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Akkermansia muciniphila ameliorates
doxorubicin-induced cardiotoxicity by
regulating PPARa-dependent
mitochondrial biogenesis
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Doxorubicin (DOX) is a key chemotherapeutic agent but is also a leading cause of DOX-induced
cardiotoxicity (DIC), limiting its clinical use. Akkermansia muciniphila (A. muciniphila), known for its
benefits as a probiotic in treating metabolic syndrome, has uncertain effects in the context of DIC.
Here, 16S rRNA sequencing of fecal samples from anthracycline-treated patients and DIC mice
revealed marked depletion of A. muciniphila. Cardiac transcriptomics, supported by in vitro
experiments, showed that A. muciniphila colonization improved mitochondrial function and alleviated
DIC by activating the PPARa/PGC1a signaling pathway in both normal and antibiotic-treated C57BL/6
mice. Further analysis uncovered a restructured microbiome—metabolome network following A.
muciniphila administration, which contributed to DIC protection. Notably, A. muciniphila
supplementation increased serum levels of the tryptophan metabolite indole-3-propionic acid (IPA),
which binds to the cardiac aryl hydrocarbon receptor (AhR), leading to the activation of the PPARao/
PGC1a signaling pathway. In conclusion, our study sheds light on the potential of A. muciniphila as a

probiotic in mitigating DIC.

Doxorubicin (DOX) is a widely used anthracycline chemotherapy drug for
treating various cancers, including breast cancer and leukemia. However,
its efficacy is limited by cardiotoxicity, a significant long-term side effect
that increases morbidity and mortality among cancer survivors'. DOX-
induced cardiotoxicity (DIC) largely depends on the method of adminis-
tration, the cumulative duration of chemotherapy, and the specific dosage
regimen’. Approximately 20% of cancer survivors in Europe exhibit a
reduction in cardiac function without symptoms, and this percentage is

notably higher among those who survived cancer during childhood’.
Doxorubicin forms an irreversible complex, leading to the impairment of
mitochondrial membrane potential. This makes the mitochondria more
vulnerable to reactive oxygen species, resulting in the inhibition of the
mitochondrial respiratory chain* and subsequent mitochondrial bioener-
getics disorder’. Impaired mitochondrial energetics and cardiac fibrosis
contribute to the onset and progression of heart failure’. Hence, identifying
preventive and therapeutic strategies against mitochondrial bioenergetics
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disorder is crucial for addressing DIC by investigating the molecular
mechanisms that drive DIC.

The gut microbiome, which constitutes the second-largest genome in
the host, plays a significant role in cardiac injury and heart failure. Notably,
the composition of gut microbiota varies in patients with breast cancer’, and
fecal microbiota transplantation (FMT) is able to increase DOX respon-
siveness of triple-negative breast cancer cells*. Our previous study also
confirmed that FMT alleviated DIC by regulating cardiac mitochondrial
fission and fusion". Specific genera, Faecalibaculum, Dubosiella, and
Lachnospiraceae were increased, while Allobaculum, Muribaculum, and
Lachnoclostridium were decreased in mice with DIC". Although
doxorubicin-induced gut microbiota dysbiosis has been documented'’, no
studies have yet explored the impact of supplementing with specific
intestinal bacteria on DIC. The specific bacterial components and the
detailed underlying mechanisms remain unclear. As a result, the current
understanding of the gut microbiota in DIC is quite limited.

Uncovering the mechanism by which gut microbiota influences car-
diac fibrosis would be beneficial for the development of gut microbiota-
based therapeutics in DIC. By using 16S RNA sequencing, we first described
the alteration of gut microbiota in DIC mice, in a time-dependent manner.
Our findings revealed that Akkermansia muciniphila (A. muciniphila) was
notably and stably decreased in breast cancer patients and C57BL/6 mice
treated with anthracycline. A. muciniphila supplementation restored DOX-
induced gut microbiota dysbiosis and intestinal epithelial barrier. A.
muciniphila increased circulating indole-3-propionic acid (IPA) levels to
attenuate DOX-induced diastolic dysfunction, cardiac fibrosis, and mito-
chondrial bioenergetics disorder. Administration of IPA leads to increased
electron transport chain (ETC) activity by binding cardiac aryl hydrocarbon
receptor (AhR) and subsequent activation of peroxisome proliferator-
activated receptor a (PPARa) signaling pathway. These findings provide a
therapeutic strategy for DIC through supplementation with A. muciniphila.

Results

The abundance of A. muciniphila is decreased in breast cancer
patients treated with anthracycline-based chemotherapy and in
C57/BL6 mice with DIC

Firstly, we enrolled 30 patients with breast cancer who were subjected to
either anthracycline-based chemotherapy (AC group) or non-
anthracycline-based chemotherapy (nAC group). The results of principal
coordinate analysis (PCoA) demonstrated distinct clustering between the
AC and nAC groups (Fig. 1a). At the genus level, the A. muciniphila
abundance was significantly decreased in the AC group compared to the
nAC group (Fig. 1b, c). Receiver operating characteristic (ROC) analysis
showed that A. muciniphila had a high discriminatory power in clinically
identifying the use of anthracycline (Fig. 1d). To further investigate the
relationship between the gut microbiota and DIC progression, we compared
fecal samples from four-paired mice treated with DOX for continuous
4 weeks by 16S rRNA gene sequencing. The data showed that DOX had no
influence on the a diversity of the gut microbiota (Supplementary Fig. 1a).
PCoA analysis identified the clustering between DOX groups with different
intervention times (Fig. le, f). At the phylum level, with increasing duration
of DOX, the abundance of Verrucomicrobiota was decreased, whereas
Actinobacteriota was increased (Supplementary Fig. 1b). The Venn diagram
showed 930, 2055, 1773, and 1167 operational taxonomic units (OTUs) at
the genus level in the DOX groups from week 0 to 4, respectively, with 292
OTUs among the groups (Supplementary Fig. 1c). At the genus level, DOX
deposition caused decreased the abundance of A. muciniphila, HT002,
Desulfovibrio and Olsenella, while increased the abundance of Bifido-
bacterium, Arthrobacter, Turicibacter and Staphylococcus. Notably, the
abundance of A. muciniphila decreased from the second week and con-
tinued until the fourth week (Fig. 1g, h), leading us to assume it as a probiotic
and exert a protective role in the progression of DIC. Subsequent linear
discriminant analysis effect size (LEfSe) analysis identified a total of 25
differentially abundant taxa across all taxonomic levels, from phylum to
genus (LDA >4, p<0.05, Supplementary Fig. lc, d). Interestingly, A.

muciniphila was positively correlated with the cardiac function including
left ventricular ejection fraction (LVEF) and left ventricular fraction
shortening (LVES), and indicator of cardiac hypertrophy heart weight/body
weight, and negatively correlated with the cardiac injury indexes, including
lactate dehydrogenase (LDH) and creatine phosphokinase-MB isoenzyme
(CK-MB) (Fig. 1i). The PICRUSt2 analysis indicated that glycogen bio-
synthesis, NAD salvage pathway, and L-histidine degradation I were the
three main pathways involved in the function of altered microbiota under
DOX stimulation (Fig. 1j).

A. muciniphila supplementation improves DIC in mice

Our previous studies have found that administration of an antibiotic
cocktail caused loss of gut microbiota, which aggravates DIC"; whereas
FMT from healthy mice attenuates DIC", indicating that gut microbiota
play a vital role in DIC. To explore the effect of A. muciniphila on DIC, we
fed male DIC mice with A. muciniphila during a 4-week-long modeling.
Furthermore, benzydamine (an effective A. muciniphila inhibitor approved
by Nie et al.'¥) was used to inhibit the colonization of A. muciniphila
(Supplementary Fig. 2). A. muciniphila-colonized mice had increased LVEF
and LVEFS, reduced CK-MB and LDH compared with the DOX-treated
mice, whereas the addition of Ben abolished the cardioprotective of A.
muciniphila (Supplementary Fig. 3a—e). Additionally, A. muciniphila sup-
plementation alleviated DOX-induced cardiac injury, atrophy, and fibrosis.
The effects of A. muciniphila on cardiac pathological changes were dis-
appearing in the A. muciniphila plus Ben group (Supplementary Fig. 3f-j).
Accumulation of extracellular matrix (ECM) leads to impaired systolic and
diastolic function, and A. muciniphila treatment reduced the ECM-related
protein, smooth muscle actin (SMA), collagen III, and collagen III in DIC
mice. The ECM-related proteins were again increased in the mice from the
A. muciniphila plus Ben group when compared to the A. muciniphila group
(Supplementary Fig. 3k-n). Moreover, we confirmed that administration of
Ben did not exhibit any cardiac toxicity in C57BL/6 mice or in mice with
DIC (Supplementary Fig. 4). To evaluate whether A. muciniphila con-
tributes to cardio-protection independently of complex microbiota inter-
actions, mice were pretreated with broad-spectrum antibiotics (Abx) to
deplete commensal bacteria (Supplementary Fig. 5). Following colonization
with A. muciniphila, the expression of A. muciniphila was markedly
increased (Fig. 2a). The results of echocardiography showed that A. muci-
niphila in parallel with Abx administration significantly rescued the
reduction of LVEF and LVES induced by DOX (Fig. 2b-d). In addition, A.
muciniphila reconstitution reduced the levels of cardiac injury markers
(CK-MB and LDH) in DIC mice (Fig. 2e, f). Histological analysis showed
that the heart from the DIC mice displayed decreased cardiomyocyte size
and increased myocardial fibrosis compared with Abx mice, whereas these
effects were greatly alleviated by A. muciniphila colonization (Fig. 2h-k).
Immunofluorescence staining revealed that DOX treatment resulted in the
accumulation of collagen (increased fluorescence intensity of SMA and
collagen III), whereas A. muciniphila significantly reduced collagen
deposition (Fig. 21). Subsequent western blot analysis confirmed that A.
muciniphila treatment reversed DOX-induced increase in ECM-related
protein, SMA, collagen I, and collagen III (Fig. 2m). Above data indicated
that A. muciniphila colonization significantly alleviated DOX-induced
cardiomyopathy in mice.

A. muciniphila supplementation improves DIC by regulating
mitochondrial bioenergetics

To elucidate the mechanisms by which A. muciniphila ameliorates DIC, we
performed RNA-seq analysis on heart tissues stimulated with DOX. This
analysis identified 423 upregulated and 1260 downregulated differentially
expressed genes (DEGs, defined using log 2-fold change >1 and
p value < 0.05; Supplementary Fig. 6a) in DIC and A. muciniphila-treated
hearts. The heatmap and volcano plot illustrating these DEGs are presented
in Supplementary Fig. 6b-d. Comparative KEGG pathway analysis and
Gene Set Enrichment Analysis (GSEA) indicated that these DEGs are sig-
nificantly enriched in mitochondrial metabolic pathways (Fig.3a and
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Fig. 1 | Akkermansia muciniphila (A. muciniphila) was depleted in C57BL/6 mice
subjected to doxorubicin (DOX) and in breast cancer patients treated with
anthracycline-based chemotherapy. a Principal component analysis (PCA) score
plot for the feces metabolome of breast cancer patients with or without anthracycline
(AC, n = 14) or other chemotherapy therapy (nAC, n = 16). Each point represented a
sample. b At the genus level, a heatmap showed the relative abundance of bacteria in
breast cancer patients from AC (n = 14) and nAC groups (n = 16). ¢ Relative
abundance of A. muciniphila in the AC and nAC groups. d Receiver operating
characteristic analysis with the area under curve (AUC) is used to determine the
efficiency of A. muciniphila in distinguishing anthracycline utilization (n = 30).
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mice (f) at the indicated time (n = 4). g At the genus level, relative abundance of
bacteria (percentage of total bacteria) in mice treated with or without DOX at the
indicated time (week0: before DOX administration; weekl-4: on the first day fol-
lowing DOX administration during the specified week). Different colors represent
different bacteria at the same level (n = 4). h Relative abundance of A. muciniphila in
mice from the control and DOX groups (n = 4). i Pearson’s correlation analysis
between A. muciniphila levels and cardiac injury markers of mice, including heart
weight (HW)/(body weight) BW, LVEF, LVES, serum lactate dehydrogenase (LDH),
and creatine kinase-MB (CK-MB) (1 = 4). j Prediction of altered KEGG pathways
using PICRUSt2 analysis of the fecal microbiota for DOX groups at the indicated
time. Data are presented as the mean + SD. *P < 0.05, ***P < 0.001.

Supplementary Fig. 7a). Specifically, oxidative phosphorylation (Supple-
mentary Fig. 7b) was among the top three enriched KEGG pathways and
exhibited a negative correlation with A. muciniphila treatment (Fig. 3a).
Consistent with the KEGG pathway analysis, a broad downregulation of
mitochondrial respiratory ETC genes was observed in DIC hearts, which
was reversed by A. muciniphila treatment (Fig. 3b). To validate these
findings, we evaluated the effects of A. muciniphila on the activity of
mitochondrial respiratory chain complexes I-V. As shown in Fig. 3¢, DOX
significantly disrupted the functions of complexes I and V; however, the
addition of A. muciniphila reversed these effects caused by DOX. To cor-
roborate these findings, we evaluated the in vivo protein expression of ETC
complex subunits. Consistent with our expectations, the expression levels of
ETC complex proteins (Ndufb8, Sdhb, Mtcol, and Atp5a) were significantly
reduced in DOX-stimulated hearts compared to control hearts. Conversely,
these ETC proteins were markedly upregulated in the A. muciniphila-
treated hearts relative to the DOX group (Fig. 3d). To further substantiate
the impact of A. muciniphila on mitochondrial bioenergetics, the super-
natant of A. muciniphila was utilized to treat DOX-exposed HOC2 cells. The
A. muciniphila supernatant displayed significant toxicity to HIC2 cells
when its concentration exceeded 16% and 2-8% concentration of A.
muciniphila supernatant was able to protect HOC2 cells from DOX-induced

toxicity (Supplementary Fig. 8a, b). Following DOX treatment, both ATP
levels and the JC-1 ratio were reduced. However, the A. muciniphila
supernatant demonstrated an ameliorative effect on mitochondrial function
by enhancing mitochondrial membrane potential and ATP synthesis (Sup-
plementary Fig. 8c—e). Subsequently, we employed extracellular flux analysis
to monitor mitochondrial respiratory capacity in real-time. DOX sig-
nificantly diminished both basal and maximal respiration. In contrast,
treatment with A. muciniphila supernatant restored mitochondrial respira-
tory capacity in neonatal mouse ventricular cardiomyocytes (NMVMs) post-
DOX treatment (Fig. 3e and Supplementary Fig. 7¢). Reduced mitochondrial
oxidative phosphorylation (OXPHOS) was associated with abnormal
mitochondrial dynamics. Therefore, supplementary experiments were
undertaken to evaluate mitochondrial morphology and function in
A. muciniphila-treated DIC mice. Transmission electron microscopy (TEM)
analysis demonstrated that DOX administration led to disordered mito-
chondrial arrangements, abnormal density, and fragmentation, accompanied
by significant cristae disorganization. These detrimental effects were miti-
gated by A. muciniphila treatment (Fig. 3f). Furthermore, DOX-induced
mitochondrial fragmentation was ameliorated in A. muciniphila-treated
mice, as evidenced by improvements in mitochondrial size and area
(Fig. 3g, h). In addition, the expression of the mitochondrial fission protein
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orubicin (DOX)-induced cardiomyopathy in antibiotic cocktail (Abx)-

treated mice. a Changes in qPCR-based absolute abundances of fecal A. muciniphila
in mice from indicated group. b Anatomic M-mode echocardiography and corre-
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sponding electrocardiographic images of hearts from Abx-treated mice, DOX plus
Abx-treated mice, and DOX plus A. muciniphila and Abx-treated mice (1 =6).

Changes of echocardiographic c left ventricular ejection fraction (LVEF) and d left
ventricular fraction shortening (LVFS) in the indicated groups (1 = 6). e, f Changes
of serum lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB) levels in
the three groups (n = 6). g Representative H&E staining images of the heart tissue
section from mice in the indicated groups. Bar = 100 um (n = 6). h Wheat germ

agglutinin (WGA) staining of myocardial tissue sections to evaluate cardiac atrophy.
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Bar = 50 um. i Quantitation of myocardial cell size of mice in the indicated groups
(n =6). j Representative images of myocardial tissue sections stained with Masson’s
trichrome (from top to bottom, the images are a panoramic view of the heart, a
transverse section, and a longitudinal section). k Quantification of the fractional area
of cardiac fibrosis based on 6 randomly selected fields of stained myocardial tissue
sections (n = 6). | Immunofluorescence staining of heart tissues from indicated
groups with cardiac Troponin I (cTnl; green), smooth muscle actin (SMA; red),
collagen III (yellow), and DAPI (blue). m Western blot analysis and quantification of
extracellular matrix-related proteins, smooth muscle actin (SMA), collagen III, and
collagen IIT in DOX-treated mice with or without A. muciniphila (n = 3). The P value
was calculated by one-way ANOVA (Dunnett’s or Sidak multiple comparisons
tests). *P < 0.05, ¥*P < 0.01, ***P < 0.001.

dynamin-related protein 1 (DRP1) was upregulated, whereas the fusion
protein optic atrophy protein 1 (OPAl) was downregulated in DOX-
challenged mouse hearts. This effect was reversed by A. muciniphila treat-
ment (Fig. 3i-1). Our results further demonstrated that mitochondrial divi-
sion was increased in the DOX group, and A. muciniphila supernatant
reduced the number of mitochondria by inhibiting fission (Supplementary
Fig. 8f, g). Collectively, these data indicate that A. muciniphila treatment
effectively alleviates DOX-induced mitochondrial fragmentation.

A. muciniphila regulates mitochondrial bioenergetics by acti-
vating PPARa signaling pathway in DIC mice

Spearman analysis was used to calculate the correlation between the
abundance of A. muciniphila and DEGs (Supplementary Data 1). We then
compared the top 20 A. muciniphila-related genes (Supplementary Table 4)
with top 20 oxidative phosphorylation-related genes', and found 11 over-
lapped genes as shown in Supplementary Fig. 9a. The heatmap in Fig. 4a
showed that TNRC6B, NT5C1A, and PPARa were strongly positively
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Fig. 3 | Supplement with Akkermansia muciniphila (A. muciniphila) improves
cardiac dysfunction by regulating mitochondrial bioenergetics. a KEGG
enrichment analysis of RNA-sequencing data from DOX and control hearts.

b Heatmap showing differentially expressed mitochondrial respiratory electron
transport chain (ETC, Complex I-V) genes in the mouse hearts from indicated
groups (n = 3). ¢ The activity of mitochondrial respiratory chain complexes in the
hearts of mice from various groups was assessed using commercial kits (n = 6).

d Representative immunoblotting images and quantification of mitochondrial
OXPHOS proteins in mouse heart lysates (antibodies against Ndufb8, Sdhb, Uqcrc2,
Mtcol, and Atp5al used as representatives for mitochondrial complex I, IL, III, IV,
and V, and GAPDH used as an internal control, n = 3 for each group). e Real-time
monitoring of the oxygen consumption rate (OCR) in neonatal mouse ventricular

cardiomyocytes (NMVMs) with or without DOX/A. muciniphila treatment. Data
are presented as the mean + SD (n = 3). f Representative transmission electron
microscopy images of mice hearts from the control, DOX and DOX + A. mucini-
phila group. Scale bar = 2 um. Quantification of mitochondria-related parameters
from (g). Mitochondria/pm® refers to the average number of mitochondria (1 = 6).
h % mitochondrial area refers to the ratio of mitochondrial area to image area.

i-1 Representative immunoblotting images and quantification of DRP1, MFN2, and
OPAL in the heart tissues from the control, DOX and DOX + A. muciniphila group
(n=3). Mean + SD. For statistical analysis, two-way ANOVA with Tukey’s test for
multiple comparisons was used. ns, no significance; *P < 0.05 vs. NC group; "P < 0.05
vs. DOX group.

correlated with A. muciniphila, LVEF, and LVES, but negatively correlated
with CM-MB and LDH. PPARa is identified as a regulator of fatty acid
oxidation and mitochondrial biogenesis and function'®”. The STRING-
based protein—protein interaction (PPI) network demonstrated that PPARa
was closely related to the oxidative phosphorylation-related proteins
(Supplementary Fig. 9b). Additionally, we found that PPARa was closely
correlated with ETC complex proteins (Ndufb8, Sdhb, Mtcol, Atp5a, etc.)
(Supplementary Fig. 9c). We then confirmed that A. muciniphila treatment
reversed the DOX-induced decrease in cardiac PPARa and its coactivator
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGCla) expression, both at mRNA and protein levels (Fig. 4b-d). The
results of immunofluorescence found that PPARa was mostly located in the
nucleus and mitochondrion of cardiomyocyte (Fig. 4d). To further validate
the role of PPARa signaling pathway in the cardioprotective role of A.
muciniphila on DIC mice, we used PPARa-specific antagonist NXT629 to
block the biological function of PPARa signaling (Fig. 4f)"°. As expected,
NXT629 decreases DOX-induced cardiac fibrosis and decreases the pro-
tective effects of A. muciniphila as revealed by echocardiography, H&E, and
Masson trichrome staining (Fig. 4f-j). In addition, the regulation of

imbalanced mitochondrial fusion by A. muciniphila was counteracted with
inhibition of PPARa signaling pathway (Fig. 4k). In vitro, the improvement
of A. muciniphila supernatant on DOX-induced cell toxicity was abolished
by the addition of NXT629 (Supplementary Fig. 10a). In addition, NXT629
abrogated the effects of 8% A. muciniphila supernatant on ATP level and JC-
1 ratio caused by DOX treatment (Supplementary Fig. 10b-d). Further-
more, DOX-induced the division of mitochondria was alleviated by the
supernatant of A. muciniphila, but further reversed with the addition of
NXT629 (Supplementary Fig. 10e, f). These results showed that PPARa/
PGCla signaling pathway participated in the cardioprotective effects of
A. muciniphila and activation of myocyte PPARa may restore mitochon-
drial bioenergetics and improve DIC.

A. muciniphila supplementation restores the disordered gut
microbiota caused by DOX

Metabolites secreted or modified by the microbiota or host mediate
host-microbiota interactions'. Therefore, 16S rRNA gene sequencing and
untargeted metabolomics were used to determine structural changes in gut
microbiota and metabolites of DIC mice in response to A. muciniphila
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Fig. 4 | Akkermansia muciniphila (A. muciniphila) administration regulates
mitochondrial bioenergetics by activating PPARa/PGCla signaling pathway.

a Pearson correlation analysis between the 11 mitochondrial OXPHOS-related genes
and A. muciniphila levels, as well as cardiac injury markers in mice (n = 3).

b, ¢ Representative immunoblotting images and quantification of PPARa and PGCla
in the heart tissues from the control, DOX, and DOX + A. muciniphila groups (n = 3).
d RT-qPCR was used to measure the mRNA levels of PPARA and PGCla, from the
heart tissues in the indicated groups (n = 3). e Immunofluorescence staining of heart
tissues from the indicated groups with cardiac PPARa (green) DAPI (blue), as well as
semi-quantitative analysis of PPAR fluorescence. f Schematic representation of treat-
ment with DOX, A. muciniphila, or PPARa inhibitor NXT629 (30 mg/kg). g Anatomic
M-mode echocardiography and corresponding electrocardiographic images of hearts
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Changes of echocardiographic h left ventricular ejection fraction (LVEF) and i left
ventricular fraction shortening (LVFS) in the indicated groups (1 = 6). j Representative
images of myocardial tissue sections stained with Masson’s trichrome (from top to
bottom, a transverse section and a longitudinal section). Quantification of the fractional
area of cardiac fibrosis based on 6 randomly selected fields of stained myocardial tissue
sections (1 = 6). k Representative transmission electron microscopy images of mice
hearts from the three group. Scale bar = 2 um. % mitochondrial area refers to the ratio of
mitochondrial area to image area (n = 6). Data presented as mean + SD. For statistical
analysis, two-way ANOVA with Tukey’s test for multiple comparisons was used.
*P<0.05, ¥*P < 0.01, ¥***P < 0.001.

treatment. As shown in Fig. 5a, a diversity of the microbiome in the control,
DOX, and DOX_ A. muciniphila groups, presented with Chaol, observed
reads, Coverage, Shannon_2, and Simpson, remained at a similar level. The
results of PCoA analysis revealed that mice in the DOX group were different
from other groups, which indicated that A. muciniphila distinctly changed
diversity of DIC mice (Fig. 5b). At the phylum level, we found that Firmi-
cutes, Verrucomicrobia and Bacteroidetes accounted for more than 95.0%
of the whole gut microbial composition in three groups. Firmicutes was
more abundant in DIC mice compared with the control group and was
decreased by A. muciniphila supplementation. In contrast, the abundance of
Verrucomicrobia was decreased in the DOX group; while its relative
abundance was increased in the DOX_ A. muciniphila group (Supple-
mentary Fig. 11a, b). Notably, A. muciniphila colonization significantly
altered the bacterial structure at the genus level by contributing to the
abundance of A. muciniphila populations and reducing the abundance of
Lactobacillus (Fig. 5¢). To infer the differential taxonomic markers in
A. muciniphila-treated mice, LEfSe was used. The results revealed that at

genus level, A. muciniphila, Ruminococcaceae_UCG, Acetitomaculum,
Ruminococcus_2,and Lachnospiraceae_NK4B4 were enriched in the control
group, whereas Lactobacillus, Reyranella, Alistipes, Rikenellaceae_RC9, and
Rikenella were enriched in the DOX group. In addition, Turicibacter,
Escherichia, Candidatus_Megaira, Desulfovibrio, Oleiphilus, and Opitutus
were enriched in the DOX + A. muciniphila group (Fig. 5d and Supple-
mentary Fig. 11c). The ternary plots reveal significant alterations in the gut
microbiota of DIC mice compared to the control group. Furthermore, the
gut microbiota composition exhibits distinct differences between the DOX
and DOX_ A. muciniphila groups (Fig. 5e). A Spearman correlation analysis
was performed to evaluate the potential association between alterations in
gut microbiota composition and parameters of cardiac injury. The genus
A. muciniphila was positively correlated with LVEF and LVES, but nega-
tively correlated with plasma LDH and CK-MB. Additionally, Rikenella-
ceae_RC9_gut_group, Alistipes, Helicobacter, and Rikenella were negatively
correlated with LVEF and LVFS, but positively correlated with plasma LDH
and CK-MB (Supplementary Fig. 11d). The integrity of the intestinal barrier
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plays a vital role in the interaction between gut microbiota and gastro-
intestinal metabolites". Our findings indicate that the ileal villi in DIC mice
exhibited flattening and a reduction in length; however, this alteration was
mitigated by treatment with A. muciniphila (Fig. 5f, g). The colonization of
A. muciniphila to DIC mice also elevated several ileal tight-junction proteins
(occludinl and ZO-1) that were decreased in DIC mice, as evidenced by
immunofluorescence (Fig. 5h—j) and Western blot analysis (Supplementary
Fig. 12a—c). The A. muciniphila colonization also elevated gene expression
levels of the ileal tight junction that were decreased in DIC mice, including
Z01, occludin (Ocln), claudin (Cldn) 1, and Cldn3 (Supplementary Fig.
12d-h). Therefore, the findings suggest that the administration of A.
muciniphila may confer protective effects against DOX-induced intestinal
barrier damage and gut microbiota dysbiosis.

Reduced IPA is linked to the depletion of A. muciniphila

We conducted untargeted metabolite profiling on both fecal samples
(Supplementary Data 2) and serum samples (Supplementary Data 3) from
the control, DOX, and DOX_A. muciniphila groups. Principal component
analysis (PCA) results indicated significant separation among all groups,
suggesting a high degree of differentiation (Fig. 6a, b). The administration of
A. muciniphila to DIC mice elevated 105 fecal metabolites (Supplementary
Fig. 13a, b). In addition, A. muciniphila elevated 133 serum metabolites

(Supplementary Fig. 13c, d). The top 100 changed fecal and serum meta-
bolites were illustrated in Supplementary Fig. 13e, f. We analyzed the
interactions between gut microbiota, fecal and serum metabolites, and
transcriptome data to understand A. muciniphila’s effect on mitochondrial
bioenergetics in DIC mice. Spearman’s rank correlations were calculated for
the top 10 differentially expressed genera, 30 fecal metabolites, 30 serum
metabolites, and 30 DEGs to identify key metabolites involved in
A. muciniphila ‘s mitigation of cardiotoxicity in mice. Changes in the
abundances of Lactobacillus, Bacteroides, and Lachnospiraceae UCG-006
induced by the A. muciniphila administration were closely associated with
alterations in various fecal metabolites (L-arogenate, pentadecanoic acid)
and serum metabolites (taurine, creatinine, and palmitoyl sphingomyelin),
subsequently related to modulation of cardiac function (Supplementary Fig.
14). The predictive pathway enrichment was performed using differential
serum metabolites among the three groups. The metabolites illustrated
Phenylalanine, tyrosine and tryptophan biosynthesis, taurine and hypo-
taurine metabolism, tryptophan metabolism, etc. (Fig. 6¢). Several studies
reported that A. muciniphila may be associated with altered tryptophan
metabolism™" and similarly, the results of Fig. 6d showed that A. mucini-
phila reversed the altered abundance of tryptophan metabolites in DIC mice
including tryptophan (Trp), indole-3-pyruvate (IPyA), indole-3-lactic acid
(ILA), IPA, indole-3-acetamide (IAM), indole acetic acid (IAA) and indole-
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Fig. 6 | Akkermansia muciniphila (A. muciniphila) modulates the microbial
tryptophan metabolites profile of doxorubicin (DOX)-treated mice. Principal
component analysis of a fecal metabolites and b serum metabolites among the
control, DOX, and DOX + AKK groups (1 = 6). ¢ Bar chart of significantly different
KEGG metabolic pathways (based on serum metabolites) among the control, DOX,
and DOX + AKK groups (1 = 6). d Serum concentrations of metabolites in tryp-
tophan metabolism (ArAT aromatic amino acid aminotransferase, IPyA indole-3-
pyruvate, fldH phenyllactate dehydrogenase, ILA indole-3-lactic acid, ldBC phe-
nyllactate dehydratase, acdA acyl-Coa dehydrogenase, IPA indole-3-propionic acid,
TMO tryptophan 2-monooxygenase, TrD tryptophan decarboxylase, IAM indole-3-
acetamide, IAA indole acetic acid, IAId indole-3-aldehyde) among three groups of
mice (n = 6). e Spearman correlation analysis between the IPA levels and cardiac

Serum IPA levels (ng/mL)

injury markers (LVEF left ventricular ejection fraction, LVES left ventricular fraction
shortening, LDH lactate dehydrogenase, CK-MB creatine kinase-MB) in mice from
the three groups (1 = 18). f Pairwise comparisons of tryptophan metabolites, with a
color gradient denoting Spearman’s correlation coefficient. The correlation between
the bacterial expression profiles and each metabolite was determined using partial
Mantel tests. The edge width corresponds to Mantel’s R statistic for the corre-
sponding distance correlations, and the edge color denotes statistical significance
(n=6). g Serum levels of IPA in all participants (anthracycline, AC: n = 14; non-
anthracycline, nAC: n = 16). h Spearman correlation analysis between the serum
IPA levels and relative abundance of A. muciniphila in all participants. Data pre-
sented as mean + SD. For statistical analysis, two-way ANOV A with Tukey’s test for
multiple comparisons was used. **P < 0.01, ***P <0.001.

3-aldehyde (IAId). IPA was positively correlated with LVEF and LVES, but
negatively correlated with CK-MB and LDH (Fig. 6e). We further carried
out liquid chromatography mass spectrometry to identify the component of
A. muciniphila supernatant. Interestingly, compared with the blank culture
medium, oxindole was decreased, while ILA, IPA, and indole-3-glycol
aldehyde were increased in the supernatant of A. muciniphila, indicating
that A. muciniphila was able to produce IPA directly. Except ILA, serum
indole-3-glycol aldehyde, and oxindole showed no significant correlation
with LVEF in mice (Supplementary Fig. 15). Subsequently, we analyzed the
association among serum tryptophan metabolites, A. muciniphila and
Lactobacillus, which accounted for more than 50.0% of the identified gut
microbial composition in Fig. 5c. Combining microbiota with that of
metabolomes showed that A. muciniphila was strongly and positively cor-
related with serum Trp, IPyA, and IPA, while Lactobacillus showed no
significantly correlated with any tryptophan metabolites (Fig. 6f). That is to
say, gut microbiota and tryptophan metabolites indeed mediate the cardi-
oprotective role of A. muciniphila to DIC. Among these tryptophan meta-
bolites, IPA was shown to protect the heart from oxidative stress'**’, and act
as anew biomarker for heart failure”. We therefore measured the serum levels
of IPA in our cohorts and found IPA was significantly decreased in the AC
group compared to the nAC group (989.1 vs. 79.97 ng/mL, P < 0.001, Fig. 6g).

Moreover, IPA was positively correlated with A. muciniphila (Fig. 6h).
Collectively, these findings indicated that IPA is a crucial metabolite through
which A. muciniphila exerts its cardioprotective effects against DIC.

IPA attenuates DIC by regulating mitochondrial bioenergetics

The addition of IPA in a chow diet is approved to improve heart failure with
preserved ejection fraction in mice™. Therefore, DIC mice were gavage with
low (20 mg/kg/day) and high (40 mg/kg/day) concentration of IPA for
continuous 4 weeks (Fig. 7a). In line with our hypothesis, IPA reversed the
reduction of cardiac function and elevation of cardiac injury markers
induced by DOX (Fig. 7b-f). Accordingly, IPA alleviated DOX-induced
myocardial injury, atrophy and fibrosis (Fig. 7g, h). Consistently, the
addition of both low and high concentrations of IPA reversed the increase in
SMA and collagen III protein levels caused by DOX (Fig. 7i-1). We further
investigate whether IPA protects against DIC by regulating DOX-induced
mitochondrial dysfunction. Interestingly, IPA was found to restore the
mitochondrial bioenergetics disrupted by DOX, indicated by increased
mitochondrial area (Fig. 8a—c), improved mitochondrial respiratory chain
complex I and V (Fig. 8d), and increased ETC complex expression (Fig. 8e)
compared with DOX-treated hearts. IPA also reversed DOX-induced
excessive mitochondrial fragmentation, with decreased levels of DRP1 and
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a Schematic representation of treatment with doxorubicin (DOX) and low IPA
(20 mg/kg) or high IPA (40 mg/kg) (n =6 per group). b Anatomic M-mode echo-
cardiography and corresponding electrocardiographic images of hearts from the
indicated groups (1 = 6). Changes of echocardiographic c left ventricular ejection
fraction (LVEF) and d left ventricular fraction shortening (LVES) in the indicated
groups (1 = 6). e, f Changes of serum lactate dehydrogenase (LDH) and creatine
kinase-MB (CK-MB) levels in the four groups (n = 6). g Upper panel: representative
H&E staining images of the heart tissue section from mice in the indicated groups.
Bar = 100 um. Bottom panel: wheat germ agglutinin (WGA) staining of myocardial
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tissue sections to evaluate cardiac atrophy. Bar = 50 um. Right panel: quantitation of
myocardial cell size of DIC mice in the indicated groups (n = 6). h Representative
%200 images of myocardial tissue sections stained with Masson’s trichrome (from
top to bottom, the images are a panoramic view of the heart, a transverse section, and
a longitudinal section). Right panel: quantification of the fractional area of cardiac
fibrosis based on 6 randomly selected fields of stained myocardial tissue sections
(n=6). i-1 Western blot analysis and quantification of extracellular matrix-related
proteins, smooth muscle actin (SMA), collagen III, and collagen IIT in DOX-treated
mice with IPA (n = 3). Data presented as mean + SD. For statistical analysis, two-way
ANOVA with Tukey’s test for multiple comparisons was used. *P < 0.05,
**P<0.01, ¥*¥*P < 0.001.

increased OPALl protein (Fig. 8f). In vitro, IPA above 250 uM produces
significant toxicity to HOC2 cells (Supplementary Fig. 16a), whereas IPA
within 100 uM notably improve the toxicity of myocardial cells induced by
DOX (Supplementary Fig. 16b). Notably, both 50 and 100 uM of IPA
increased the production of ATP in DOX-treated HIC2 cells (Supple-
mentary Fig. 16¢). The results of JC-1 staining revealed that IPA improved
DOX-induced reduction of mitochondrial membrane potential (Supple-
mentary Fig. 16d, e). DOX-induced the division of mitochondria was alle-
viated by the IPA administration (Supplementary Fig. 16e, f). Moreover,
IPA treatment effectively restored mitochondrial respiratory capacity in
NMVMs cells after DOX treatment (Fig. 8g-k). Thus, IPA protected against
DOX-induced mitochondrial dysfunction and cardiotoxicity.

IPA binds AhR to activate PPARa signaling pathway, exerting its
anti-cardiotoxicity effects

As A. muciniphila may alleviate DIC by activating PPARa signaling path-
way (Fig. 4), we performed additional experiments to validate whether IPA
improved DOX-induced mitochondria dysfunction via PPARa pathway

and its potential mechanism. As shown in Supplementary Fig. 17a—c, both
low and high IPA increased cardiac PPARa and PGCla protein levels in
DOX-treated mice. In vitro, 8% A. muciniphila supernatant or IPA alone
upregulated PPARa and PGCla mRNA in NMVMs after a 24 h exposure
(Supplementary Fig. 17d, e), indicating that IPA increases PPARa at the
transcript level. Previous studies have found that IPA exerts its function by
binding pregnane X receptor’* and AhR”. Because pregnane X receptor was
not detected in the heart™, we sought to investigate whether IPA activates
PPARa by binding AhR. Our results confirmed that IPA increased AhR
protein expression in the heart (Supplementary Fig. 17f, g). We observed a
significant increase in nuclear AhR protein levels and a decrease in cytosolic
AhR protein levels following IPA treatment (Supplementary Fig. 17h-j).
Consistently, subsequent immunofluorescence showed that AhR, which
was co-localized with PPARa, was primarily expressed in the cytoplasm in
NMVMs; DOX treatment decreased fluorescence intensity of PPARa, while
IPA treatment caused AhR to translocate into the nucleus and increased
fluorescence intensity of PPARa (Supplementary Fig. 17k). We investigated
whether AhR acts as a transcription factor to promote PPARa expression.
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Fig. 8 | Indole-3-propionic acid (IPA) administration improves doxorubicin
(DOX)-induced mitochondrial dysfunction. a Representative transmission elec-
tron microscopy images of mice hearts from the control, DOX, and DOX + IPA
group. Scale bar = 2 um. Quantification of mitochondria-related parameters from
(b). Mitochondria/pum? refers to the average number of mitochondria (1 = 6). ¢ %
mitochondrial area refers to the ratio of mitochondrial area to image area (1 =6).
d The activity of mitochondrial respiratory chain complexes in the hearts of mice
from various groups was assessed using commercial kits (# = 6). e Representative
immunoblotting images and quantification of mitochondrial OXPHOS proteins in

mouse heart lysates (antibodies against Ndufb8, Sdhb, Uqcrc2, Mtcol, and Atp5al
used as representatives for mitochondrial complex I, II, III, IV, and V, and GAPDH
used as an internal control, n = 3 for each group). f Representative immunoblotting
images and quantification of DRP1, MFN2 and OPAL1 in the heart tissues from the
control, DOX, and DOX + IPA groups (1 = 3). g-k Real-time monitoring of the
oxygen consumption rate (OCR) in neonatal mouse ventricular cardiomyocytes
(NMVMs) with or without DOX/IPA treatment. Data are presented as the

mean + SD (n = 3). Mean + SD. For statistical analysis, two-way ANOVA with
Tukey’s test for multiple comparisons was used. *P < 0.05, **P < 0.01, ***P < 0.001.

Using the AhR antagonist GNF35125” on H9C2 cells, we found that
GNF351 inhibited the IPA-induced upregulation of PPARa and PGCla,
but not AhR (Supplementary Fig. 18a, b). This confirms that IPA enhances
PPARa expression via AhR binding. Notably, GNF351 reduces the pro-
tective effect of IPA on cardiomyocytes (Supplementary Fig. 18c), leading to
decreased ATP levels (Supplementary Fig. 18d), reduced mitochondrial
membrane potential (Supplementary Fig. 18e, f), and increased mito-
chondrial fission (Supplementary Fig. 18g, h). To validate that IPA’s car-
dioprotective effects are AhR-dependent in vivo, shAhR was delivered via

intravenous AAV9-cTnT-shAhR to achieve cardiac-specific AhR knock-
down. Successful infection was confirmed by EGFP fluorescence and
reduced AhR expression in cardiomyocytes (Supplementary Fig. 19a). The
AAV9-sh-AhR group showed reduced AhR expression (Supplementary
Fig. 19b, ¢). AhR knockdown prevented the IPA-induced rise in PPARa and
PGCla protein levels (Supplementary Fig. 19d-g). AhR knockdown
impaired IPA’s cardioprotective effects in DOX-induced heart dysfunction
(Supplementary Fig. 171-n). In addition, it blocked IPA’s benefits on
myocardial fiber disorder, fibrosis, and atrophy (Supplementary Fig. 170-r).
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These results indicate that IPA binds to cardiac AhR, activating the PPARa/
PGCla pathway to exert anti-cardiotoxic effects.

Discussion

In this study, the progression of DIC was tracked by observing shifts in the
fecal microbial composition of mice. Notably, A. muciniphila abundance
nearly vanished within the first week of DOX administration and remained
low through the fourth week. This trend was also observed in breast cancer
patients undergoing DOX therapy. A. muciniphila is a Gram-negative,
strictly anaerobic bacterium within the phylum Verrucomicrobiota. It uti-
lizes host-derived mucins as a nutrient source and is predominantly present
in the intestines of healthy individuals”. Recent research has indicated that
A. muciniphila is correlated with various metabolic diseases, including
obesity, diabetes, and inflammatory bowel disease™. A. muciniphila has been
linked to the enhancement of intestinal barrier function, reduction of
intestinal inflammation, and promotion of gut health, suggesting its sig-
nificant role in maintaining intestinal health and regulating metabolic
processes”. A. muciniphila also plays a crucial role in cardiovascular disease.
Its abundance is nearly depleted in the intestines of patients or mice with
abdominal aortic aneurysms™. Reduced A. muciniphila levels have been
identified as an independent risk factor for cold-related atrial fibrillation in
humans™, Moreover, Supplementation with A. muciniphila reversed the
exacerbation of atherosclerotic lesions induced by a Western diet by
restoring the gut barrier””. Although the role of A. muciniphila in cardio-
vascular disease has been somewhat validated, research on its effects in
cardiomyopathy is limited. Only one recent study has shown that A.
muciniphila colonization can reduce the burden on adult worms and muscle
larvae while also alleviating the severity of cardiac fibrosis induced by T.
spimlis33 . We, for the first time, observed that A. muciniphila administration
effectively improved mitochondrial function and alleviated DIC.

Another new finding regarding the mechanism by which A. muci-
niphila alleviates DIC is the activation of the PPARa/PGCla signaling
pathway. RNA sequencing identified that PPARa plays a crucial role in
the anti-cardiotoxicity ability of A. muciniphila on DIC. Mitochondria
are the key target for DIC. DOX interrupted mitochondrial OXPHOS,
resulting in abnormal mitochondrial bioenergetics, mitochondria dys-
function and cardiomyocytes apoptosis™. The PPAR family consists of
PPAR-a, PPARY, and PPARP, with their expression varying across dif-
ferent tissues. Among them, PPAR-a is most abundantly expressed in the
heart”. PPAR-a can bind directly to specific PPAR-a response elements,
regulating gene expression, and plays a crucial role in managing oxidative
stress™. The reduced expression of PPARa is linked to the severity of
non-alcoholic fatty liver disease”. In this study, we found that DOX
treatment led to decreased cardiac PPARa/PGCla signaling pathway,
which was restored with A. muciniphila administration. Activation of
PPARa/PGCla pathway has therapeutic effects on heart failure®”.
However, when PPARa was inhibited by its antagonist NXT629, the
protective effects of A. muciniphila on DOX-induced mitochondrial
dysfunction were lost. These findings suggest that A. muciniphila mod-
ulates mitochondrial bioenergetics by activating the PPARa signaling
pathway in DIC mice.

Probiotic treatment often provides organ protection by producing
specific gut metabolites that act through the circulatory system, specifically
via the gut-brain axis® and gut-heart axis*'. Research has established the
association between A. muciniphila tryptophan metabolism. A. muciniphila
colonization can enhance tryptophan metabolism, leading to increased
5-hydroxytryptamine and decreased kynurenine levels, which in turn alle-
viates depressive or anxiety in mice***. A. muciniphila is positively corre-
lated with the activity of the epithelial tryptophan-metabolizing enzyme
indoleamine 2,3-dioxygenase 1 (IDO1), which enhances the expression of
markers associated with stem cells, goblet cells and tuft cells through its
interaction with the AhR*. Through a comprehensive analysis of the
microbiome and metabolome characteristics following A. muciniphila
intervention, we confirmed tryptophan metabolism as the most probable
metabolic pathway by which A. muciniphila influences DIC. However,

DOX does not impact the serotonin or kynurenine pathways in tryptophan
metabolism®, but significantly reduces the levels of various indole meta-
bolites within the indole/AhR pathway. Among these indole derivatives,
IPA was found to be significantly associated with cardiac injury and may act
as a mediator connecting A. muciniphila and cardiac mitochondria.

Our prior research showed that FMT alleviates DIC by modulating the
balance of cardiac mitochondrial fission and fusion and subsequent corre-
lation analysis identified IPA as a key mediator through which FMT link to
the heart mitochondria'’. IPA represents known ligands of the immuno-
modulatory transcription factor AhR". IPA is decreased in both heart tissue
and circulation in mice following a high-fat diet, and dietary supple-
mentation with IPA protects against diastolic dysfunction in heart failure
with preserved ejection fraction by enhancing the nicotinamide adenine
dinucleotide salvage pathway™. In this study, using 16S rRNA sequencing
and metabolomic analysis, we examined the changes in serum metabolites
in DIC mice following colonization by A. muciniphila, along with direct
metabolite detection in A. muciniphila culture supernatants via liquid
chromatography-mass spectrometry (LC-MS). We elucidated the biological
role of A. muciniphila in producing IPA and mitigating DOX-induced
mitochondrial toxicity in cardiomyocytes. However, we did not quantify the
serum IPA concentration-time profile following oral IPA administration.
To advance clinical translation, further investigations are required to
establish the dose-response relationship between A. muciniphila and IPA, as
well as to characterize IPA’s oral bioavailability, pharmacokinetics, and
tissue-specific distribution. We also noticed that except IPA, A. muciniphila
is able to consume oxindole and produce ILA, and indole-3-glycol aldehyde.
Our previous studies also found that ILA effectively suppressed DOX-
induced ferroptosis by activating AhR/Nrf2 signaling pathway to alleviate
DIC”. These data indicated that tryptophan metabolites possess potent
antioxidant activity and hold great potential in the treatment of cardio-
vascular diseases.

AsTPA isan endogenous ligand for the AhR*, we then hypothesize that
its cardioprotective effects may be mediated through AhR binding. AhRis a
cytoplasmic receptor and a highly conserved transcription factor. It is
activated by various small-molecule ligands (such as natural products and
host/gut microbiota), influencing a broad range of functions related to tissue
homeostasis”. A substantial body of evidence indicates that AhR plays a
crucial role in the development of cardiac fibrosis™. Tryptophan metabolism
by the gut microbiota can mitigate cardiac fibrosis through the activation of
the AhR signaling pathway™'. Mitochondrial respiratory complexes, parti-
cularly Complex I and IV, have emerged as key regulators of cardiac
function®. This study found that A. muciniphila colonization or IPA
administration reversed the reduced expression of Ndufb8 and Atp5a
protein caused by DOX, highlighting a promising therapeutic approach to
DIC by regulating mitochondrial dynamics and energetic metabolism™. On
the contrary, in mice with chronic kidney disease, AhR activation was
inversely correlated with mitochondrial respiration™ and knockout of AhR
attenuates renal senescence and fibrosis, as well as the suppression of
PGCla-mediated mitochondrial biogenesis in ischemia reperfusion-
induced kidneys™. These indicated that AhR activation showed differ-
ential cell-type-specific function. Moreover, Wang et al. found IPA binds
AhR to promote the expression of SIRT3 and restore nicotinamide (NAM)
and NAD+/NADH levels, attenuating oxidative stress and inflammation in
the heart™. To the best of our knowledge, our study is the first to identify
AhR as a regulator of mitochondrial OXPHOS, bioenergetics, and mor-
phology, by regulating PPARa/PGCla signaling pathway in the face of DIC.
Taken together, the above studies indicated complex molecular mechanisms
underlying the cardio-protective role of IPA (especially on mitochondria-
mediated oxidative stress), and further studies are needed to dissect the
signaling pathway underpinning IPA effects on cardio-protection.

Nevertheless, there are still limitations in this study. First, the
mechanism by which AhR regulates PPARa in cardiomyocytes remains
unclear, and further experiments (e.g., AhR knockout mice, transcription
factor analysis, Co-IP) are required to elucidate the specific interactions
between AhR and PPARa. Secondly, we acknowledge that antibiotic
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induced mitochondrial dysfunction by activating cardiac aryl hydrocarbon receptor
(AhR)-dependent PPARa/PGCla signaling pathway, which could attenuate DOX-
induced cardiotoxicity.

pretreatment does not fully eliminate microbial cross-talk. Future studies
using germ-free models will be essential to definitively isolate A. mucini-
phila’s autonomous effects. Further studies are required to use FMT from
DOX-treated patients to intervene in Abx mice or germ-free mice, thereby
elucidating the critical role of A. muciniphila or gut microbiota in DIC.
Ultimately, we observed that following A. muciniphila colonization, the
abundance of Lactobacillus significantly decreased, and the IPA content in
A. muciniphila supernatant was not the highest. Moreover, other types of
gut microbiota species, including Peptostreptococcus™ and Clostridium
sporogenes” , are also reported as producers of IPA. Consequently, it remains
unclear how A. muciniphila influences other bacteria or regulates other
metabolites to exert its cardioprotective effects. We will further investigate
this question in our future research.

Overall, this study identified dysregulation in gut microbiota and
tryptophan metabolism as a contributing factor to the progression of DIC.
In our experiments, we treated DIC mice with A. muciniphila and found
that A. muciniphila colonization effectively restored the balance of gut
microbiota and tryptophan metabolism, thereby mitigating DOX-induced
mitochondrial dysfunction. Mechanistically, A. muciniphila produces IPA,
which binds to cardiac AhR and activates the PPARa/PGCla signaling

pathway, promoting mitochondrial bioenergetic metabolism (Fig. 9). This
study demonstrates that A. muciniphila is an effective and safe probiotic
therapy for protecting against DIC.

Methods

Study populations

Upon approval by the review of the Ethics Committee of the Shaoxing
People’s Hospital, we recruited 30 patients with breast cancer according to
the following criteria: (1) diagnosed with breast cancer according to estab-
lished diagnostic criteria; (2) age between 18 and 80 years; (3) demonstrates
good treatment adherence and can follow medical advice. The exclusion
criteria were: (1) patients diagnosed with tumors of other origins; (2) who
suffer from severe primary diseases, including cardiovascular or cere-
brovascular diseases, liver or kidney dysfunction, or hematopoietic system
disorders; and (3) demonstrate poor treatment adherence, refuses treat-
ment, or withdraws from the study. All enrolled patients underwent routine
examinations before enrollment, and their daily diets were kept consistent.
Serum and fecal samples were collected after the completion of che-
motherapy. Patients were divided into nAC and AC groups based on the use
of anthracycline drugs in the chemotherapy regimen. General clinical data
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for all patients were collected, including tumor stage, chemotherapy regi-
men, cardiac function, and myocardial enzyme profiles. The clinical char-
acteristics of patients are shown in Supplementary Table 1.

Animal studies

C57BL/6 mice (8 weeks old, weight from 18 to 25 g) were obtained from
Genuine Biology Technology Co., Ltd. (Hangzhou, China) and were housed
in the Animal Centre of Shaoxing People’s Hospital and maintained under a
14-h light/8-h dark cycle at 24 °C with free access to chow and water.

Bacterial culture and treatment

A. muciniphila (Cat.B336076) was purchased from Mingzhoubio (Ningbo,
China) and cultured anaerobically at 37 °C in Brain Heart Infusion media
(MZMO0089, Mingzhoubio). The samples were then resuspended to a
concentration of 1 x 10" colony-forming units (CFU)/mL PBS. Meanwhile,
an equivalent amount of A. muciniphila was inactivated by pasteurization at
70°C for 0.5h. Antibiotic-pretreated (Abx-pretreated) mice were admi-
nistered a 100-uL bacterial suspension (pasteurized A. muciniphila as a
vehicle control) or 50 mg/kg benfluorex (Ben, an A. muciniphila inhibitor'*)
by gavage twice a week for 4 consecutive weeks.

Experimental groups

The flow chart for the experimental designs is demonstrated in the corre-
sponding figures or Supplementary Materials. Six mice were randomly
assigned to the following groups. Mice in the DIC group were established by
receiving intraperitoneal injections of DOX at 5 mg/kg once a week for
4 weeks, reaching a cumulative dose of 20 mg/kg. Mice in the Abx group
received a cocktail of Abx composed of ampicillin (400 mg/kg), neomycin
(400 mg/kg), metronidazole (400 mg/kg), and vancomycin (200 mg/kg)
daily for a continuous 5 days via gavage. Mice in the A. muciniphila group
were administered (10") CFU of A. muciniphila in 100 uL PBS via gavage
after 5 days of antibiotic treatment. Mice in the IPA groups received dif-
ferent concentrations of IPA via gavage. The stock solution of IPA (20 and
40 mg/kg, MedChemExpress) was made up in coin oil by the addition of
10% DMSO to fully resolve it. The dose of IPA was chosen based on previous
studies™* and our in vitro cell experiments. NXT629 (30 mg/kg)'® and Ben
(50 mg/kg)"* were completely dissolved in sterile PBS and administered via
oral gavage twice a week. To knockdown AhR, AAV9 carrying a cTNT
promoter (pcAAV-cTNTo-EGFP-miR30 shRNA (AhR)-WPRE) or viral
vector (pcAAV-cTNTo-EGFP-miR30 shRNA (NC)-WPRE) was pur-
chased from Shanghai Obio Technology Co., Ltd. For cardiac delivery,
1x 10" particles of 100 pl (diluted in sterile PBS) were injected intrave-
nously into mice.

Sample collection

Each mouse was individually placed on sterile gauze, and after being han-
dled, the feces were promptly collected into sterile tubes using sterile forceps
and immediately flash-frozen in liquid nitrogen for storage. Peripheral
blood (1 mL) was collected from each mouse using the orbital blood col-
lection method. The mice were then rapidly euthanized by cervical dis-
location, immersed in 75% ethanol, the sternum was carefully dissected, and
mouse hearts were rapidly harvested, rinsed in ice-cold PBS, and flash-
frozen in liquid nitrogen. All samples were stored at —80 °C until testing.

Echocardiography

Mice were weighed before imaging and then anesthetized using a low-flow
vaporizer (R500, RWD Life Science Co. Ltd., Sugar Land, USA) with ~2.5%
isoflurane at 250 mL/min. Mice were then secured to a heated stage with
gold-plated electrodes and had their ventral thorax hair removed using
depilatory cream. Cardiac echocardiography was performed using the
Vevo2100 system (Fujifilm visualsonics, Inc., Toronto, Canada) equipped
with a 50-MHz center frequency transducer to measure parameters,
including left ventricular (LV) ejection fraction (LVEF), LV fractional
shortening (LVES), LV internal dimension-systole (LVIDs), and LV inter-
nal dimension-diastole (LVIDd).

Histological assessment of myocardial injury and collagen
content

H&E staining was used to evaluate the general morphology of the myo-
cardium. The sections were imaged using the Leica DM3000 biological
microscope (Leica, Wetzlar, Germany) at 200x magnification. Wheat germ
agglutinin (WGA) staining was used to measure the DOX-induced myo-
cardial atrophy. Sections were incubated with 5 pg/ml WGA (L4895; Sigma)
solubilized in PBS for 20 min, at room temperature in the dark. After being
washed three times with PBS, the sections were stained with DAPI (P36941;
Invitrogen) and the images were acquired with a confocal microscope. The
cardiac myocyte size was determined by the measurement of total area
divided by the number of cardiac myocytes. For collagen analysis, the heart
sections underwent Masson’s trichrome staining. Collagen deposition was
quantified using Image-ProPlus6 (Media Cybernetics, Rockville, USA).

Assessment of serum cardiac injury markers

Blood sample was centrifuged at 3000 rpm for 20 min to collect the plasma.
The levels of CK-MB and LDH in plasma were measured by using com-
mercialized kits (CK-MB (H197-1), LDH (A020-2), Nanjing Jiancheng
Bioengineering Institute, China) using an auto-analyzer apparatus (Mole-
cular Devices, CA), based on the manufacturer’s protocols.

Transmission electron microscopy

The heart tissues were rapidly fixed in a solution containing 1.25% paraf-
ormaldehyde, 2.5% glutaraldehyde, and 0.03% picric acid. This was followed
by osmication and uranyl acetate staining, dehydration in alcohols, and
embedding in Araldite. The slides were then stained with toluidine blue.
Ultrathin sections were cut from this block and observed under a
Cs-corrected TEM with a Monochromator (Titan G2 60-300, FEL Hillsboro).

Immunofluorescence staining

For immunofluorescence assays, sections were dewaxed, hydrated, and
0.01 mol/L hot citrate was used to repair the antigens of kidney tissue. The
sections were subsequently stained sequentially with primary and secondary
antibodies. After washed thrice after both primary and secondary antibody
staining, the sections were counterstained with DAPI and images were
captured using the confocal microscope.

Fecal microbiota composition

Total microbial genomic DNA was extracted using the Mag Bind DNA Kit
(M9636-02, Omega Bio Tek). Following identification and purification, the
V3-V4 variable regions were PCR-amplified, and the products were
recovered from 2% agarose gel. The recovered products were then purified,
quantified, and a library was constructed using the NEXTFLEX Rapid
DNA-Seq Kit. Quality control was conducted with Fastp, and sequences
were assembled using FLASH. OTU clustering of the quality-controlled
sequences was performed based on 97% similarity.

Metabolomic profiling

Serum samples and stool samples from each mouse in this study were sent
for metabolomic profiling by LC-Bio Technology CO., Ltd. using LC-MS/
MS. Raw data were processed using TMBQ software, with peak integration,
calibration, and quantification performed for each metabolite. Statistical
analyses, including PCA, univariate analysis, and pathway analysis, were
conducted using the custom-developed iMAP platform.

Transcriptome analysis of cardiac tissues

Total RNA was extracted from heart tissue using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The RNA’s quantity, purity, and integrity were assessed
to ensure quality. For transcriptome analysis, total RNA (all with RIN num-
bers >7.0) was sequenced using 2 x 150 bp paired-end sequencing on an
Nlumina NovaSeq X Plus (LC-Bio Technology CO., Ltd, China). The
expression levels of each transcript were quantified as fragments per kilobase
of exon per million mapped reads (FPKM) using StringTie and Ballgown.
Genes with alog2FC > 1 and —logl10P value > 1.5 were considered significant.
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Cell culture and cell viability assay

Isolation of primary NMVMs was obtained from neonatal mice (3-5 days
old). Briefly, fresh hearts were placed into cold D-Hanks for washing, and
hearts were minced into 1-3 mm”® pieces and incubated with 3 mg/mL
collagenase II (Sigma) in a 37 °C incubator for 90 min. After that, DMEM
(Gibco) supplemented with 4.5 g/L glucose and 10% FBS was used for
preparing a single-cell suspension by pipetting up and down. After incu-
bation for another 90 min, fibroblasts were cleared so that cardiomyocytes
were collected and then plated in DMEM with bromodeoxyuridine (BrdU,
100 uM, MedChemExpress). After being cultured for 24 h, NMVM:s were
used for experiments.

HI9C2 cells (ATCC) were plated at 5000 cells/well in 96-well plates. Cell
viability was estimated by a CCK-8 assay (MedChemExpress). Then cells
were treated with vehicle (DMSO), IPA (1-1000 pm), GNF351 (500 nM) in
the presence or absence of 1 pg/mL of DOX for 24 h. At the end of the 24 h,
the medium was removed, and the new medium with 10 pL CCK-8 agent
was added to each well for another 2 h. The absorbance was measured at
450 nm in an enzyme labeling.

Probes for mitochondrial detection

The morphology of mitochondria was assessed using MitoTracker Red
CMZXRos staining (C1035, Beyotime) in HIC2 cells. Cells were observed
using a confocal microscope (Leica, Germany) at a x63 objective. To assess
mitochondrial morphological changes, 4 independent experiments were
conducted, with 20 cells randomly selected under the microscope for area
measurement in each experiment.

Assessment of mitochondrial function

Mitochondria were isolated from heart tissue blocks following the protocol
provided with the detection kits (C3606, Beyotime). The activities of
mitochondrial complexes I, II, III, IV, and V were measured spectro-
photometrically using specific detection kits: complex I (Cat. abs580238) at
340 nm, complex II (Cat. abs580239) at 605nm, complex III (Cat.
abs580240) and complex IV (Cat. abs580241) at 550 nm, and complex V at
340 nm (abs580242, Absin, Shanghai, China), all according to the manu-
facturer’s instructions.

Oxygen consumption rate (OCR) was measured using a Seahorse XF96
analyzer (Agilent, Santa Clara, CA, USA) following the manufacturer’s
instructions. NMVMs were seeded into XFe96 plates at an appropriate
density. OCR was measured using the Seahorse XF Cell Mitochondrial
Stress Test (103015-100; Agilent). After baseline OCR recording, oligo-
mycin, trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), and a
combination of rotenone and antimycin A were sequentially added to assess
ATP-coupled respiration, maximal respiration, and non-mitochondrial
respiration. NMVM:s or HIC2 cells were plated in 96 wells at 5000 cells/well
and cultured overnight. The ATP determination was performed with an
ATP determination kit (Invitrogen).

The mitochondrial membrane potential (MMP) was assessed through
the JC-1 MMP detection kit (MedChemExpress, Shanghai, China) follow-
ing the manufacturer’s instructions. Briefly, treated H9C2 cells were incu-
bated with JC-1 for 30 min at 37 °C in the dark, and the images were taken
with a confocal microscope.

RNA extraction and quantitative PCR
Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA), and
reverse transcription was performed with the PrimeScript RT reagent kit
(Takara). mRNA expression levels were quantified by real-time PCR using
the SYBR Premix Ex Taq kit on a Roche LightCycler 480 system (Roche
Diagnostics, IN, USA). The primers used for mRNA detection were listed in
Supplementary Table 2. The results were analyzed using the 2~**“* method.
To determine the abundance of bacteria, genomic DNA was extracted
from fecal samples using the Fecal Genome DNA Extraction Kit (TIAN-
GEN; #DP328). The extracted DNA was then precipitated by centrifugation
at 12,000 x g for 2 min in a microcentrifuge. Following precipitation, the
DNA was washed with 70% ethanol and resuspended in nuclease-free water.

The genomic DNA of A. muciniphila was used to establish a standard curve
via RT-qPCR. The SYBR Green Realtime PCR Master Mix (QPK-201,
TOYOBO) was employed for the qPCR reactions. The reaction conditions
consisted of an initial denaturation at 95 °C for 30 s, followed by 40 cycles of
amplification: 95 °C for 55, 60°C for 10s, and 72°C for 15s. Various
concentrations of genomic DNA were used as templates to obtain corre-
sponding Ct values.

Western blot analysis

Protein samples were extracted from mouse hearts, NMVMs, or HOC2 cells
and separated using SDS-PAGE. The proteins were then transferred onto
PVDF membranes (Sigma). The membranes were blocked for 5min at
room temperature using a protein-free rapid sealing solution (G2052, Ser-
vicebio, Wuhan, China), followed by overnight incubation at 4 °C with the
specified primary antibodies. After washing, the membranes were incubated
with secondary antibodies for 1 h at room temperature. Bands were visua-
lized using an ECL kit (Beyotime, Jiangsu, China), and protein levels were
quantified with Image] software. Relative protein expression, normalized to
GAPDH, was displayed. The information on antibodies was listed in Sup-
plementary Table 3.

Statistical analysis

Statistical analysis for the main and Supplementary Figures was conducted
using GraphPad Prism versions 9 and 10. Significance was assessed with
either an unpaired, two-tailed Student’s ¢ test or a one-way analysis of
variance (ANOVA) followed by the SNK multiple comparisons test for post
hoc analysis. Normality was checked using the Shapiro-Wilk test before
applying parametric statistics. For groups with unequal variances, ¢ tests or
ANOVA with Welch’s correction were used. For non-normal distributions,
the Mann-Whitney or Kruskal-Wallis test was employed. Pvalue <0.05 was
considered statistically significant. Error bars indicate SD (standard devia-
tion) unless stated otherwise.

Data availability

All data used in this study are present in the main text and Supplementary
Materials. The 16S RNA data have been deposited in the NCBI Sequence
Read Archive (SRA) database (accession numbers: PRINA1151312 and
PRJNA1152730). RNA-seq data of mouse hearts were deposited at NCBI
(accession number: GSE276172). All original data in this study are deposited
in Mendeley Data, V1, doi: 10.17632/dk8hw2m7gg.1.
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