myocardial I/R
dysbiosis included an increase of Escherichia, which belong to the
Enterobacteriaceae family, and a decrease of well-recognized probiotics
Lactobacillus (Supplementary material online, Figure S2).

Since the integrity of the gut barrier was closely associated with the al-
teration of gut microbiota,’> we further evaluated the changes in the gut
barrier after myocardial I/R injury. Morphology and histological staining
of the whole intestine tract revealed significant deterioration of the intes-
tinal mechanical barrier manifested as a higher Chiu pathological score
in myocardial I/R injured mice when compared with sham mice
(Figure 2I1-K). In line with these changes, mucosal microvillus disarrange-
ment and intestinal epithelium structure disruption were detected by
transmission electron microscopy following myocardial I/R injury
(Figure 2L). The reduced expression of tight-junction claudin-1 and occlu-
din, critical components in the intestinal epithelial barrier, further sup-
ported the above observation (Figure 2M and N; Supplementary material
online, Figure S3). Collectively, these results suggested that myocardial I/
R injury induced obvious intestinal mucosal injury and gut barrier impair-
ment accompanied by the disturbance of gut microbiota.

3.3 Changes in gut microbiota and intestinal
mucosal injury upon myocardial I/R injury led

to gut bacteria translocation

Considering gut microbiota dysbiosis and intestinal mucosal injury were
observed in myocardial I/R injured mice, we sought to investigate their im-
pact on gut leakage. Fluorescein isothiocyanate (FITC)-dextran tracing ex-
periment showed that intestinal permeability remarkably increased after
myocardial I/R injury suggesting the possibility of microbiota invasion
(Figure 3A). We then performed 16S rRNA gene sequencing on blood
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Figure 1 Increased levels of gut bacterial translocation products are associated with MVO and LV function in patients with STEMI. (A) Serum LPS, (B) serum
zonulin, and (C) blood bacterial DNA load in control subjects (n=23) and STEMI patients (n = 97). Correlation between serum LPS and blood bacterial DNA
load (D), zonulin (E) in the peripheral blood of patients with STEMI (n = 97). (F) Correlation between serum LPS and infarct size in patients with STEMI (n = 97).
(G) Correlation between serum LPS and MVO size in STEMI patients with MVO (n=60). (H) Correlation between serum LPS and left ventricular ejection
fraction (LVEF%) in patients with STEMI (n=97). (/) Univariate logistic regression analysis of the risk factors for the presence of MVO in STEMI patients.
(/) Multivariate logistic regression of the risk factors for the presence of MVO in STEMI patients. Values are mean + standard deviation (SD). Statistical sig-
nificance was determined using Student’s t-test for the two group comparison and the Spearman test or Pearson test for correlation analysis. *P < 0.05,

*#*%P < 0.01, *%*%P < 0.001, ****P < 0.0001.

microbial profiles of sham and myocardial I/R injured mice and observed
reduced species diversity following myocardial I/R injury (Figure 3B
and C). The blood microbial structures of the myocardial I/R group were
clearly separated from the sham group characterized as a remarkable in-
crease of Proteobacteria and its subordinate Gammaproteobacteria class,
which was similar to the changes in the intestinal microbiome to some ex-
tent (Figure 3D—F). These data further supported the hypothesis that the
blood microbiota derived at least partially from the gut microbiome as a
result of bacterial translocation following myocardial I/R injury. We further
examined the level of bacterial-produced LPS in mouse serum and found
that the LPS level increased since Day 1 post-I/R and reached the peak
on Day 3. The continuous elevation of LPS in the early stage of myocardial
I/R injury suggested that the translocation of bacterial LPS from gut to cir-
culation was not a short-term effect but lasted throughout the acute phase
of myocardial I/R injury (Figure 3G).

To validate the existence of gut bacterial translocation under myocardial
I/R injury and determine the destination of translocated bacteria, a murine
intestinal pathogen that shared a core set of virulence factors with the re-
lated human pathogens (e.g. enteropathogenic Escherichia coli), biolumines-
cent Citrobacter rodentium, was used in our experiments,16 which could
monitor bacterial translocation accurately. As shown in Figure 3H and |,
after myocardial I/R injury, bioluminescent Citrobacter translocated from
gut into circulation, mesenteric lymph nodes (MLNs) and the extra-
intestinal organs, namely spleen and heart. We also performed qPCR
with specific primers for 16S rDNA and confirmed significantly higher
levels of bacterial load in blood, spleen, and heart samples of myocardial
I/R injured mice (Figure 3/-L). Our results first declared the presence of
intestine-derived live bacteria not only in circulation but also in heart and
spleen tissue following myocardial I/R injury. To characterize and visualize
intra-myocardium bacteria, we applied a combination of fluorescence



1394

). Zhao et dl.

Cc D

B ; : Phylum
PCoA (Weighted_unifrac) 2
St i , Anosim (Weighted_unifrac) 1o
R=0.5173,P = 0.011
075
'\ % z 8
| F o = e
= E 40 4 _g
[ core b £ € 0.50
198 & ) a 3
o 00 ! A 204 <
( a o 20
| ’ = 025
| | 4 %
| \g’/ -0.1 ! 0+ v v T
; o & @ 0.00 !
-0.1 0.0 0.1 02 & @
itk PGA(44.53%) o e Sham IR
E Class F G H
class ” -
o i ” g 50 i
0.754 e Sham r..:mrv.sprmmw—nm-l . [ ] group Ew 2 40
§ Pratscbacteria * R J = Shat £ - ﬁ 36
[ Desultovibrionia{| . * R E 2
2 0.50- sqri{Foid | 23 -
B change) | sqrt(Fold g =
2 i Baci n—l o | - change) S £ 10
o Desuliobacterota ® 50 | ® s = £ 5
i 0 8
: i ivadhic] e | O sham IR . W
0.00. . L
Sham IR
I J Sham I'R K
; ¢ e
>4 = 51 * s *
Jejunum D — — — A Sham
e ) ¢ . 4 . . * IR
—=x T
3 25 5 e .
——— e o
4-'.-‘3_7 —: lleum Py
e e B e ™ 3.2 o
HHHHH”HW |||||||||I||" m (e e e = 5
0 =
0 L 2 3 4 5 5.7 8 9 10112 13U IS 1 A * =
Colon
o & = 0
Jejunum lleum Colon
L M DAPI Claudin-1 DAPI + Claudin-1 N
2 14 _—
£z
1 ;:
82
T E
= — -
” .'% gf 1.0
GSe %
w3
« ;?E 0.8
BE
2 06
« Sham IR

Figure 2 Myocardial I/R injured mice exhibit rapid gut microbiota dysbiosis and intestinal mucosal injury. (A) The number of common and unique Amplicon
Sequence Variants (ASVs) in colon contents of sham (n=5) and I/R mice (n = 6) 3 days after the operation. (B) PCoA of the intestinal microbiome based on
weighted UniFrac distance separate the I/R group (n = 6) from the sham group (n=15). (C) Anosim similarity analysis based on weighted UniFrac distance rar-
efaction curves of each sample. Gut microbial composition at the phylum level (D) and class level (E) between sham (n = 5) and I/R groups (n = 6). Bubble chart
distributing significantly different taxa at the phylum level (F) and class level (G) between sham (n=5) and I/R groups (n=6). (H) Relative abundance of
Proteobacteria in the gut microbiome and proportion of subordinate Gammaproteobacteria in Proteobacteria phylum between sham (n=5) and I/R groups
(n=6). (I) Gross morphology of the gastrointestinal tract from sham-operated mice and I/R injured mice 3 days after the operation. (/) Representative images
of intestine Hematoxylin and Eosin (HE) staining of sham and I/R mice 3 days after the operation. (K) Intestine injury assessment of intestine HE staining in (/)
presented as Chiu scores (n=5). (L) Representative transmission electron microscope image of sections from the intestinal epithelium of sham and I/R mice.
Scale bar=2 pm. (M) Representative immunofluorescence images of claudin-1 in the intestine of sham and I/R mice 3 days after the operation. Scale bar =
50 um. (N) Quantification of fluorescence intensity in (M) (n=5). Values are mean =+ SD. Statistical significance was determined using Student’s t-test or Mann—
Whitney U test for the two group comparison. *P < 0.05, **#P < 0.01, ***P < 0.001.

staining using antibodies against bacterial LPS and RNA fluorescence in situ
hybridization (FISH) with a universal probe against bacterial 16S rRNA to
detect bacteria distribution in heart tissues (Figure 3M and N). Fluorescence
staining showed that bacterial LPS and 16S rRNA shared a similar spatial
distribution, localized along the ischaemic region of heart tissue. Taken to-
gether, these data provided solid evidence that myocardial I/R injury in-
creased gut permeability and thus promoted the translocation and
dissemination of gut microbiota and bacterial products to circulation and
subsequently extra-intestinal organs.

3.4 Gut microbiota translocation acted as
a primary modifier determining the severity
of myocardial I/R injury through modulating

inflammation

We next investigated whether gut bacterial translocation directly contrib-
uted to the severity of myocardial I/R injury. We first conducted the myo-
cardial I/R model in germ-free (GF) mice and found that GF mice developed
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a smaller extent of MVO following myocardial I/R induction compared with
age-matched specific pathogen-free mice based on thioflavin-S staining,
suggesting the potential role of commensal bacteria in the development
of myocardial I/R injury (Figure 4A). Considering the influence of GM on in-
nate immunity, ~ we then administered a mixture of antibiotics (ABX) or-
ally to only pre-deplete the gut microbiota before injury. Quantification of
bacterial load in faeces collected from ABX and untreated mice was exam-
ined to verify the depletion efficiency (see Supplementary material online,
Figure S4A). Three days following myocardial I/R induction, an echocardio-
gram examination revealed that cardiac function was better preserved in
ABX mice relative to untreated mice (Figure 4B and Supplementary
material online, Figure S$4B). Evans Blue and 2, 3, 5-triphenyl-
2H-tetrazolium chloride (TTC) staining and thioflavin-S staining demon-
strated that infarct size and MVO size were remarkably smaller in the
ABX group when compared with the untreated group (Figure 4C and D).
Collectively, these findings suggested a direct causal link between gut bac-
terial translocation and severity of myocardial I/R injury, especially in the
initial stage of I/R injury.

To elucidate potential mechanisms of cardioprotective effect exerted by
gut microbiota depletion, we examined the levels of inflammation-related
biomarkers in mouse serum and found that pre-depletion of gut micro-
biota dramatically decreased serum LPS concentrations, accompanied by
reduced levels of IL-6, IL-1B, and TNF-a following myocardial I/R injury
(Figure 4E and F). Accordingly, a significant reduction of inflammatory cell
infiltration within ischaemic heart was observed in GF and ABX mice, sug-
gesting the attenuation of cardiac inflammation following microbiota deple-
tion (see Supplementary material online, Figure S4C and D). We further
performed flow cytometry analysis to assess the quantity and subpopula-
tion of myeloid cells in the peripheral circulation of ABX and untreated
mice. Flow cytometric analysis demonstrated a significant reduction of neu-
trophils, and monocytes, especially pro-inflammatory Ly6C"&" monocytes,
in the peripheral blood of ABX-treated myocardial I/R mice compared with
that of the untreated myocardial I/R mice (Figure 4G and H). Furthermore,
we observed the populations of neutrophils and monocytes in spleen and
bone marrow (BM) using flow cytometry analysis (Figure 4/ and J;
Supplementary material online, Figure S5). As for the kinetic of neutrophils,
BM output increased in response to myocardial I/R injury as expected. The
quantity of neutrophils in the BM was higher in the ABX-IR group than that
of the untreated-I/R group, indicating that abrogation of gut bacterial trans-
location might compromise the mobilization of neutrophils from BM. On
the other hand, more splenic monocytes, including both Ly6C"&" and
Ly6cC'®" monocytes, were preserved in the spleen of ABX-IR mice rela-
tive to untreated-I/R mice, whereas no differences were detected in BM.
The spleen acted as a monocyte reservoir in the early stage of myocardial
I/R injury, whereas depletion of gut microbiota could restrain the recruit-
ment of splenic monocytes. Taken together, these results implied that bac-
terial translocation products aggravated inflammation by promoting
myeloid cell migration from BM or spleen reservoir and thus worsen myo-
cardial I/R injury.

3.5 Glucagon-like peptide 2 administration
restored gut microbiota disorder,
strengthened the gut mucosa barrier,

and prevented microbiota translocation

following myocardial I/R injury

Based on our data, we hypothesized that the heart—gut—microbiome—im-
mune axis might be a novel therapeutic target for ameliorating excessive
inflammation in myocardial I/R injury. Numerous attempts have been
made to restore healthy microbiota and strengthen gut barrier function,
but the therapeutic effect is not ideal and the translational value is limited.
The administration of broad-spectrum antibiotics to eliminate the
intestinal microbiota could cause life-threatening antibiotic resistance and
increase the risk of heart rupture.11 Additionally, probiotic supplementa-
tion and faecal bacteria transplantation take a long time to exert their
therapeutic effect, which limited their application in acute diseases.'®"

Glucagon-like peptide 2 (GLP-2), a 33-amino acid peptide produced by in-
testinal endocrine L-cells, has been demonstrated to enhance gut barrier
function and induce intestinal mucosa proliferation in a variety of intestinal
pathological conditions.?>?' Circulating level of GLP-2 was recently found
to be increased in patients with AM|.22 Therefore, we determined to inves-
tigate whether GLP-2 could protect the gut barrier, restore intestinal
microbiota dysbiosis, and thus alleviate gut microbial translocation under
myocardial I/R injury. We first induced myocardial I/R injury in mice,
600 pg/kg degradation-resistant GLP-2 analogue dissolved in saline was in-
jected subcutaneously immediately after reperfusion and continuously de-
livered twice daily for 3 days. The dose of GLP-2 was determined according
to our preliminary dose-ranging experiment (see Supplementary material
online, Figure S6). As expected, GLP-2 significantly attenuated intestinal
mucosa injury (Figure 5A—C) and enhanced the intestinal mechanical barrier
(Figure 5D). The expression of tight-junction protein Occludin and
Claudin-1 increased in GLP-2-treated mice when compared with saline-
treated mice, indicating the positive effect of GLP-2 on tight-junction integ-
rity (Figure 5E and F; Supplementary material online, Figure S7). Consistent
with these changes, intestinal permeability decreased following GLP-2
treatment (Figure 5G). These findings revealed that GLP-2 could effectively
rescue intestinal barrier dysfunction and gut permeability elevation induced
by myocardial I/R injury.

We further investigated the effect of GLP-2 treatment on intestinal
microbiota dysbiosis. 16S rRNA gene sequencing analysis of intestinal mi-
crobial communities showed a dramatic restoration of intestinal bacteria
dysbiosis after GLP-2 administration, manifested as significant inhibition
of the overgrowth of pro-inflammatory Proteobacteria phylum and its sub-
ordinate Gammaproteobacteria class (Figure 5H—J; see Supplementary
material online, Figure S8A-G). Coinciding with the restoration of the intes-
tinal microbiome, GLP-2 significantly normalized the disrupted blood mi-
crobial community almost to the sham group level and partially restored
the microbiota diversity under myocardial I/R injury (Figure 5K-N;
Supplementary material online, Figure S8H and ). 16S rDNA quantitation
by real-time gPCR further confirmed that blood bacterial load was remark-
ably reduced in GLP-2-treated mice relative to vehicle (saline) control
(Figure 50). Meanwhile, LPS levels were significantly lower in the serum
of GLP-2-treated mice when compared with the saline-treated group on
Day 1 and Day 3 post-myocardial I/R induction (Figure 5P). In biolumines-
cent C. rodentium inoculation experiment, we disclosed that GLP-2 obvi-
ously attenuated bacterial translocation into circulation, MLNSs, spleen,
and heart after myocardial I/R injury (Figure 5Q and R). Taken together,
the results described above declared that GLP-2 exerted a protective
role in maintaining the integrity of the intestinal barrier and homoeostasis
of the intestinal microbiome, thus defending gut bacterial translocation
after myocardial I/R injury.

3.6 GLP-2 attenuated myocardial I/R injury
by alleviating inflammation induced by gut

bacterial translocation

Next, we investigated whether GLP-2 treatment exerted a curative effect
on myocardial I/R injury. GLP-2 treatment efficiently reversed the decrease
of cardiac ejection fraction (EF%) and fractional shortening (FS%) in mice
under myocardial I/R injury (Figure 6A). Reduced infarct size, attenuated
MVO, and decreased cardiomyocyte apoptosis were detected in
GLP-2-treated mice relative to vehicle control in the acute phase of myo-
cardial I/R injury (Figure 6B—D). During the chronic repair phase, the bene-
fits of GLP-2 still existed, leading to a restored survival rate, preserved left
ventricular systolic and diastolic dimensions, attenuated fibrosis, and re-
duced cardiomyocyte hypertrophy (see Supplementary material online,
Figure $9). These results demonstrated that GLP-2 not only exerted pro-
tective effects in the initial stage of myocardial I/R injury but also conferred
sustained beneficial effects on cardiac repair.

To uncover the linkage between the benefits of GLP-2 and its preven-
tion of bacterial translocation, we focused on inflammation-associated al-
terations after GLP-2 administration. Reduced inflammatory cell
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Figure 4 Pre-depletion of gut microbiota ameliorates myocardial I/R injury and systemic inflammation in mice. (A) Representative thioflavin-S stained images
showing MVO regions indicated by the absence of thioflavin-S fluorescence and quantification of MVO percentage in hearts collected from GF and specific
pathogen-free (SPF) mice 1 day following myocardial I/R injury (n = 5). Left ventricular area (LV; white dotted line) and MVO size (MVO; red dotted line). Scale
bar =5 mm. (B) ejection fraction (EF%) and fractional shortening (FS%) of a mixture of antibiotics (ABX) treated and untreated mice measured by echocar-
diography 3 days following myocardial I/R injury (n = 6). (C) Representative images of Evans Blue and TTC-stained hearts and quantification of the percentage
Area at risk (AAR) and percentage infarct in ABX and untreated mice 3 days after myocardial I/R injury (n =5). AAR (red line) and infarct size (IS; white dotted
line). Scale bar =5 mm. (D) Representative thioflavin-S stained images and quantification of MVO percentage in hearts isolated from ABX and untreated mice 1
day following myocardial I/R injury (n = 5). Left ventricular area (LV; white dotted line) and MVO size (MVO; red dotted line). Scale bar =5 mm. (E) The serum
level of LPS in ABX and untreated mice 3 days after myocardial I/R injury (n = 6). (F) Serum IL-6, IL-1f, and TNF-a levels of ABX and untreated mice 3 days after
the operation (n = 8). (G) Representative flow cytometry plots showing the gating strategy used to determine total neutrophils (CD11b " Ly6G"), total mono-
cytes (CD11b * Ly6G~Ly6C"), Ly6C"&" monocytes (CD11b * Ly6G~Ly6CMe"), Ly6C™ monocytes (CD11b * Ly6G~Ly6C™e™m42%) and Ly6C'*™ monocytes
(CD11b " Ly6G™Ly6C'®") in peripheral blood 3 days following the operation. (H) Quantification of total neutrophils, total monocytes, Ly6C"8" monocytes,
Ly6C™ monocytes, and Ly6C'®™ monocytes in the peripheral blood of ABX and untreated mice 3 days following myocardial I/R injury (n=5). (I) The ratio of
total neutrophils, total monocytes, Ly6C"8" monocytes, and Ly6C'®" monocytes was analysed by fluorescence-activated cell sorter in spleen of ABX and un-
treated mice at 3 days post-operation. (/) Pooled flow cytometry data from (I) (n = 5-6). Values are mean =+ SD. Statistical significance was determined using
Student’s t-test for the two group comparison or two-way ANOVA followed by Bonferroni’s multiple comparisons test for comparison between different
groups. ¥P < 0.05, **¥P < 0.01, **¥P < 0.001, ****P < 0.0001, ns = not significant.

infiltration was observed in GLP-2-treated mice (Figure 6E), as well as a sig-
nificant decrease of IL-6, IL-1B, and TNF-a levels in heart tissues and serum
(Figure 6F and G). Meanwhile, the serum IL-10 concentration was signifi-
cantly increased in GLP-2-treated mice relative to saline-treated animals
(Figure 6G). Flow cytometry analysis indicated that the proportions of neu-
trophils and macrophages, especially inflammatory macrophages (iNOS*
CD2067), in ischaemic hearts were obviously decreased upon GLP-2

treatment (Figure 6H and [). Flow cytometric analysis of peripheral blood
showed a significant reduction of neutrophils and monocytes, especially
pro-inflammatory Ly6C"&" monocytes in GLP-2-treated mice relative to
saline-treated mice (see Supplementary material online, Figure S10A
and B). Furthermore, an increased number of splenic monocytes, including
both Ly6C"&" and Ly6cC'®" monocytes, were preserved in the spleen of
GLP-2-treated mice in comparison to saline-treated mice, underlying the
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Figure 5 GLP-2 ameliorates gut microbiota disorder, suppresses gut barrier dysfunction, and prevents microbiota translocation following myocardial I/R
injury. (A) Gross morphology of the gastrointestinal tract from mice 3 days following treatment with saline or GLP-2 3 days after the operation.
(B) Representative images of intestine HE staining of mice sacrificed 3 days after myocardial I/R injury. (C) Intestine injury assessment of intestine HE staining
n (B) presented as Chiu scores (n=5). (D) Representative image of intestinal epithelium structure of sham-operated, saline-treated, or GLP-2-treated mice
detected by transmission electron microscope. Scale bar =2 pm. (E) Representative immunofluorescence images of claudin-1 in the intestine of mice 3 days
after the operation. Scale bar = 50 pm. (F) Quantification of fluorescence intensity in (E) (n=5). (G) Intestinal permeability was measured by detecting plasma
FITC-dextran level after oral administration of FITC-dextran on Day 3 of myocardial I/R injury (n=5). (H) The number of common and unique ASVs in colon
contents of mice 3 days post-l/R (n=>5-6). Bubble chart distributing significantly different taxa of gut microbiome at the phylum level (/) and class level
(/) among groups (n = 5-6). Blood microbial composition at the phylum level (K) and class level (L) among sham-operated (n=9), saline-treated (n=10),
and GLP-2-treated (n=10) groups. Bubble chart distributing significantly different taxa of blood microbial profiles at the phylum level (M) and class level
(N) among groups. (0) Quantification of blood bacterial load per millilitre based on 16S rDNA content 3 days following the operation (n=9-10). (P)
Concentration of LPS in serum on Day 1 and Day 3 of myocardial I/R injury (n=5). (Q) Bacterial CFUs of sample homogenates isolated from various tissues
of sham-operated, saline-treated, and GLP-2-treated mice were visualized under an in vivo imaging system after oral gavage of Bioluminescent C. rodentium on
Day 3 after the operation. (R) Quantification of CFU counts in (Q) (n=5). Values are mean + SD. Statistical significance was determined using one-way
ANOVA followed by Tukey's multiple comparisons test for multiple group comparisons. *P <0.05, **P<0.01, ***¥P<0.001, ****P<(0.0001,
ns = not significant. *P < 0.05, *#P < 0.01, ###P < 0.001 compared with the I/R group.
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Figure 6 Inhibiting intestinal microbiota translocation by administrating GLP-2 attenuates myocardial I/R injury and alleviates cardiac inflammation in mice.
(A) Quantitative analysis of EF% and FS% of mice treated with saline or GLP-2 measured by echocardiography 3 days and 3 weeks following myocardial I/R
injury (n=9). (B) Representative images of Evans Blue and TTC-stained hearts and quantification of the percentage AAR and percentage infarct in myocardial
I/R injured mice 3 days following treatment with saline or GLP-2. AAR (red line) and infarct size (IS; white dotted line). Scale bar =5 mm. (C) Representative
images of TUNEL-stained heart tissues and quantification of the percentage of TUNEL" cardiomyocytes within the infarct zones of saline- or GLP-2-treated mice
24 h post-I/R (n=5). Scale bar = 100 pm. (D) Representative thioflavin-S stained images and quantification of MVO percentage in hearts isolated from saline- or
GLP-2-treated mice 1 day following myocardial I/R injury (n=5). Left ventricular area (LV; white dotted line) and MVO size (MVO; red line). Scale bar =5 mm.
(E) Representative images of HE staining and quantification of inflammatory cell infiltration (%) within the ischaemic heart of saline- and GLP-2 treated mice 3
days following the operation (n = 6). Scale bar =200 pum. (F) Cytokine expression of IL-6, IL-1B, and TNF-a in the hearts of mice treated with saline or GLP-2 3
days post-I/R (n=8). (G) Serum IL-6, IL-1B, TNF-a, and IL-10 levels of mice treated with saline or GLP-2 3 days after the operation (n = 8). (H) Representative
flow cytometry plots for cardiac tissue in sham-operated, saline-treated, or GLP-2-treated I/R injured mice 3 days post-operation. Live cells were gated with
CD11b and Ly6G positive (CD11b " Ly6G") population to identify neutrophils, CD11b, and F4/80 positive (CD11b * F4/80") population to identify macro-
phages. Macrophages were then gated into INOS * CD206~ population and iNOS™CD206" population. (I) Pooled flow cytometry data in H (n=5). (/) EF%
and FS% of ABX-saline and ABX-GLP-2 mice measured by echocardiography 3 days following myocardial I/R injury (n=6). (K) Serum IL-6, IL-1f, and
TNF-a levels of ABX-saline and ABX-GLP-2 mice 3 days after the operation (n=6). Values are mean + SD. Statistical significance was determined using
Student’s t-test for the two group comparison (Figure 6B, D, J, and K), one-way ANOVA followed by Tukey’s multiple comparisons test for multiple group com-
parisons (Figure 6C, E-G, and I), and two-way ANOVA followed by Bonferroni’s multiple comparison test for comparison between different groups over time
(Figure 6A). ¥P < 0.05, *¥*P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.
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inhibitory effect of GLP-2 on splenic monocyte migration (see
Supplementary material online, Figure ST0C and D). Intriguingly, we ob-
served a trend of increase in neutrophils in the spleen of saline-treated
mice, which was rescued upon GLP-2 administration. These might be
due to the prevention of gut bacterial translocation to spleen by GLP-2,
which alleviates local inflammation in spleen. Collectively, these data de-
monstrated that GLP-2 could significantly reduce infllmmatory cell recruit-
ment and restrain the migration of monocytes from the spleen reservoir.

To further clarify whether the curative and immunomodulatory effect of
GLP-2 was mediated by its impact on gut microbiota, we treated mice with
ABX to pre-deplete gut microbiota before myocardial I/R induction and
then treated the mice with saline or GLP-2 immediately after reperfusion.
As anticipated, GLP-2 lost the therapeutic effect of improving cardiac func-
tion and attenuating inflammation under gut microbiota pre-depletion cir-
cumstances (Figure 6/ and 6K), suggesting that the potential effects of
GLP-2 were ascribed to its impact on gut microbiota. We further built
the macrophage depletion model®® and found that depletion of macro-
phages impaired the curative effects of GLP-2 (see Supplementary
material online, Figure S17), suggesting that macrophages might be involved
in the cardioprotective effect of GLP-2.

4. Discussion

In this study, we unravelled a novel, bidirectional communication along the
heart—gut-microbiome—immune axis during myocardial I/R injury. We de-
monstrated that myocardial I/R injury itself induced intestinal microbial al-
teration and gut barrier disruption thus leading to bacterial translocation
and that these changes in turn aggravated I/R injury by augmenting inflam-
mation. New therapeutic intervention by GLP-2 targeting gut bacteria dys-
biosis and translocation might be a potential strategy to alleviate excessive
inflammation activation under myocardial I/R injury (Graphical abstract).

In our study, the gut microbiota dysbiosis, rapidly induced by I/R injury,
was characterized as an overgrowth of Proteobacteria and its family
Enterobacteriaceae. Recently, emerging evidence indicated that the bloom-
ing of Proteobacteria in gut could disrupt the intestinal microbiota hom-
oeostasis, trigger mucosal inflammation activation, and subsequently,
contribute to the destruction of the intestinal barrier.>* In line with changes
in gut microbiota, we observed remarkable intestinal mucosa injury and
tight-junction disruption in myocardial I/R injured mice. However, the de-
tailed mechanism of gut barrier dysfunction under myocardial I/R injury
was not fully elucidated. In addition to gut microbiota dysbiosis, intestinal
hypo-perfusion,'**® reduced gastrointestinal motility, and severe gastro-
intestinal paralysis26 might contribute to the impairment of gut barrier in-
tegrity. Fully clarifying the decisive factors of gut microbiota dysbiosis and
intestinal barrier dysfunction under myocardial I/R injury requires further
study.

The inflammatory cascade induced by myocardial I/R was traditionally
considered as aseptic inflammation. Although recent significant studies
shed light on the potential association between gut bacteria and severity
of MI,%” convincing evidence of bacteria translocation was still lacking. To
the best of our knowledge, the present study first presented direct evi-
dence for the occurrence of gut bacteria translocation under myocardial
I/R injury. The bioluminescent C. rodentium inoculation experiment and
16S rDNA gPCR provided solid evidences to demonstrate that intestinal-
derived bacteria could translocate and disseminate into circulation, MLN,
and even the spleen and heart after induction of myocardial I/R injury.

Considering the potential role of gut bacteria translocation in the ex-
acerbation of both local and systemic inflammation, we investigated
whether gut leakage induced by I/R injury might aggravate myocardial I/R
injury in turn. Studies in GF mice show a global defect in myeloid cell po-
pulations at primary immune sites,"” indicating the lack of a mature immune
system in GF mice. Therefore, we determined the effect of gut microbiota
translocation on myocardial I/R injury severity using both GF mice and or-
ally gavage a mixture of antibiotics to pre-deplete the gut microbiota be-
fore injury. We found that pre-depletion of gut microbiota led to
remarkable protective effects on myocardial I/R injury. Our observations

in the clinical cohort of STEMI patients further supported that higher levels
of LPS and blood bacterial load were associated with larger infarct size, ex-
tensive MVO, and compromised cardiac function in patients with STEMI.
However, the present study fails to prove a clear causality of gut bacteria
translocation in STEMI patients, which cannot be assessed in the per-
formed observational cross-sectional cohort study design with limited dur-
ation. Thus, the results might be considered as hypothesis-generating, and
the ongoing follow-up study may yield more conclusive data. Taken to-
gether, our results suggested that gut bacteria translocation was not only
the consequence of myocardial I/R injury but also might be one of the pri-
mary modifiers in determining its outcome.

Intestinal microbiota have been reported to influence the composition,
migration, and function of various immune cell subpopulations and thus af-
fecting host immune homoeostasis.”® Danilo et al.?’ reported that oral ad-
ministration of Bifidobacterium to reverse gut microbiota dysbiosis
significantly mitigated the pathological impact of Ml through enhancing glo-
bal acetylation of Treg cells. Our data demonstrated that the accumulation
of translocated bacteria promoted neutrophil and monocyte infiltration via
promoting the migration of neutrophils from BM and recruitment of
monocytes from the spleen reservoir after myocardial I/R injury. The de-
tailed mechanism between gut bacteria translocation and myeloid cell mo-
bilization was still not fully elucidated. LPS has been implicated as the major
harmful component of bacteria and largely decides the pro-inflammatory
effect of gram-negative bacteria.®*® Under the basal condition, LPS from
the gut microbiota was observed to be accumulated in BM and initiated
Nod1-depended myeloid cell activation®'. Meanwhile, LPS was reported
to enhance monocytes and neutrophils activation via Toll-like receptor 4
(TLR4)-dependent and TLR4-independent signalling pathways in multiple
pathological conditions.'**? Therefore, LPS might serve as a non-negligible
factor accounting for the aggravation of inflammation in myocardial I/R in-
jury. Recent studies have also suggested that intestinal microbiota dysbiosis
could activate intestinal T helper type 17 (Th17) cells and promote the se-
cretion of IL-17.3% It is reported that IL-17 mediates progenitor neutrophil
expansion and mature neutrophils in the peripheral blood by inducing ex-
pression of granulocyte colony-stimulating factor and chemokines such as
CXCL-1, CXCL-2, and CXCL-5.3* Park et al.** showed that acute kidney
injury rapidly resulted in the intestinal generation of IL-17A, which led to
increased production of IL-6 and TNF-a, thus eventually initiated systemic
inflammation. These findings provided another possibility that IL-17 se-
creted by intestinal Th17 cells might be involved in the modulation of in-
flammation intensity under myocardial I/R injury.

The novel findings in the current study indicated that the prevention of
gut microbiota dysbiosis and translocation might be a potential target for
the treatment of myocardial I/R injury. Glucagon-like peptide 1 (GLP-1)
and GLP-2 are gut-derived hormones that are co-secreted from intestinal
L-cells. While GLP-1 has been extensively studied in cardiovascular dis-
eases,*® the effect and underlying mechanism of GLP-2 in cardiovascular
diseases remains elusive.>” GLP-2 has been demonstrated to enhance in-
testinal epithelial proliferation and is clinically used for the treatment of
short bowel syndrome.®® Significant studies in recent years disclosed
that the protective effect of GLP-2 was not only restrained to intestine
but also existed in liver and brain injury.39'4° The cardiovascular systemic
response to GLP-2 has been reported in both animal and human studies, '
while the underlying mechanism is undetermined. In our study, we first de-
monstrated that GLP-2 could restore gut microbiota dysbiosis and prevent
gut bacteria translocation under myocardial I/R injury, thereby exerting a
cardioprotective effect. The curative effect of GLP-2 has a strong relation
with its attenuation of cardiac and systemic inflammation induced by trans-
located bacteria. Despite our study pinpointing the involvement of macro-
phages in the cardioprotective effect of GLP-2, our results do not exclude
the possible involvement of other signalling pathways in the immunomodu-
latory effect of GLP-2. In addition, whether GLP-2 acts through coupling
with unidentified receptors in macrophages directly or indirectly regulate
macrophages by preventing bacteria translocation remains unclear and
thus requires further study.

In summary, our study demonstrates a novel concept that gut micro-
biota dysbiosis and translocation is a consequence of myocardial I/R and
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serves as a critical effector in promoting post-I/R inflammation overactiva-
tion, with considerable impact on the exacerbation of I/R injury. Microbiota
depletion prior to injury supports this hypothesis and provides important
insight into the influence of translocated bacteria on local and systemic in-
flammation. Finally, our study suggests that GLP-2 treatment targeting the
bidirectional interaction between heart and intestine may represent a
promising tool in ameliorating myocardial I/R injury.
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Translational perspective

This study demonstrates a unique bidirectional communication along the heart—gut—microbiome—immune axis in myocardial I/R injury. Myocardial /R
injury induced gut microbiota dysbiosis and gut barrier disruption thus leading to bacterial translocation and these changes in turn aggravated I/R injury
by augmenting inflammation. Furthermore, our study sheds new light on the application of GLP-2 as a promising therapy targeting gut bacteria trans-
location in myocardial I/R injury. These findings highlight the gut microbiota targeting therapy as a potential therapeutic strategy to attenuate myocar-

dial I/R injury and are of great translational value.
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