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Anti-programmed death 1 (aPD1) immune checkpoint blockade is used in
combination for cancer treatment but associated with cardiovascular toxicity.
Leflunomide (Lef) can suppress the growth of several tumor and mitigate
cardiac remodeling in mice. However, the role of Lef in aPDI-induced cardi-
otoxicity remains unclear. Here, we report that Lef treatment inhibits aPDI-
related cardiotoxicity without compromising the efficacy of aPD1-mediated
immunotherapy. Lef changes community structure of gut microbiota in aPD1-
treated melanoma-bearing mice. Moreover, mice receiving microbiota trans-
plants from Lef+aPDI1-treated melanoma-bearing mice have better cardiac
function compared to mice receiving transplants from aPD1-treated mice.
Mechanistically, we analyze metabolomics and identify indole-3-propionic
acid (IPA), which protects cardiac dysfunction in aPD1-treated mice. IPA can
directly bind to the aryl hydrocarbon receptor and promote phosphoinositide
3-kinase expression, thus curtailing the cardiomyocyte response to immune
injury. Our findings reveal that Lef mitigates aPD1-induced cardiac toxicity in
melanoma-bearing mice through modulation of the microbiota-IPA-heart axis.

M Check for updates

Melanoma represents around 5% of all skin cancer cases, with a 65%
mortality rate, posing a grave threat to human health*”. Immune
checkpoint inhibition is a long-established treatment, increasing the
survival rate for -40% of melanoma patients**. Anti-programmed
death 1 («PD1), an immune checkpoint inhibitor, has achieved great
clinical success in anti-melanoma therapy. aPD1 primarily targets
immune checkpoints to reactivate dormant T cells, leading to mela-
noma cell death’. However, patients treated with aPD1 develop
immune-related adverse events, of which cardiotoxicity is the most
lethal®’. aPD1-associated cardiotoxicity is characterized by significant
cardiovascular complications, including myocarditis, pericarditis, and
cardiomyopathy. Cardiomyocyte necrosis and apoptosis are key
pathological features of aPDI-associated cardiotoxicity®. Disruption of
cardiac immune homeostasis and myocardial inflammation accumu-
lation were closely involved in aPD1-related cardiotoxicity’. NACHT,

LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome
may be a key driver of aPDI1-related cardiotoxicity and hyperglycemia
may worsen the outcome of patients receiving aPD1 therapy'*". aPDI-
induced intestinal barrier dysfunction and alterations in gut micro-
biota also had negative impacts on cardiac function'>”. Recent
research has advocated interventions to mitigate aPD1-related cardi-
otoxicity, emphasizing the cytotoxic impact of T cells on cardiomyo-
cytes and the pro-inflammatory cytokines liberation’. However,
focusing on inhibiting T cells and the pro-inflammatory cytokines may
also dampen the anti-tumor effects of aPD1". Therefore, it is impera-
tive to explore pharmacological interventions that can effectively
suppress aPD1-related cardiotoxicity but not compromise the efficacy
of aPD1-mediated immunotherapy.

Leflunomide (Lef), currently used in clinical practice for treating
rheumatoid arthritis, is an immunomodulatory drug®. Studies have
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shown that Lef can hinder the growth of melanoma in mice by inhi-
biting dihydroorotate dehydrogenase (DHODH). Our previous
research has also demonstrated that Lef can alleviate cardiac remo-
deling and reduce myocardial fibrosis in mice. Interestingly, the
observed effects were not reliant on DHODH". Therefore, we hypo-
thesize that Lef could attenuate aPDIl-induced cardiotoxicity in
melanoma-bearing mice. In this study, the effect of Lef on aPDI-
associated cardiotoxicity was investigated in melanoma mice. We then
found that the protection of Lef in aPDI-induced cardiotoxicity was
not dependent on CD8+ T cells. Mechanistically, our study revealed
that the microbiota-indole-3-propionic acid (IPA)-cardiac aryl hydro-
carbon receptor (AhR) axis was responsible for the cardioprotective
effects of Lef by modulating the phosphoinositide 3-kinase (PI3K)-
protein kinase B (AKT) pathway to prevent myocardial apoptosis in
oPDl-treated melanoma mice. Our findings identify a specific
mechanism of action for Lef in aPD1-associated cardiotoxicity and may
provide a potential therapeutic target.

Results

Lef treatment enhanced the efficacy of aPD1-mediated immu-
notherapy against melanoma progression

To investigate the impact of Lef on the anti-tumor properties of PD1
inhibitors, B16-F10 cells were subcutaneously transplanted into the
right abdomen of mice. Mice were intraperitoneally injected with aPD1
or IgG, and subjected to Lef treatment for 12 days (Fig. 1A). aPD1-
treated mice showed a significant reduction in tumor size compared to
the control mice. Mice treated with aPD1+Lef had notably smaller
tumor volumes than those treated with aPD1 alone (Fig. 1B, C, Sup-
plementary Fig. 1A). Lef did not prevent mice from losing body weight
in response to aPD1 during the course of the experiment (Supple-
mentary Fig. 1B). B16-F10 is usually a cold tumor, which might not
respond to anti-PD1 therapy. Therefore, we evaluate the impact of Lef
on an established melanoma model. Starting from 14 days post-tumor
transplantation, mice received intraperitoneal injections of aPD1 every
other day. At the first time of aPD1 injection, these mice received a
daily treatment of Lef. We observed a similar therapeutic efficacy of Lef
on melanoma volumes (Supplementary Fig. 1C, D). To observe the

survival rate of this established melanoma model, we extended the
tumor inoculation time to 45 days. aPD1 therapy decreased melanoma
mice death. The therapeutic effect of aPD1 in melanoma mice was
enhanced by the use of Lef (Supplementary Fig. 1E). An increase in the
number of CD4+ and CD8+ T cells was observed in «aPD1 mice com-
pared to the control group. Lef significantly decreased CD8+ T cells in
the tumor tissues of aPD1 mice without affecting CD4+ T cells (Fig. 1D).
We also used a flow cytometry gating strategy to count T cells in
melanoma. We observed that Lef decreased CD8+ T cells in the tumor
tissues of otPD1 mice (the ratio of CD8+ to CD45+ cells: aPD1+Veh,
6.98+0.29%; oPDl+Lef, 4.07+0.18%, P<0.05) (Supplementary
Fig. 1IF-H). A previous study reported that Lef could hinder the growth
of melanoma by inhibiting the transcriptional elongation of genes
required for tumor growth'. As expected, we also found that Lef
reduced tumor proliferation in aPDI-treated mice without affecting
tumor death (Supplementary Fig. 1I, J). These findings indicate that
«PD1 inhibits melanoma growth in mice and that Lef enhances the anti-
tumor effect of aPD1.

Lef treatment attenuated cardiotoxicity in aPD1-treated
melanoma mice
oPDl1-treated melanoma mice exhibited an impaired cardiac func-
tion, as suggested by the decreased ejection fraction (EF) and frac-
tional shortening (FS), and the increased left ventricular end-diastolic
internal diameter (LVIDd). These pathological alterations were pre-
vented by the treatment of Lef (Fig. 2A-D). There was no significant
difference in heart rate (HR) among all four groups (Supplementary
Fig. 1K). We also found that Lef treatment improved cardiac output
(CO) in aPD1-treated melanoma mice (Supplementary Fig. 1L). Global
longitudinal strain (GLS) is identified as a sensitive marker of cardi-
otoxicity in patients receiving standard chemotherapy’®. To further
evaluate the adverse effect of aPD1 injection, 2D speckle-tracking
echocardiography and strain analysis were performed. Segmental
assessment of left ventricular function using GLS and average radial
strain (ARS) analysis revealed an increased GLS and ARS in the
anterior segments of aPD1+Lef mice compared to those in aPD1 mice
(Fig. 2E-G, Supplementary Fig. 2A, B). Additionally, aPD1 injection
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Fig. 1| Lef enhanced the efficacy of aPD1-mediated immunotherapy against
melanoma progression. A Schematic representation of the experimental design
for establishing a model of PD1 inhibitors-related cardiotoxicity in mice, encom-
passing the administration schedule of both PD1 inhibitor (administered intraper-
itoneally at 250 pg/kg on alternate days) and leflunomide (given daily at 10 mg/kg).
B Hematoxylin and eosin (H&E) staining illustrates the histological features of
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melanoma tumor sections. C Quantification reveals the temporal evolution of
melanoma tumor volume across groups (IgG control, n =15; aPD1-treated, n = 20).
D Assessment of CD4+ (red) and CD8+ (green) T lymphocyte infiltration within
tumor tissues from different groups (n = 6). Nuclei are stained with DAPI (blue).
Data are shown as the mean + SEM and analyzed using one-way ANOVA with post
hoc tests.
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Fig. 2 | Lef attenuated cardiotoxicity in aPD1-treated melanoma mice.

A Representative M-mode echocardiographic images of the left ventricle. Ejection
fraction (EF) (B) and Fractional shortening (FS) (C) and Left ventricular end-
diastolic internal diameter (LVIDd) (D) were detected in these groups (n=8). 2D
speckle-tracking echocardiography and strain analysis (E) and Average radial strain
(ARS) (F) and Global longitudinal strain (GLS) (G) (n =4). H Heart weight-to-body
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weight ratio (HW/BW) (n = 8). 1, ] Plasma biomarker assessments revealing levels of
cardiac troponin T (cTnT) and creatine kinase-MB (CK-MB) (n = 6). K HE staining
and quantification of cardiomyocyte cross-sectional area (n = 6). L Masson tri-
chrome staining and quantification of cardiac fibrosis (n = 6). Data are shown as the
mean + SEM and analyzed using one-way ANOVA with post hoc tests.

resulted in regional contractile dysfunction, as suggested by reduc-
tions in average radial displacement and velocity measurements in
oPDIl-treated mice, and this pathological effect was largely atte-
nuated after Lef treatment (Fig. 2E-G, Supplementary Fig. 2A, B).
There was no significant difference in heart weight/body weight
among all four groups (Fig. 2H). aPD1 injection resulted in severe
cardiac injury, as indicated by the elevated cardiac troponin T (cTnT)
and creatine kinase-MB (CK-MB). These adverse effects were atte-
nuated in melanoma mice treated with Lef (Fig. 21, J). Unexpectedly,
HE staining and Masson’s trichrome staining showed no significant
difference in the cross-sectional area of cardiomyocytes and cardiac
fibrosis among all four groups (Fig. 2K, L).

To further investigate the effect of Lef in attenuating aPDI1-
induced cardiotoxicity, RNA sequencing was performed on the hearts,
revealing alterations in 2490 genes related to aPD1 vs aPD1+Lef under
the conditions of fold change >2 and adjusted P value < 0.05. Of these
genes, 1548 were upregulated and 942 were downregulated (Fig. 3A).

KEGG term analysis of differentially expressed genes (DEGs) revealed
that several signaling pathways were closely related to tissue protec-
tion against injury, specifically PI3K-AKT signaling pathway, cytokine-
cytokine receptor interaction and focal adhesion (Fig. 3B). Patchy
inflammatory infiltrates and cardiomyocyte death are the most defi-
nitive means of aPDI-induced cardiotoxicity”. Lef treatment resulted
in minimal effects on myocardial inflammation of melanoma mice after
«PD1 injection (Supplementary Fig. 3A). Immunofluorescence staining
demonstrated that Lef decreased cardiac CD8+ T cell infiltration in
oPDI-treated melanoma mice without affecting CD4+ T cell infiltration
(Fig. 3C, Supplementary Fig. 3B). Consistent with our expectations, Lef
reduced Bax expression and increased Bcl2 expression upon oPD1
stimulation (Fig. 3D). aPD1 increased apoptosis in the heart, which was
significantly inhibited by Lef treatment (Fig. 3E). Hence, our findings
suggested that Lef attenuated cardiac myocyte death and CD8+ T cell
infiltration in aPD1-treated melanoma mice, signifying the importance
of Lef in this disease.
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Fig. 3 | Lef effectively suppresses PD1 inhibitor-induced apoptosis in mice
cardiomyocytes. A Volcano plots of the upregulated genes (red) and down-
regulated genes (green) of aPD1 and aPD1+Lef groups (n=4). The differential
expression of genes (DEGs) between the two groups was analyzed using the DESeq2
R package (two-sided). B The analysis depicts the enriched Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways among genes showing altered expression in
melanoma-bearing mice treated with either aPD1+Veh or aPD1+Lef (two-sided).
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C Immunofluorescent staining for cardiac CD8+ T cells (green) in various treatment
groups, highlighting their distribution and infiltration (n = 6). Nuclei are stained
with DAPI (blue). D Representative western blots of BAX and BCL2 protein
expression in hearts (n = 6). E Terminal deoxynucleotidyl transferase dUTP Nick
End Labeling (TUNEL) staining and apoptosis rate in cardiac tissues (green, arrows
indicate positive signals) (n = 6). Nuclei are stained with DAPI (blue). Data are shown
as the mean + SEM and analyzed using one-way ANOVA with post hoc tests.

Cardioprotective effects of Lef in aPD1 mice are not dependent
on T cells

To investigate whether CD8+ T cells were responsible for the car-
dioprotective effects of Lef in aPD1 mice, we conducted a depletion
study using a CD8 monoclonal antibody. Melanoma mice treated
with aPD1 were intraperitoneally given aCD8 every other day
(Supplementary Fig. 4A). The success of the experiment was con-
firmed by examining CD8-positive cells via immunofluorescence,
showing effective depletion of CD8+ T cells in the hearts (Supple-
mentary Fig. 4B). Lef supplementation also alleviated cardiac
injury and cardiac dysfunction in aPDI1-treated melanoma mice
following CD8+ T cell depletion, as indicated by EF, FS, B-type
natriuretic peptide (BNP) mRNA level and cTnT concentration
(Supplementary Fig. 4C-F). Next, we evaluated whether Lef
supplementation could provide a direct effect on adult cardiomyo-
cytes isolated from aPDI1-treated melanoma mice. Lef is almost
completely metabolized (>95%) to its active compound A77 1726
after administration, which causes the main effects of Lef*. The data
in our results showed no difference in cardiomyocyte viability
between the aPD1 and oPD1+A77 1726 groups (Supplementary
Fig. 5A). These findings indicate that cardioprotective effects of
Lef are not dependent on CD8+ T cells or its direct effects on
cardiomyocytes.

Lef treatment attenuated intestinal barrier damage in aPD1
mice and its cardioprotective effects are microbiome-
dependent

Here, we examined the protective effects of Lef against intestinal injury
in aPDI-treated melanoma mice. By comparing the colon length and
conducting histological analysis of the small intestine, we found that Lef
treatment reversed colon shortening, loss of intestinal villi, and reduc-
tion of cuprocytes in the aPD1 group (Supplementary Fig. 6A, B). Fur-
thermore, we detected the expression of tight junction proteins in
colonic tissue and found that Lef treatment increased occludin and ZO-1
protein expression in aPDI-treated melanoma mice (Supplementary
Fig. 6C). To test our hypothesis that the cardioprotective effects of Lef
were dependent on gut microbiota, we performed fecal microbiota
transplantation (FMT) (Fig. 4A). Echocardiographic analysis revealed
improved cardiac function in mice that received microbiota transplants
from aPD1+Lef mice compared to those received transplants from aPD1
mice (Fig. 4B-D). Moreover, mice that received microbiota transplants
from aPD1+Lef mice showed reduced levels of BNP, as well as decreased
¢TnT compared to mice that received transplants from oPD1 mice
(Fig. 4E, F). Mice that received aPD1+Lef fecal transplants showed sig-
nificantly lower myocardial apoptosis than mice that received aPD1 fecal
transplants (Fig. 4G). These experiments demonstrate that the cardio-
protective effect of Lef was microbiome-dependent.
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Fig. 4 | Lef ameliorates PD1 inhibitor-induced intestinal barrier dysfunction
and the effects of fecal transplantation in mice. A Flow chart of fecal microbiota
transplantation in aPD1 mice: recipient aPD1 mice, receiving «PD1 mouse feces,
and aPD1+Lef mouse feces. Left ventricular end-diastolic dimension (LVIDd) (B),
Ejection fraction (EF) (C), and Global longitudinal strain (GLS) (D) were detected in
these groups (aPD1: n =10, aPD1+Lef: n =12). E Relative mRNA levels of Bnp (n=6).
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F Plasma biomarker assessments reveal levels of cardiac troponin T (cTnT) (n=#6).
G Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) staining
and apoptosis rate in tissues (green, arrows indicate positive signals) (n = 6). Nuclei
are stained with DAPI (blue). Data are shown as the mean + SEM and analyzed using
unpaired two-tailed Student’s t-test.

Lef treatment alters intestinal microbial abundance and com-
munity structure in aPDI1-treated melanoma mice

Next, to define the impact of Lef on the gut microbiome composition
of aPDI-treated melanoma mice, we conducted 16S rRNA analysis on
their fecal samples. We employed the Goods coverage index of the
dilution curves to assess the adequacy of sequencing. The curves of
each group eventually plateaued, indicating sufficient sequencing
depth (Fig. 5A). Alpha diversity was utilized to assess microbiota
diversity within each group. The results revealed aPD1 and Lef treat-
ment altered microbiota diversity (Fig. 5B). Furthermore, Principal
coordinate analysis (PCoA) analysis indicated variations in gut micro-
biota structure and taxa among the groups (Fig. 5C). Notably, com-
pared to the control group, oPD1 mice exhibited a significant
reduction in Firmicutes abundance and a notable increase in Bacter-
oidota abundance at the phylum level (Fig. 5D). The alterations of
microbial abundance at the genus level were also showed in Supple-
mentary Fig. 7A. The Sankey diagram visually illustrates the shifting
distribution of different bacterial groups across the groups, high-
lighting dynamic changes (Fig. 5E). Furthermore, Lefse analysis iden-
tified marked taxonomic distinctions between the aPD1 and aPD1+Lef
groups, with notable bacterial species being Paramuribaculum, Oscil-
lospiraceae, and Lactobacillus (Fig. 5F). Subsequent correlation analy-
sis between the genus-level bacterial flora and cardiac function
parameters indicated a close relationship between the characteristic
bacteria Paramuribaculum, Oscillospiraceae, and Firmicutes, and
changes in cardiac function (Fig. 5G).

IPA protected against cardiotoxicity in aPD1-treated
melanoma mice

We examined mouse plasma samples using metabolomics and identified
adiverse range of metabolites. The major categories were lipid and lipid-
like molecules (34.801%), organic acids and derivatives (19.916%), and
organoheterocyclic compounds (15.094%) (Fig. 6A). Significant changes
in metabolite levels between the groups were observed in the heatmap
results. A comparison between the «PD1 group and the control group
demonstrated significant differences in 39 metabolites (Fig. 6B).

Conversely, 65 metabolites showed significant changes when comparing
the aPD1+Lef group to the aPD1 group (Fig. 6C). The analysis of meta-
bolic pathways indicates the vital role of the tryptophan pathway
(Fig. 6D). We then confirmed the necessity of tryptophan in Lef-
mediated cardioprotective effects by subjecting mice to a tryptophan
deficiency diet (Trp™® diet). As expected, Lef treatment did not attenuate
cardiotoxicity in aPDI-treated melanoma mice when tryptophan sub-
strates were absent, as suggested by the altered EF and BNP (Fig. 6E, F),
indicating the importance of tryptophan-related metabolites in Lef-
mediated cardioprotective effects. To reveal the specific metabolite that
was responsible for the Lef-mediated cardioprotective effects, a bioin-
formatics intersection analysis between 16S rRNA analysis and metabo-
lomics was performed. 16S rRNA analysis found that the abundance of 11
genera was statistically altered, and these alterations were prevented by
Lef treatment. Metabolomics revealed that 12 representative metabolites
were statistically altered, and these alterations were prevented by Lef
treatment. We examined the relationship between 12 representative
metabolites and 11 genera using correlation analysis. We focused our
interest on IPA for the reason that IPA was the only tryptophan-related
metabolite. IPA was negatively correlated with Paramuribaculum.
Moreover, IPA has been shown to promote axonal regeneration” and
protect against heart failure with preserved EF*. The volcanic maps also
confirmed that IPA was downregulated in the aPD1 group, but upregu-
lated in the aPD1+Lef group (Supplementary Fig. 8A). Following LC-MS/
MS analysis of IPA also revealed that plasma and fecal IPA levels were
decreased in oPDI-treated melanoma mice, and this reduction was
reversed by the treatment of Lef (Supplementary Fig. 8B, C). We
observed a significant increase in plasma IPA level in mice that received
microbiota transplants from aPDI+Lef mice compared to those receiv-
ing transplants from aPD1 mice (Fig. 6H). We also found that there was
no significant difference in plasma IPA level between «PD1 and aPD1+Lef
groups in Trp"® (Supplementary Fig. 8D). We then explored the poten-
tial impact of IPA on aPD1-induced cardiotoxicity. The mice were treated
with PDI inhibitors and gavaged with IPA for 2 weeks (Fig. 6l). Sub-
sequent echocardiography revealed IPA improved cardiac function in
oPDl-treated melanoma mice (Fig. 6J). The levels of BNP mRNA and
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Fig. 5| Lef treatment alters gut microbial abundance and community structure
in PD1 inhibitor-treated mice. A Goods coverage index of dilution curves (n=4).
B Simpson’s index, in response to a-diversity of the flora (n=4). For the box plots,
the boxes extend from the first to the third quartile (25th to 75th percentiles), with
the center line indicating the median and analyzed using one-way ANOVA followed
by Tukey post hoc test (two-sided). C Principal coordinate analysis (PCoA), in

response to B-diversity of the flora (n=4) (ADONIS test: aPD1 verse IgG, p = 0.032;

oPD1 verse aPD1+Lef, p = 0.024). D Heatmap of clustering of relative abundance of
the flora at the phylum level (n = 4). E Sankey diagram illustrating the dynamic shifts
in microbial populations among different groups in response to treatments (n=4).
F Linear discriminant analysis effect size (LEfSe) analysis of the aPD1 group versus
the aPD1+Lef group (LDA threshold =2.0) (n=4). G Pairwise Spearman rank cor-
relation heatmap for the analysis of the relationship between genus-level flora and
cardiac function (n=4). Data are shown as the mean + SEM.

cardiac enzyme ¢TnT in mouse hearts showed a notable increase after
treatment with a PD1 inhibitor, which was attenuated by the supple-
mentation of IPA (Fig. 6K, L). IPA significantly inhibited aPDI-induced
apoptosis in the heart (Supplementary Fig. SE).

IPA promoted PI3K expression through the ligand binding of
AhR in the heart

The pregnane X receptor (PXR) and the AhR are two IPA receptors®.
PXR was not present in the heart?’. Recent studies have indicated the
significant role of AhR in cardiovascular diseases***. Upon activation,
AhR enters into the nucleus and binds to its DNA binding site to

promote gene expression’, Western blot revealed AhR expression and
its well-defined target cytochrome P450 1A1 (CYP1Al) expression were
decreased in response to aPD1, and these downregulations were pre-
vented by the supplementation of IPA (Fig. 7A). These data suggested
that IPA-treated mice exhibited increased AhR activation status. To
further investigate the role of AhR in IPA-provided cardioprotection
against aPDI-induced cardiotoxicity, aPD1 mice were transfected with
shAhR (Fig. 7B). Cardiac AhR deficiency almost abolished IPA-provided
cardioprotection against aPD1-induced cardiotoxicity, as suggested by
the decreased EF and FS, as well as the increased BNP mRNA and cTnT
levels. It has been reported that IPA regulates gastrointestinal barrier
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Fig. 6 | IPA protected against cardiotoxicity in aPDI-treated melanoma mice.
A Metabolite class pie charts. B, C Clustering heatmap of relative levels of serum
metabolites (n =4). D Pathway analyses of aPD1+Lef and aPD1+Veh (n=4). Tryp-
tophan deficiency experiments. Ejection fraction (EF) (E) and relative mRNA levels
of Bnp after Tryptophan deficiency (F) (n = 6). G Heatmap of genus-level intestinal

flora in association with characteristic serum metabolites (n =4). H Quantitative
analysis of IPA (n = 6). I Mice with 40 mg/kg IPA by gavage for a fortnight. J Ejection
fraction (EF) (n=10). K Relative mRNA levels of Bnp (n=6). L Plasma biomarker
assessments reveal levels of cardiac troponin T (cTnT) (n = 6). Data are shown as the
mean + SEM and analyzed using an unpaired two-tailed Student’s -test.

function via PXR and toll-like receptor 4 (TLR4)***, To further con-
firm the role of AhR in vitro, adult cardiomyocytes isolated from oPD1-
treated melanoma mice were subjected to an AhR inhibitor
(CH223191), a PXR inhibitor (resveratrol), or a TLR4 inhibitor (IAXO-
102). CH223191, but not resveratrol or IAX0-102, abrogated the pro-
tection of IPA on the loss of aPD1 cardiomyocytes (Supplemen-
tary Fig. 9A).

To reveal the downstream of IPA and achieve a broader under-
standing of the impact of IPA on aPDI-induced cardiotoxicity, we
analyzed KEGG pathway analysis of RNA-seq data. PI3K-AKT was the
most significantly altered signaling pathway. AhR acted as a

transcriptional factor by specifically binding to the C(T)GCGTG motif
of target genes”. When searching this motif in the promoter site of
PI3K catalytic subunit o, we found that there was one AhR binding site
(Fig. 8A). To corroborate this finding, chromatin immunoprecipitation
(ChIP)-PCR was performed in the heart, and the results showed
enrichment of the PI3K catalytic subunit a promoter region in the AhR
precipitate (Fig. 8B). These results suggested that PI3K catalytic sub-
unit « was a direct transcriptional target of AhR. Consistent with these
in vitro findings, PI3K catalytic subunit @ mRNA level was decreased in
oPDI-treated melanoma mice (Fig. 8C, D). Lef or IPA supplementation
significantly upregulated the PI3K catalytic subunit o mRNA in IgG or
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Fig. 8 | IPA promoted PI3K expression through the ligand binding of AhR in
the heart. A AhR binding site was identified on the PI3K promoter. B Independent
ChIP-PCR (n=6). C, D Relative mRNA levels of Pik3ca in hearts of mice (n=6).

E Representative western blots of p-PI3K, PI3K, p-AKT, and p-GSK-3f3 protein

expression in hearts (n = 6). F Cell viability in aPD1, aPD1+IPA and aPD1 +shPI3K
groups (n = 6). Data are shown as the mean + SEM and analyzed using unpaired two-
tailed Student’s t-test (B) or one-way ANOVA with post hoc tests.

oPD1-treated melanoma mice (Fig. 8C, D). We also found that Lef or IPA
supplementation significantly upregulated the total and phosphory-
lated PI3K in IgG or aPDI-treated melanoma mice (Fig. 8E, Supple-
mentary Fig. 10A). The downstream components of the PI3K signaling

pathway, including p-AKT and p-glycogen synthase kinase-3f3 (GSK3-
), were decreased in the hearts of aPDI-treated melanoma mice, and
these pathological alterations were prevented by the supplementation
of Lef or IPA (Fig. 8E, Supplementary Fig. 10A). To establish a causative
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relationship between PI3K and cardiomyocytes loss, we performed a
PI3K loss-of-function experiment with isolated cardiomyocytes. We
found that PI3K deficiency almost abolished the protective effect of
IPA on cell viability in vitro (Fig. 8F).

Discussion

Immune checkpoint inhibitors display impressive effectiveness in
cancer clinical management. Anti-cytotoxic T-lymphocyte-associated
protein 4 (CTLA4) and oPD1 have revolutionized the management of
advanced melanoma, for which tumor regression and long-term dur-
able cancer control is nearly 50% of patients, compared with less than
10% historically*®. By enhancing T cell function, aPD1 triggers mela-
noma cell apoptosis. With an increasing use of aPD1 therapy, cardio-
toxicity in these patients has been revealed® . Thus, it is imperative to
explore pharmacological interventions that can effectively suppress
oPDl-related cardiotoxicity but not compromise the efficacy of aPDI1-
mediated immunotherapy. Here, we found that Lef treatment inhib-
ited aPDI1-related cardiotoxicity and cardiac apoptosis without com-
promising the efficacy of oPDIl-mediated immunotherapy. This
protective effect of Lef was microbiome-dependent, but not T cells
dependent. Mechanistically, we identified IPA, which could be applied
individually to protect cardiac dysfunction in aPD1-treated melanoma-
bearing mice. IPA could directly bind to the AhR and promote the
expression of PI3K, thus preventing cardiomyocyte apoptosis in aPD1-
treated melanoma-bearing mice.

Emerging evidence from basic and clinical trials has demonstrated
that T cell infiltration played a crucial role in the development of aPD1-
related cardiotoxicity**. In response to the PD1 inhibitors, T cells are
activated and recruited to the cardiac interstitium, where they alter
cardiomyocyte function and induce cardiomyocyte apoptosis in a
paracrine-dependent manner®, Lef and its active metabolite A77 1726
are known inhibitors of DHODH and are commonly used in clinical
settings to treat autoimmune diseases via the inhibition of T cell pro-
liferation, especially rheumatoid arthritis®. Based on these findings,
we speculated that Lef treatment might attenuate aPDI1-related car-
diotoxicity in melanoma-bearing mice. As expected, our results indeed
confirmed that Lef administration conferred a protective effect against
aPD1-induced cardiotoxicity. The changes in EF and FS are statistically
significant but modest. GLS has strong prognostic value for cancer
therapy-related cardiac dysfunction®. A significant increase in GLS and
ARS were observed in the anterior segments of aPD1+Lef mice com-
pared to those in aPD1 mice. However, in our study, Lef treatment did
not have a profound effect on myocardial inflammation, which was in
agreement with a previous finding that Lef treatment showed only a
moderate or no inhibitory effect on local inflammation infiltration’®,
Using a monoclonal CD8 antibody, we found that the protection of Lef
was independent of its CD8+ T cell-inhibiting capacity. Interestingly,
Lef also exhibited a promising anti-tumor property. Lef treatment can
hinder the growth of melanoma in mice’. Furthermore, the combi-
nation of Lef with doxorubicin has been shown to effectively inhibit the
growth of mammary tumors in mice'®*’. These data suggested that Lef
treatment might not compromise the inhibitory capacity of aPD1 in
tumor mice. As expected, Lef enhanced the efficacy of aPD1-mediated
immunotherapy against melanoma progression. All the available data
point toward Lef as a promising and effective therapeutic agent against
oPDl-related cardiotoxicity in melanoma-bearing mice.

We further explored the mechanisms by which Lef exerts its
cardioprotective effects. We found that A77 1726 could not provide
direct protection on cardiomyocytes isolated from oPDI-treated
mice. Microbiome imbalance has been implicated in the develop-
ment of various diseases including colitis, coronary heart disease,
and hypertension'>"***°"*2_ Cancer patients are particularly vulner-
able to microbiota imbalance, due to chemotherapy, radiotherapy,
and antibiotic therapy****. Melanoma-bearing mice exhibited an
improved response to therapy following fecal transplants from

individuals with robust immune responses to PD1 inhibitors, under-
scoring the significant role of microbiota in PD1 inhibitors
treatment*®. Here, we also found that the intestinal barrier function in
oPDI1-treated mice was impaired, and these pathological alterations
were largely prevented by the supplementation of Lef. Furthermore,
16S rRNA analysis of mouse fecal samples revealed that Lef treatment
altered the abundance and community structure of gut micro-
organisms in aPDI1-treated mice, which was in agreement with pre-
vious reports that anti-PD-1 immunotherapy altered the diversity and
composition of the patient gut microbiome**™*®. Paramuribaculum
was decreased in magnolol-treated pigs, and decreased abundance
of Paramuribaculum elicited changes in tryptophan metabolism*’.
Oscillospiraceae was significantly altered in stool samples of patients
receiving allogeneic hematopoietic stem cell transplantation®’. Lac-
tobacillus was decreased in mice with myocardial infarction®. In our
study, we found that Paramuribaculum, Oscillospiraceae, and Lacto-
bacillus were also altered in aPDI-treated mice after Lef treatment.
FMT could provide strong evidence to support the contribution of
gut microbiota to heart diseases™. To confirm the vital role of gut
microbiome in Lef-mediated cardioprotective effects, we performed
FMT experiments. Mice that received microbiota transplants from
oPDl1+Lef mice exhibited a better cardiac function compared to
those receiving transplants from aPD1 mice, implying that gut
microbiome was responsible for the protective effects of Lef treat-
ment against aPD1-related cardiotoxicity.

The gut microbiome functions like an endocrine organ, gen-
erating bioactive metabolites and linking with cardiovascular
health®. By analyzing metabolomics, we found that the tryptophan
pathway was closely involved in aPD1-related cardiotoxicity. Lef lost
its protective effects against aPDl-related cardiotoxicity in mice
subjected to a tryptophan deficiency diet, indicating the indis-
pensable role of tryptophan-related metabolites in Lef-mediated
cardioprotective effects. Consistent with this finding, several genera
identified in our study were closely involved in tryptophan synthesis
and metabolism. Paramuribaculum was decreased in magnolol-
treated pigs and played a key role in tryptophan metabolism*. Pal-
mitoylethanolamide modulated tryptophan-kynurenine metabolism
in the colon through increasing abundance of Oscillospiraceae™.
Bender et al. found that Lactobacillus translocated to and persisted
within melanoma, affecting dietary tryptophan metabolism®. A
variety of tryptophan-indole metabolites are derived from bacteria,
including IPA, indole-3-acetic acid, and indole-3-acetamide®. Here,
we found that IPA was decreased in aPD1-treated mice and could be
increased by Lef treatment, implying the critical role of IPA in «PD1-
related cardiotoxicity. IPA, specifically, could promote nerve regen-
eration and repair”, alleviate atherosclerotic plaque development”,
and protect against heart failure with preserved ejection fraction?.
The impact of IPA on oPDl-related cardiotoxicity has not been
reported. In this study, we discovered that IPA improved cardiac
function and inhibited cardiac apoptosis in aPD1-treated melanoma-
bearing mice. Moreover, IPA enhances immunotherapy efficacy in
pan-cancer,

Identification of the cardioprotective role of IPA raised another
important question: which factors are responsible for IPA-mediated
protection? Here, we found that administration of Lef restored cardiac
AhR levels, and IPA acted in the heart by AhR binding and subsequently
nuclear translocation to activate the PI3K expression. AhR deficiency
largely abolished the protective effects of IPA against aPD1-related
cardiotoxicity. The critical role of AhR described in our study was
consistent with a previous study that AhR was involved in kynurenine-
triggers cardiomyocyte proliferation®. Volkova et al. also demon-
strated that AhR is cardioprotective against doxorubicin-induced
cardiotoxicity®®. Moreover, we also identified that PI3K was the
downstream of AhR after analyzing the RNA-Seq data. We found that
AhR could directly bind to the promoter of the PI3K catalytic subunit o

Nature Communications | (2025)16:2651


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58107-8

gene and promote its transcription. Interestingly, Lef or IPA treatment
significantly increased PI3K protein expression in aPD1-treated mela-
noma-bearing mice. Given the critical role played by PI3K in
cardioprotection®, PI3K modulation might be a key mechanism by
which IPA protects against aPD1-related cardiotoxicity in mice. This
hypothesis was verified by our studies assessing the genetic depletion
of PI3K, which abolished the protective effects observed in IPA-
treated cells.

One of the landmarks of aPDl1-related cardiotoxicity is cardio-
myocyte death®. Here, we also found that Lef or IPA treatment sig-
nificantly attenuated oPDIl-induced cardiac apoptosis. This anti-
apoptotic effect was dependent on the activation of the AhR-PI3K
signaling pathway, as supported by the findings that AhR-PI3K defi-
ciency abrogated the protective effects of IPA. The protection pro-
vided by Lef was attributed to the attenuation of cardiomyocyte death.

Our study proposes that the microbiota-indole propionic acid-
cardiac AHR axis plays a pivotal role in the protective effects of Lef
against aPDI-induced cardiotoxicity in mice. The microbiota-IPA-heart
axis emerges as a promising target for treating cardiotoxicity in
patients receiving immunotherapy.

Methods

Animals and treatment

C57BL/6 mice aged 8-10 weeks were sourced from the Institute of
Laboratory Animal Science, Chinese Academy of Medical Sciences
(Beijing, China). There were four to six mice per cage, and they were
kept in a specific pathogen-free barrier system at a temperature of
20-25°C, with a 12-h light and 12-h dark cycle, and had ad libitum
access to standard laboratory chow. All animal experiments were
approved by the Animal Care and Use Committee of Renmin Hospital
of Wuhan University (No: WDRM20220509A) and were conducted in
accordance with the National Institutes of Health guidelines for the
care and use of laboratory animals (NIH publication, revised 2011).

Prior to enrollment, sex-matched C57BL/6 mice were randomly
chosen from the sample pool. A suspension was prepared by dissol-
ving 2.5x10° B16-F10 cells in 250 uL PBS, which was then sub-
cutaneously injected into the right side of the mice’s abdomen®.
Tumor volume was measured daily using caliper measurements
(Iength x width x height). Starting from 6 days post-tumor transplan-
tation, mice received intraperitoneal injections of 250 pg/kg of aPD1
(#RMP 1-14, West Lebanon, NH, USA) or an isotype control (#BE0083,
West Lebanon, NH, USA) every other day. Starting from 5 days post-
tumor transplantation, these mice received a daily dose of 10 mg/kg
Lef (#75706, Sigma, St. Louis, MO, USA) for 12 days. The dose of Lef was
selected according to our previous study. For two IgG-treated groups,
n=15 (male=8; female=7). For two oPDIl-treated groups, n=20
(male =10; female=10). To evaluate the impact of Lef on an estab-
lished melanoma model, starting from 14 days post-tumor transplan-
tation, mice received intraperitoneal injections of aPD1 every other
day. At the first time of aPDI1 injection, these mice received a daily
treatment of Lef. To observe the survival rate of this established mel-
anoma model, we extended the tumor inoculation time to 45 days.

In the CD8+ T cells depletion experiment, aPDI-treated mela-
noma mice were injected intraperitoneally with 400 pg of CD8 anti-
body (aCD8, #BE0118, West Lebanon, NH, USA) every other day®>. The
body weight of each mouse was monitored every 2 days. Upon com-
pletion of the final Lef treatment, echocardiography examinations
were performed. After that, the mice were euthanized, blood samples,
tumor specimens, small intestines, colons, and heart tissues were
collected for further analysis.

For the IPA treatment experiment, aPD1-treated melanoma mice
were orally administered 40 mg/kg IPA (#HYWO015229, MedChemEx-
press, Shanghai, China) for 2 weeks”. After the treatment, echo-
cardiography examinations were performed and heart tissues were
collected.

For a tryptophan-deficient diet, melanoma-bearing mice in the
oPD1 and oPDI1+Lef group were given a tryptophan-deficient diet
3 days before aPD1 injection. The diet was maintained for 20 days until
the experimental endpoint.

In the cardiac AhR receptor knockdown experiment, mice
received a single intravenous injection of adeno-associated virus 9
(AAV9) carrying small hairpin RNA (shRNA) against AhR under the
cTnT promoter via the tail vein at a concentration of 1x10" viral
genome per mouse’. The shRNA sequence used is AATAA-
CACTTCTACAGACCTAAA. The specific shAhR sequence used is as
follows: 5’-CCGGCATCGACATAACGGACGAAATCTCGAGATTTCGTC
CGTTATGTCGATGTTTTTG-3". Three weeks post-AAV9 injection, these
melanoma-bearing mice were exposed to repeated «PD1 injections.

Fecal microbial transplantation

Mice were administered broad-spectrum antibiotics (including van-
comycin 0.5 g/L, neomycin sulfate 0.5 g/L, and purine 0.5g/L) in their
drinking water for 1 week to deplete their intestinal flora®. Subse-
quently, fresh fecal samples were obtained from aPDI1+Lef mice or
oPD1 mice at 08:00 local time by transferring them to clean cages and
collecting 1g of feces using sterile forceps. The fecal samples were
homogenized in 10 mL PBS by vortexing, then centrifugation at
3000 rpm for 30 s at 4 °C. The supernatant was transferred to a new
tube and centrifuged at 12,000 rpm for 5min at 4 °C. Finally, the
bacterial precipitate was resuspended in 2.5 mL of PBS. FMT was per-
formed via an oral gavage at a dose of 200 pL per mouse around 11:00
local time®*.

Isolation of adult mouse cardiomyocytes

After euthanizing the mice, heart samples were obtained through
sterile surgery. Subsequently, the collected hearts were pre-cooled
at 4 °C in Ca**-free Tyrode’s solution before being transferred to the
Langendorff isolated heart perfusion apparatus. The hearts were
then submerged in calcium-free perfusion buffer and perfused for
3 min, followed by digestion with 1.5g/L type Il collagenase for
10 min. Following digestion, the hearts were minced into pieces of
~1mm?® in size. Cell isolation from the mouse hearts was carried out
to accurately separate cardiomyocytes, endothelial cells, and car-
diac fibroblasts as previously described®. To verify the purity, the
morphology of adult cardiomyocytes was observed using an inver-
ted microscope, and cardiomyocytes were stained for a-actinin
using immunofluorescence.

Cell cultures and treatments

The B16-F10 cells of mouse melanoma were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) and were
cultured in RPMI Medium 1640 (#11875119, Gibco) supplemented with
10% FBS. Cell proliferation was assessed using the CCK-8 assay kit
(C0038, Beyotime, China)®®.

Cardiomyocytes from the aPD1 group were isolated by perfu-
sion and inoculated into 96-well plates at a density of 3000 cells per
well. Next, the cells were treated with A77 1726 (100 pM, dissolved in
0.1% DMSO) (SML0936, Sigma-Aldrich, St. Louis, MO, USA) or an
equal volume of DMSO". After incubation for 24 h, 10 uyL CCK-8
reagent was added to each well. Subsequently, the optical density
values were measured at 450 nm using a SYNERGY H4 enzyme
labeler.

Cardiomyocytes isolated from the aPD1 group at a concentration
of 3000 cells per well were plated in 96-well plates with 100 pL of
DMEM/F12 medium containing 10% FBS along with IPA (20 pM, dis-
solved in 0.1% DMSO). To knock down the expression of PI3K, cells
were transfected with adenoviral genome particles carrying shRNA
against PI3K (MOI=50)°"%%. After incubation for 24 h, 10 uL CCK-8
reagent was added to each well. OD values were then determined at
450 nm using a SYNERGY H4 enzyme labeler.
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Cardiomyocytes isolated from the aPD group were seeded into a
96-well plate at a concentration of 3000 cells per well. The cells were
divided into the following groups: aPD1, aPD1+IPA (20 uM), aPD1+IPA
+CH223191 (5 uM, #HY-12684, MedChemExpress), aPD1+IPA+Resver-
atrol (10 pM, #HY-16561, MedChemExpress), and aPD1+IPA+IAX0O-102
(5 uM, #HY-125171, MedChemExpress).

Echocardiography and high-frequency speckle-tracking analysis
Mice were anesthetized with 1.5% isoflurane and echocardiography was
then conducted using the Vevo® 3100 High-Resolution Preclinical
Imaging System (FUJIFILM Visual Sonics) to comprehensively assess
both overall and localized cardiac dynamics after a«PD1 injection".
Cardiac function parameters, such as left ventricular EF and FS, were
measured using short-axis M-mode analysis to acquire cardiac cycles.
Additionally, GLS, ARS, along with their corresponding displacements
and velocities, were assessed using M-mode. These parameters were
evaluated across three to four cardiac cycles, encompassing EF, FS, left
ventricular end-systolic internal diameter (LVIDs), LVIDd, left ven-
tricular anterior systolic wall thickness (LVAWSs), left ventricular pos-
terior wall thickness (LVPWs), HR, and CO. Left ventricular strain was
assessed using a speckle-tracking algorithm, with strain indicating
myocardial tissue deformation.

Western blot analysis

Proteins were extracted from aPD1 and control mouse heart tissues
using a lysis buffer containing a mixture of protease inhibitor cocktail
(#11852700, Roche, Basel, Switzerland) and phosphatase inhibitor
(#04906837001, Roche, Basel, Switzerland). Protein concentrations
were determined using the BCA assay kit (#23227, Invitrogen). The
proteins were electrophoresed on SDS-PAGE (10% or 12% gel) and
transferred to polyvinylidene fluoride membranes (#IPFLO0010, Mil-
lipore, MA, USA) following established methods®. After a 2-h sealing
period with a 5% skimmed milk solution, the membranes underwent
overnight incubation at 4 °C with primary antibodies: anti-Bax (#2772,
Cell Signaling Technology, Danvers, MA, USA), anti-Bcl-2 (#3498, Cell
Signaling Technology, Danvers, MA, USA), anti-occludin (#27260-1-AP,
Proteintech, Manchester, UK), anti-ZO-1 (#TA5145, Abmart, Shanghai,
China), anti-AhR (#83200, Cell Signaling Technology, Danvers, MA,
USA), anti-cytochrome P450 1A1 (#94004, Cell Signaling Technology,
Danvers, MA, USA), anti-phospho-PI3K(#27921-1-AP, Proteintech,
Manchester, UK), anti-PI3K(#20662-1-AP, Proteintech, Manchester,
UK), anti-phospho-AKT (#4060, Cell Signaling Technology, Danvers,
MA, USA), anti-AKT (#9272, Cell Signaling Technology, Danvers, MA,
USA), anti-phospho-GSK (#9323, Cell Signaling Technology, Danvers,
MA, USA), anti-GSK-3f (#12456, Cell Signaling Technology, Danvers,
MA, USA) and anti-GAPDH (#2118, Cell Signaling Technology, Danvers,
MA, USA). Subsequently, the membranes were incubated with sec-
ondary antibodies conjugated with horseradish peroxidase for a per-
iod of 1.5h at room temperature. Blot visualization was performed
using an enhanced chemiluminescence kit (#1705061, Bio-Rad
Laboratories, Hercules, USA) and the resulting images were analyzed
utilizing ImageJ software (NIH, Bethesda, MD, USA).

Quantitative real time-PCR

RNA extraction was performed on cardiac tissue samples obtained
from oPD1 and control mouse heart tissues. The Trizol reagent
(#15596-026, Invitrogen) was utilized to extract RNA from the cardiac
tissue according to the provided instructions. cDNA fragments were
generated using the Transcription First Strand cDNA Synthesis Kit
(#04896866001, Roche Diagnostics, Basel, Switzerland) and amplified
on the Roche Light Cycler® 480 detection system. The SYBR Green PCR
Kit (#04707516001, Roche) was used for amplification on the detec-
tion system. The primer sequences can be found in the Supplementary
Table 1, and GAPDH was used as the endogenous reference gene in
this study.

Histological analysis

Heart and small intestine tissues were fixed in a 10% neutral formalin
buffer overnight. Following dehydration and paraffin embedding, the
tissues were cut into 4.0 um thick sections with a slide slicer (Leica,
Nussloch, Germany). After deparaffinization with xylene, the sections
were subjected to hematoxylin and eosin (H&E) staining to evaluate
the cross-sectional area in the cardiac tissue and damage to the small
intestinal mucosa. The general morphology of the heart and small
intestine was observed under a light microscope, and the data were
analyzed using a digital analysis software (Image-Pro Plus 6.0, Media
Cybernetics, Bethesda, USA).

For Masson’s trichrome staining, paraffin sections were initially
treated with xylene to eliminate paraffin, and then dehydrated in
graded ethanol. Subsequently, the sections were stained with Masson’s
trichrome using a commercial kit (#G1006, Servicebio, China).
Assessment of cardiac fibrosis and collagen deposition was performed
under a microscope. ImageJ software was employed to quantify the
extent of fibrosis and collagen deposition. All the slides were examined
by two authors in a blinded manner.

Immunofluorescence and TUNEL staining

Following formalin fixation and paraffin embedding, neoplastic spe-
cimens were meticulously sectioned into 5pum slices. Cardiac and
neoplastic tissues were processed for immunofluorescence char-
acterization in accordance with methodologies delineated in our pre-
vious study’®. In summary, the slides underwent deparaffinization in
xylene and sequential rehydration. Antigen retrieval preceded the
application of a blocking solution comprising 10% goat serum in PBS
and incubated for 1.5 h at 37 °C. Following the blocking step, the car-
diac and neoplastic specimens were incubated with monoclonal anti-
CD4 (#abl33616, Abcam, Cambridge, USA), anti-CD8 (#ab217344,
Abcam), and anti-Ki67 (#ab15580, Abcam) at 4 °C overnight. Sub-
sequent to primary antibodies incubation, heart and tumor sections
underwent PBS washing to remove unbound antibodies, followed by
incubation with Alexa Fluor 488 conjugated anti-rabbit IgG secondary
antibody (#A21206, Invitrogen, USA) for 2h within a controlled
environment heated to 37 °C. The final step entailed nuclear counter-
staining employing DAPI (#S36939, Invitrogen, USA) for a brief inter-
lude of 3min. Fluorescent images were then acquired using a
dedicated fluorescence imaging system.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was employed for the visualization of apoptotic nuclei
in cardiac sections, utilizing a commercially available kit (Billerica,
USA). Quantification of apoptosis involved the computation of the
proportion of TUNEL-positive nuclei to the total number of DAPI-
stained nuclei.

Biochemical analysis

Levels of cardiac injury markers, including cTnT and CK-MB were
quantified in heart tissue samples using commercially available kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China), following
the recommended protocols provided by the manufacturer.

Flow cytometry

The tumor tissues were isolated from the mice, and any surface hair
was carefully removed. The tumor tissues were washed repeatedly
with PBS buffer to eliminate blood crusts. After that, these tumor tis-
sues were incubated with the RPMI-1640, containing 1mg/mL col-
lagenase D, 0.1 mg/mL hyaluronidase, and 0.2 mg/mL DNase I at 37 °C
for 60 min. Then we filtered the digested tissue mixture through a cell
strainer. After centrifugation at 300 x g for 5 min at 4 °C, the cell sus-
pension was reacted with a lymphocyte separation medium. The layer
located at the interface was collected and washed repeatedly. This
suspension was incubated with 2 uL of the FcX blocking reagent (BD
Pharmingen, USA). APC-Cy7 Rat Anti-Mouse CD45 (30-F11, #57659, BD
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Pharmingen, USA), PE-Cy7 Rat Anti-Mouse CD8a (53-6.7, #552877, BD
Pharmingen), MsCD3e APC 145-2C11 (#553066, BD Pharmingen), and
PE Rat Anti-Mouse CD4 (RM 4-5, #553048, BD Pharmingen) were uti-
lized for staining. Additionally, 7-AAD (559925, BD Pharmingen) was
employed for distinguishing between dead and live cells. CytoFLEX
flow cytometer (Beckman Coulter) was used for flow cytometry and
data were analyzed using FlowJo software v10.0.

Preparation of fecal samples and 16S rRNA sequencing

At the endpoint of the experiment, one mouse was put in a cage and
then four biological replicate fecal samples were collected using a
sterile process. fecal samples Fresh feces were promptly collected into
labeled sterile EP tubes, aiming for a minimum of 80 mg per mouse. If
necessary, defecation was induced by gentle abdominal massage. The
collected samples were quickly frozen in liquid nitrogen and stored at
-80°C for downstream analysis. Microbial analysis was conducted
using 16S rRNA gene sequencing on the Illumina platform with a
double-ended sequencing approach. DNA extraction from four stool
samples per group was performed according to the protocol of TIA-
Namp Bacterial Kit (Tiangen Biochemical Technology, Beijing, China).
Subsequently, PCR amplification of the V3-V4 region of the bacterial
16S rRNA gene was carried out using the 338F (5-ACTCCTACGG-
GAGGCAGCA-3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3’) pri-
mers. The resulting amplicons were purified using AmpureXP
microbeads and eluted in an elution buffer. Finally, the purified V3-V4
amplicons underwent sequencing on the Illumina platform. Raw 16S
rRNA gene amplicons were processed and assembled using the Over-
lap software (v1.31.2) to ensure high sequencing quality. These high-
quality amplicons were then classified based on the Amplicon
Sequence Variant (ASV) using the QIIME package and reference data-
bases including QIIME v1.9.1 and the Greengenes database v201305.
Taxonomic profiles were generated at multiple levels (phylum, class,
order, family, genus) based on ASV annotation. To assess the richness
of gut microbial communities, various a-diversity indices such as
Simpson’s Diversity Index were employed. Differences in the overall
composition and structure of the microbiota among the four groups
were analyzed using principal coordinates analysis (B diversity) based
on ASV abundance. 16S rRNA sequencing and subsequent analyses
were performed by Biotree (Shanghai, China).

Metabolomics

We employed liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Biotree Biotech Co., Ltd, Shanghai) for metabolomics stu-
dies. We used four biological replicate plasma samples. Then plasma
samples were thawed in ice water, vortexed, and mixed with 200 pL
water plus 1200 pL 1:1 acetonitrile-methanol (containing isotopes).
After 30 s vortexing and 15 min ice-bath sonication, they were incu-
bated at -40°C for 2hs, then centrifuged at 12,000 rpm, 4 °C for
15min. The 1200 pL supernatant was transferred, evaporated in a
concentrator, and reconstituted with 120 uL 60% acetonitrile post-
vortexing and centrifugation. Ultimately, 60-70 pL aliquots were
placed in glass vials for LC-MS/MS analysis. Plasma metabolites were
analyzed using untargeted LC-MS/MS. The LC-MS/MS analyses were
carried out using a UHPLC system (Vanquish, Thermo Fisher Scientific)
equipped with a Phenomenex Kinetex C18 column (2.1x50 mm,
2.6 um), coupled to an Orbitrap Exploris 120 mass spectrometer
(Orbitrap MS, Thermo). Following the detection of serum metabolites,
orthogonal projections using Orthogonal Partial Least Squares Dis-
criminant Analysis (OPLS-DA) were employed to explore the overall
distribution of plasticity metabolites and identify differential meta-
bolites between the aPD1 and aPDI1+Lef groups. Differential serum
metabolites were identified based on a combined criterion of fold
change (>1.2) and p value (<0.05). Data processing was performed
using a customized procedure developed in R and based on XCMS.
Finally, the metabolites were annotated utilizing an in-house MS2

database (BiotreeDB). IPA was detected on an AB Sciex QTrap 6500
plus mass spectrometer (SCIEX, Framingham, MA, USA). Standard ion
source settings included: lonSpray Voltage at +5000 V, Curtain Gas at
35 psi, Temperature maintained at 400 °C, and both lon Source Gas 1
and Gas 2 set to 60 psi. Data processing for LC-MS/MS was carried out
using Skyline Software.

Transcriptome sequencing of heart tissue

After undergoing cardiac ultrasound, aPD1, aPDI1+Lef, and control
mice were euthanized, and total RNA was extracted using a Trizol
reagent. The purity and concentration of the RNA were assessed using
a NanoDrop spectrophotometer (Thermo Scientific), while its integrity
and quantity were measured using an Agilent 2100/4200 RNA spec-
trophotometer (Thermo Scientific). Library construction was carried
out using the NEBNext® Ultra™ RNA Library Prep Kit for Illlumina®
(NEB, USA), with 3 ug RNA per sample, following the manufacturer’s
recommendations. Subsequently, the library preparations were
sequenced on the Illumina HiSeq platform to generate paired-end
reads, following clustering with the TruSeq PE Cluster Kit v3-cBot-HS
(Illumina). Four independent biological replicates were sequenced
separately for each group. After removing low-quality reads using fastp
(v0.21.0), the filtered reads were mapped to the reference genome
using HISAT2. Significantly differentially expressed transcripts were
screened by applying the criterion fold change >2 or < -2 and p
value < 0.05. The DEGs between the two groups was analyzed using the
DESeq2 R package. To assess the statistically significant enrichment of
DEGs in KEGG pathways, we employed the ClusterProfiler software
(v3.18.1), applying a padj (False Discovery Rate, FDR) < 0.05. RNA-seq
and subsequent analyses were performed by Bioyi Biotechnology Co.,
Ltd (Wuhan, China).

ChIP-PCR assay

ChIP assays were carried out using the Upstate EZ ChIP kit (Upstate
Biotechnology) following the manufacturer’s instructions. Briefly,
heart tissues were homogenized and fragmented overnight. Immu-
noprecipitation was then carried out at 4 °C using an anti-AhR anti-
body. To enhance binding, 20 pL ChIP Grade Protein A/G Plus Agarose
was added and incubated for an additional hour at 4 °C with gentle
agitation. Following this, protein-DNA complexes were recovered,
crosslinks were reversed, and the purified DNA was subjected to PCR
analysis for further investigation.

Statistics

The data are presented as the mean value * the standard error of the
mean (SEM). The number of samples (n) represents biological repli-
cates. No samples were excluded from the analysis. Data were con-
sidered statistically significant if the p value was less than 0.05.
Comparisons among more than two groups were performed by one-
way ANOVA followed by the post hoc Tukey test for multiple com-
parisons when the data had a normal distribution and ANOVA found no
variance inhomogeneity; otherwise, Tamhane’s T2 post hoc test was
used (GraphPad Prism, version 9.0). Differences between the two
groups were analyzed by two-tail unpaired t-test. The dominance of
bacterial communities among taxa was assessed using linear dis-
criminant analysis (LDA), and effect sizes were analyzed using an LDA
score (log 10) of 2.0 as the critical value.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the main findings are available within the main
text and the supplementary, and Source data. The datasets generated
for the RNA-seq are available through the Gene Expression Omnibus
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(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE286252).
The 16S rRNA sequence datasets in this study were deposited at the
NCBI under the accession code PRJNA1204802 (https://www.ncbi.nlm.
nih.gov/bioproject/1204802). The metabolomics data were deposited
in the MetaboLights (https://www.ebi.ac.uk/metabolights/
MTBLS12066). Source data are provided with this paper.
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