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ARTICLE INFO ABSTRACT
Keywords: The cardiotoxicity caused by Dox chemotherapy represents a significant limitation to its clinical application and
Doxorubicin cardiotoxicity is a major cause of late death in patients undergoing chemotherapy. Currently, there are no effective treatments
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available. Our analysis of 295 clinical samples from 132 chemotherapy patients and 163 individuals undergoing
physical examination revealed a strong positive correlation between intestinal barrier injury and the develop-
ment of cardiotoxicity in chemotherapy patients. We developed a novel orally available and intestinal targeting
protein nanodrug by assembling membrane protein Amuc_1100 (obtained from intestinal bacteria Akkermansia
muciniphila), fluorinated polyetherimide, and hyaluronic acid. The protein nanodrug demonstrated favorable
stability against hydrolysis compared with free Amuc_1100. The in vivo results demonstrated that the protein
nanodrug can alleviate Dox-induced cardiac toxicity by improving gut microbiota, increasing the proportion of
short-chain fatty acid-producing bacteria from the Lachnospiraceae family, and further enhancing the levels of
butyrate and pentanoic acids, ultimately regulating the homeostasis repair of lymphocytes in the spleen and
heart. Therefore, we believe that the integrity of the intestinal barrier plays an important role in the development
of chemotherapy-induced cardiotoxicity. Protective interventions targeting the intestinal barrier may hold
promise as a general clinical treatment regimen for reducing Dox-induced cardiotoxicity.
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Scheme 1. Diagram depicting the synthesis of the membrane protein drug HFPA and its mechanism in mediating.

1. Introduction

Doxorubicin (Dox) is a powerful anthracycline chemotherapeutic
that is commonly used as a first-line treatment for various malignancies,
including lymphoma, breast cancer, ovarian cancer, sarcoma and pedi-
atric leukemia. However, the cardiotoxic side effects of Dox, including
progressive cardiac dilatation, contractile dysfunction and ultimately
heart failure, limit its clinical application [1,2]. Currently, the main
strategy for preventing and treating chemotherapy-induced cardiotox-
icity is to eliminate or alleviate the direct effect of Dox on car-
diomyocytes, through interventions like the preventive use of
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angiotensin and p-blockers (carvedilol) or the cardioprotective agent
dexrazoxane [3]. However, protective interventions based on these
related mechanisms have not shown good efficacy in clinical treatment
[4]. Treatment with ROS scavengers and iron chelators failed to prevent
Dox-induced cardiomyopathy in cancer patients and resulted in signif-
icant clinical shortcomings [5]. Specific therapies that can prevent
Dox-induced cardiotoxicity are still lacking. Therefore, there is an ur-
gent need for research into rational cardioprotective treatments that
effectively reduce the development of Dox-induced cardiotoxicity is
urgently needed.

There is growing evidence that the close communication between the
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Fig. 1. The analysis of intestinal barrier permeability and cardiotoxicity in chemotherapy patients. (A)The diagram of clinical sample screening process; Plasma NT-
proBNP (B), cTnT (C), LPS (D), and zonulin family peptide (E) levels in chemotherapy patients were significantly higher than those in healthy controls. Simple linear
regression analysis showed that the levels of LPS (F and H) and zonulin (G and I) were positively correlated with plasma NT-proBNP and c¢TnT levels. Using t-test to
analyze the statistical differences. * P-value <0.05, ** P-value <0.01.
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Table 1
Correlation between characteristics of clinical samples and risk factors.
Health people (n Chemotherapy patients P-
=21) (n=44) value
Pre-Chemocardiotoxicity (n Chemocardiotoxicity (n = High-Chemocardiotoxicity (n
=23) 16) =5)
Gender (Male/Female) 10/11 11/12 10/6 3/2 0.4149
Age (mean, range) 36.14 + 10.04 42.43 +13.52 57.69 + 11.35 58.8 +18.39 0.0004
Drinking 2/21 3/23 5/16 2/5 0.3631
Smoking 3/21 5/23 5/16 2/5 0.2538
Number of chemotherapies NA 6.17 + 3.46 7.38 £ 5.39 8.2 +£5.07 NA
Echocardiography (Cardiac left ventricular NA 0/23 16/16 5/5 NA
dysfunction)
CKMB (0-24 U/L) NA 14.63 £+ 6.91 16.43 + 8.05 23.84 +13.9 NA
#NT-proBNP (pg/mL) 458.72 + 150.59 *544.86 + 119.84 *546.40 + 92.90 **2808.33 + 189.73 0.0386
#cTnT (pg/mL) 287.47 £+ 63.79 *410.6 £+ 90.24 *432.72 + 56.74 **3471.68 £+ 999.37 0.0377
#LPS (EU/L) 23.62 £5.31 *29.66 + 3.53 *30.02 &+ 2.77 **188.37 + 18.53 0.0356
#Zonulin (pg/mL) 1348.99 + 569.6 *2766.79 £ 598.5 *2940.61 + 495.05 **18941.77 + 7298.96 0.0096

NA, Not Applicable. “*” represent significant difference between the health people group and each chemotherapy patient group ("*” P-value<0.05, “**” P-value

<0.01). “#” represents ELISA tests results.

gut microenvironment and the heart (known as the gut-heart axis) is
crucial for maintaining normal cardiac function [6,7]. Disruptions in gut
microecological homeostasis balance, including disturbances in gut
microbiota composition and metabolism, as well as damage to the gut
barrier, are risk factors that contribute to the onset and progression of
cardiovascular diseases [8,9]. This discovery suggests that the gut
microenvironment is an ideal target for the prevention and treatment of
heart disease. However, some studies have demonstrated that reducing
gut bacteria through antibiotic treatment can protect against the
development of myocardial cell injury [10,11], while others suggest that
antibiotic treatment can be harmful and lead to inflammation and
damage [12]. Additionally, given the significance of gut microbiota to
human health, depleting gut bacteria with antibiotics will have severe
consequences for patients with tumors, as antibiotics can disrupt the
normal balance of bacteria in the gut. Probiotics or dietary intervention
are alternative approaches to manipulate the gut microbiota for the
prevention and treatment of cardiovascular disease [6,13]. However,
the high variability and diversity of the host-gut microecosystem, along
with the strain-specific effectiveness of probiotics, result in varying ef-
ficacy from individual to individual, hindering the practical benefits of
probiotics or dietary interventions [14,15].

As a crucial component of the intestinal microenvironment, the
intact intestinal barrier plays a vital role in prevent invasive bacteria or
toxic agents from entering the systemic circulation, thus maintaining
homeostasis [16,17]. Impaired intestinal barrier has been observed in
allergic and autoimmune conditions, systemic autoimmune and meta-
bolic conditions, chronic neuropsychiatric conditions and cardiovascu-
lar disease [18,19]. Clinical evidence and animal experiments have
indicated that intestinal barrier dysfunction is an early event in the
pathogenesis of certain diseases, such as arthritis and neurodegenerative
disease [20,21]. Dox-induced mucositis increases intestinal barrier
permeability and enhances local and systemic inflammatory responses
[22]. This situation presents an opportunity to target the intestinal
epithelial barrier to mitigate Doxorubicin-induced cardiotoxicity by
preventing barrier integrity disruption or restoring the damaged barrier.
Amuc_1100 is a versatile outer membrane protein of the highly prom-
ising next-generation probiotic Akkermansia muciniphila, which has been
shown to replicate some of the beneficial functions of A. muciniphila.
Recent studies have shown that Amuc_1100 is closely associated with
inflammation, metabolic and mental-related diseases [23-26]. It has
been reported that Amuc_1100 could reduce obesity and improve
metabolic syndrome. Additionally, Amuc_1100 can alleviate ulcerative
colitis and colitis associated colorectal cancer through modulation of
cytotoxic T lymphocytes [23]. In both clean and obese mice, Amuc_1100
suppressed the inflammation response of macrophages infected by
Porphyromonas gingivali, leading to reduced periodontal tissue damage
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and systemic inflammation [27]. Additionally, Amuc_1100 also plays a
crucial role in regulating the immune response and maintaining the
integrity of the gut barrier through its interaction with TLR2 [28].
However, it is still unclear whether Amuc_1100 could attenuate the
leakiness of gut barrier and cardiotoxicity induced by Dox is still un-
clear. Another primary problem with the translational and commercial
development of Amuc_1100 protein drugs is the unsatisfied therapeutic
effect caused by enzymatic degradation and rapid clearance in vivo.
Therefore, there is an urgent need to develop a novel strategy for effi-
cient delivery of Amuc_1100 to intestinal barrier.

This study aims to investigate the correlation between intestinal
barrier damage and cardiotoxicity during Dox chemotherapy in both
human and mouse models. Additionally, we aim to explore the potential
of Amuc_1100 in protecting against Dox-induced cardiotoxicity, based
on its known role in safeguarding the intestinal barrier. To overcome the
limitations of protein-based drugs, we first synthesized fluorinated
polyetherimide (FPEI) and used it to assemble with Amuc_1100 and
hyaluronic acid (HA), resulting in the creation of orally available
membrane protein nanodrugs (HFPA) with efficient intestinal targeting
capability (Scheme 1) [29]. Additionally, we systematically evaluated
the HFPA platform’s ability to ameliorate impaired intestinal barrier
function, and discussed its impact on intestinal microecology and the
immunological mechanisms involved in improving cardiac function.
Building on these findings, we aim to propose general clinical preventive
and protective measures to alleviate Dox-induced cardiotoxicity by
focusing on protecting the intestinal barrier.

2. Results and discussion

2.1. Intestinal barrier impairment is associated with the onset of
anthracycline-induced cardiotoxicity

Troponin T (cTnT) serves as a key marker for myocardial injury [30,
31]. Plasma lipopolysaccharides (LPS) levels have been utilized as an
indicator of bacterial translocation, reflecting intestinal barrier perme-
ability [18]. Zonulin, a precursor of the haptoglobin protein that in-
creases intestinal epithelial barrier permeability by downregulating
tight junction function [32,33]. Several studies have confirmed that
plasma zonulin levels are suitable for assessing intestinal permeability in
patients with inflammatory bowel disease (IBD) and autoimmune
arthritis [20,32]. Increased intestinal permeability has been observed in
cardiovascular diseases (CVDs), such as hypertension, coronary heart
disease, and myocardial infarction [18,34]. To investigate the correla-
tion between chemotherapeutic cardiotoxicity and the intestinal barrier,
we assessed plasma NT-proBNP, cTnT, LPS and zonulin levels in two
independent cohorts of 44 chemotherapy patients and 21 healthy
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statistical significance was analyzed using the two-way ANOVA followed by Tukey’s multiple comparison. * P-value <0.05, ** P-value <0.01.

control (Fig. 1A). We found that the plasma levels of NT-proBNP, cTnT,
LPS, and zonulin in chemotherapy patients were significantly higher
than those in healthy controls (Fig. 1B-E and Table 1), and the levels of
LPS and zonulin were positively correlated with plasma NT-proBNP and
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cTnT levels (Fig. 1F-I). Moreover, we identified that patient age may
play a crucial role in the onset and progression of cardiotoxicity
(Table .1). This could be due to the reduction in myocardial volume as a
result of aging-related cardiomyocyte loss, or the substantial increase in
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doxorubicin concentration in the heart caused by the pharmacokinetic
changes of anthracycline in elderly chemotherapy patients [35,36].
Furthermore, plasma NT-proBNP, ¢TnT, LPS, and zonulin levels were
significantly elevated in a subset of chemotherapy patients who had not
yet developed cardiac dysfunction by echocardiography (“pre--
Chemocardiotoxicity”). (Figs. S1A-D). These findings suggest that the
intestinal permeability of tumor patients undergoing chemotherapy is
compromised, and alterations intestinal permeability appear to precede
the occurrence of cardiac dysfunction.

2.2. Intestinal barrier injury induced by dox precedes the onset of
abnormal heart function

We then conducted a time course analysis of intestinal barrier
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dysfunction and reduction in cardiac function in mice. Following the
first dose, Dox caused noticeable and rapid histopathological changes,
including villus blunting within 6 h of injection, followed by significant
degeneration of villi and crypts 72 h later, and a subsequent repair phase
during which villi lengthened, and crypts regenerated and became hy-
pertrophic (Fig. 2A). Damage to the ileal epithelium was induced again
after the second injection after 120 h treated by Dox. The dynamic
process of Dox-induced changes in ileal morphology described here was
consistent with previous studies [37]. Corresponding to the aforemen-
tioned changes in ileal morphology, the intestinal barrier in Dox-treated
mice also exhibited dynamic permeability, as indicated by the serum
levels of LPS and zonulin (Fig. 2B and C). Furthermore, decreased levels
and staining intensity of ZO-1 were observed in Dox-induced small in-
testinal mucositis (Fig. 2D and E).
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Fig. 5. HFPA enhances intestinal barrier integrity and alleviates cardiac dysfunction, myocardial fibrosis and apoptosis in Dox-treated mice. (A) Schematic protocol
for mice treatments. Mice were injected intravenously with a cumulative dose of 15 mg/kg Dox three times in 21 days to construct chronic Dox cardiotoxicity model.
The mice were respectively treated twice a week with HFPA (3 pg/200 pL) by oral gavage for 7 days before the first Dox treatment; (B) Estimation on ileal his-
topathology morphology of Dox mice after HFPA intervention based on H&E staining. Scale bar: 100 pm; (C-D) Plasma levels of LPS and zonulin; (E-F) Immu-
nofluorescence images of ileal sections: DAPI (blue); ZO-1 (red). Scale bar: 50 pm; (G-1) Echocardiographic analysis the differences of cardiac function in mice treated
by HFPA and the other groups. EF, ejection fraction; FS, fractional shortening; (J-L) Plasma levels of the cardiac injury markers NT-proBNP, ¢TnT, and CKMB; (M —
0) Myocardial fibrosis and cardiomyocyte apoptosis was evaluated by Masson staining and TUNEL staining. n = 6 mice/group, mean =+ SD, and statistically analyzed

using one-way ANOVA followed by Tukey’s multiple comparison. * P-value <0.05, ** P-value <0.01.

Correspondingly, we evaluated the cardiac function in mice treated
with Dox at same time point. Fig. 3 demonstrates a significant increase
in plasma cTnT levels and myocardial zymogram (CKMB and NT-
proBNP) in Dox-treated mice from 72 h to 240 h post-treatment
(Fig. 2F, G and H). However, echocardiography results showed a
noticeable decrease in left ventricular ejection fraction (EF%) and
fractional shortening (FS%) only at 240 h after Dox injection, with a
brief acute injury observed at 72 h (Fig. 21, J and K). Taken together, the
delay between intestinal barrier dysfunction and cardiac dysfunction
suggests that Dox-induced disruption of intestinal barrier integrity pre-
cedes the onset of cardiac dysfunction. Intestinal injury exhibited a
dynamic process of injury, recovery, and reinjury with increasing Dox
concentrations and treatment times, similar to previous reports [38].
Dox exposure rapidly induced apoptosis in the intestinal epithelium and
mucosal barrier damage in mice, with partial recovery promoted by
intestinal crypt stem cells [38]. However, continuous Dox exposure
exacerbated cardiotoxicity and led to weakened left ventricular systolic
and diastolic function, decreased blood oxygen saturation, increased
ischemia and hypoxia, which in turn enhanced intestinal barrier
permeability, elevated circulating LPS or inflammatory level, and ulti-
mately exacerbates organ injury [39,40]. Clinical and animal experi-
ments indicate that intestinal barrier damage due to Dox chemotherapy
precedes cardiac dysfunction caused by drugs or inflammation, and
these factors are interrelated and mutually influence disease occurrence
and progression.

2.3. Early intestinal barrier injury can aggravate dox cardiotoxicity

The gut microbiota and intestinal barrier function are disrupted in
many clinical tumor patients, indicating an increased risk of Dox-
induced cardiotoxicity. To investigate whether intestinal barrier dam-
age exacerbates Dox cardiotoxicity, we induced the DSS-induced mice
model of chronic colitis before administering Dox. In brief, mice un-
derwent three cycles of five days of 2.5% DSS administration in sterile
drinking water, followed by seven days of DSS-free water (Fig. 3A).
Surprisingly, we observed a reduction in cardiac function in mice with
chronically increased intestinal barrier permeability. The compromised
barrier worsened Dox-induced cardiotoxicity compared to Dox treat-
ment alone (Fig. 3B, C and D). The levels of plasma NT-proBNP, cTnT
and CKMB were significantly increased in mice in the DSS, Dox and
combination group (Fig. 3E, F and G). Additionally, plasma LPS and
zonulin levels were significantly increased in mice in the DSS and Dox
combination group (Fig. 3H and I). The H&E staining results demon-
strated thickening of intestinal villi and inflammatory cell infiltration in
mice in the DSS and Dox combination group (Fig. 3J). These results
suggested the importance of assessing the integrity of the intestinal
barrier prior to Dox chemotherapy.

2.4. HFPA synthesis and characterization

Based on our findings indicating that a defective intestinal barrier
precedes the onset of cardiac dysfunction, our goal was to develop an
intervention that could improve intestinal barrier function and poten-
tially alleviate or prevent the onset of cardiac dysfunction. Amuc_1100,
a membrane protein derived from Akkermansia muciniphila MucT (ATTC
BAA-835), which has been demonstrated to regulate tight junction
proteins to maintain intestinal barrier homeostasis, was selected as a
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candidate for potential intervention. In order to achieve efficient de-
livery of the membrane protein Amuc_1100, fluorinated polyetherimide
(FPEI) was synthesized based on previous work and confirmed by nu-
clear magnetic resonance (*H NMR, Fig. S2). The results of IH NMR
indicate that all amino groups of polyetherimide were successfully
fluorinated. The membrane protein drug (HFPA) was fabricated through
electrostatic self-assembly using FPEI, Amuc_1100, and hyaluronic acid
(HA) as modules (Fig. 4A). The size and morphology of HFPA were
examined with a transmission electron microscope (TEM). HFPA parti-
cles were spherical, 200-300 nm in diameter, and had a uniform size
distribution (Fig. 4B). HFPA exhibited monodispersed spherical
morphology with diameters of approximately 200 nm, and the double-
layer structure can also be clearly observed under TEM. Dynamic light
scattering was used to determine the hydrate particle size (DLS) of
HFPA, which were ~208.5-229.8 nm (Fig. 4C). After being assembled
with HA, the zeta potential of Ru MOF nanozymes increased from ~
—33.93-~38.64 mV. Protein gel electrophoresis analyses of the HFPA
and free Amuc_1100 treated by trypsin (Fig. 4F), which suggests that the
membrane protein drug showed enhanced hydrolysis stability, further
confirming the successful assemble of Amuc_1100 in the nanoparticle.
Additionally, we used an animal fluorescence imaging system to eval-
uate the in vivo retention and distribution of Cy5.5-labeled HFPA in
mice. As shown in Fig. 4G, HFPA-Cy5.5 exhibited fluorescence in the
intestine for up to 8 h, indicating enhanced retention and intestinal
targeting of HFPA.

2.5. HFPA prevents dox-induced intestinal barrier injury and alleviate
cardiotoxicity

In our study, we orally supplemented HFPA to improve cardiac
function in a Dox-induced chronic cardiotoxicity model (Fig. 5A). We
observed that HFPA significantly alleviated Dox-induced histological
damage in the ileum, including villi shortening, crypt depth and in-
flammatory cell infiltration (Fig. 5B). Moreover, HFPA reduced LPS and
zonulin levels in serum (Fig. 5C and D). Treatment with HFPA mitigated
the decline in the expression levels of tight junction proteins ZO-1 in the
ileum of Dox-treated mice (Fig. 5E and F). Echocardiography results
demonstrated that HFPA significantly attenuated the Dox-induced
decrease in left ventricular (LV) EF% and FS% values (Fig. 5G, H and
I). Similarly, the increased plasma levels of NT-proBNP, cTnT, and
CKMB caused by Dox were also significantly decreased by HFPA (Fig. 5J,
K and L). Masson staining revealed that HFPA decreased the area of
cardiac fibrosis in Dox-treated mice (Figure.5M, N), while TUNEL
staining showed that HFPA suppressed Dox-induced myocardial
apoptosis (Figure.5M, O). However, we observed that HFPA did not
ameliorate body weight loss and changes in the heart-body weight ratio
(HW/BW) and heart-tibial ratio (HW/TL) (Figs. S3A, B, and C). Never-
theless, the spleen-body weight index SW/BW in Dox-treated mice
decreased significantly (Fig. S3D). These results indicate that HFPA
treatment could ameliorate Dox-induced ileal mucositis, reduce the
permeability of the intestinal barrier, and alleviate cardiotoxicity.

2.6. Oral HFPA administration attenuated dox-induced gut microbial
dysbiosis and inflammation

Intestinal microorganisms reside in the intestinal microenvironment
and interact with the intestinal mucosal barrier in complex ways.
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Research has demonstrated that intestinal microorganisms play a crucial
role in the development of intestinal mucositis caused by Dox chemo-
therapy, potentially through the elevation of in immunomodulatory
chemokines and immune cells in the intestine [22]. While certain studies
have indicated that Dox treatment does not have a considerable impact
on bacterial growth in vitro [38], it can change the composition of
specific bacteria in the intestinal environment, leading to a disruption of
the gut microecology [41,42]. It remains unclear whether HFPA can
restore the disrupted gut microbiome caused by Dox therapy and
improve consequential damage to both the gut barrier and cardiac
function is still unclear. T In order to investigate this matter, 16 S rRNA
gene sequencing was conducted to assess the impact of oral HFPA
administration on the composition and abundance of the intestinal
microbiota. Principal components analysis (PCoA) was initially per-
formed to visualize variations in the fecal microbiota structure among
the four groups. As anticipated, there were significant differences in the
fecal microbiota structure between the mice in the Dox group and those
in the other three groups. The microbiota structure of the HFPA + Dox
and PBS groups were more similar compared to other groups, whereas
the microbiota structure of the group receiving oral HFPA supplement
remained distinctive (Fig. 6A). The a-diversity (represented by Chaol
index) of the intestinal microbiota in Dox-treated mice significantly
declined (Fig. 6B). These results suggested that Dox significantly altered
the gut microbiota structure; however, administering HFPA effectively
mitigated the drastic shift in gut microbiota.

We then analyzed the differences in community structures of the four
groups of mice at phylum and genus levels. At the phylum level, Firmi-
cutes and Bacteroidetes were the main phyla across all groups. We found
that the relative abundance of Bacteroidetes was significantly upregu-
lated and the level of Firmicutes was significantly downregulated in the
Dox-treated group of mice (Fig. 6C and Figs. S4A and B). At the genus
level, Muribaculaceae, and Lachnospiraceae NK4A136_group are two
genera with relatively high abundance (Fig. 6D), with Muribaculaceae
being the dominant genus across all groups and having the highest
proportion in the Dox group of mice (>60%) (Fig. 6E and Fig. S4G). The
proportion of Lachnospiraceae NK4A136_group was significantly
decreased in the Dox group of mice compared to the other three groups
(Fig. 6F and Fig. S4G). Additionally, while there were no statistically
significant differences in the relative abundances of other major bacte-
rial phyla, such as Proteobacteria, Campilobacterota, Desulfobacterota and
Deferribacterota between the Dox group and the others (Figs. S4C-F).

Further analysis using LEfSe identified significantly different species
between the Dox group and the HFPA + Dox group (LDA score>3, P-
value <0.05). The results showed that Bacteroidia class, Bacteroidota
phylum, Alistipes genus, and Bacteroidales order were significantly
enriched in the Dox group, and all belonged to the Bacteroidota phylum.
In contrast, the top 5 enriched bacterial species in the HFPA + Dox group
mainly belonged to the Clostridia class, Firmicutes phylum, Lachnospir-
aceae family, Lachnospirales order, and Lachnospiraceae. NK4A136_group
genus. This was the most significant enrichment found in this group
(Fig. 6H), and mostly classified under the Lachnospirales order and the
Firmicutes phylum. The evolutionary tree also showed that the signifi-
cantly changed microbial differential species mainly belonged to the
Bacteroidales orders, and Desulfovibrionaceae familiy, RF39 family,
Lachnospiraceae family, and Ruminococcaceae family (Fig. S4H). The
aforementioned results suggest that HFPA can restore the dysbiosis
caused by Dox, and Lachnospiraceae may be a key genus in HFPA-
mediated mitigation of Dox-induced intestinal and cardiac toxicity.

Multiple studies have demonstrated that Lachnospiraceae can regu-
late the body’s immune and inflammatory responses [43-46] through
production of substantial amount of SCFAs [47,48]. Our targeted
metabolomic analysis revealed significantly higher levels of butyric acid
and pentanoic acid in the feces of mice treated with HFPA compared to
those in the Dox group. The levels of acetic acid, propionic acid, and
hexanoic acid exhibited an increasing trend, although there was no
significant change observed (Fig. 6H, I and Figure S5A, B and C).
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Additionally, there was a significant increase in the content of isobutyric
acid and isovaleric acid (Figs. S5D and E). We examined the levels of
inflammatory cytokines IL-1f, IFN-y, TNF-a, and MCP-1 in plasma to
determine the changes in the body’s inflammatory state following
intervention with HFPA. Our findings indicated that the levels of these
inflammatory factors in the mice treated with HFPA were significantly
lower compared to the Dox group (Fig. 6I-L). Furthermore, the spleen
plays a crucial role in the immune system, and both acute and chronic
administration of Dox can impact the immune status of the spleen [49,
50]. We used ELISA to measure the levels of IFN-y and IL-4 in spleen
suspensions. The results indicated a notable increase in IFN-y content in
the spleens of mice treated with Dox. However, after HFPA intervention,
these levels returned to normal (Fig. S5F). There was no significant
difference in the level of IL-4 in the spleen among the four groups of mice
(Fig. S5G). Flow cytometric analysis of immunocytes was performed on
single-cell suspensions from the spleen (Figs. S6A and S7). The results
showed that Dox significantly reduced the proportion of lymphocytes,
including CD4™ T cells (Th cells) and B cells, in the spleen. Nonetheless,
HFPA intervention effectively restored their proportions to normal
levels (Figs. S6B and C). Furthermore, Dox treatment led to a tendency
for an increase in the proportion of myeloid-derived cells, such as
macrophages and neutrophils. Following HFPA intervention, a signifi-
cant decrease in the proportion of both macrophages and neutrophils
was observed (Figs. S6D and E).

Overall, the findings indicate that HFPA has the potential to improve
the imbalance of intestinal microbiota induced by Dox, by enhancing the
presence of significant Lachnospiraceae genera that produce short-chain
fatty acids. This action can help reduce the systemic inflammation
triggered by Dox and adjust the immune cell makeup in the spleen.

2.7. HFPA alleviates dox cardiotoxicity by remodeling the composition of
cardiac immune cells

Previous research has suggested that the spleen plays a critical role in
maintaining and repairing heart homeostasis following Dox treatment
[50]. HFPA modulates inflammation levels and spleen immune cell
composition by reshaping the gut microbiota. It is also involved in
regulating cardiac immune cells. Flow cytometry revealed an increased
lymphocyte ratio in the hearts of Dox-treated mice, including B cells, Th
cells, and Treg cells. HFPA intervention restored lymphocyte levels to
normal (Fig. 7A-D). No significant difference was observed in macro-
phages and neutrophils of myeloid origin (Fig. 7E and F). Quantification
of ROS levels in the heart tissue showed a significant increase in
Dox-treated mice, which was markedly decreased after HFPA interven-
tion (Fig. S8A). Real-time qPCR analysis of inflammatory factors in
myocardial tissue showed that HFPA intervention significantly reduce
the increased expression levels of IL-1f, IFN-y and TNF-a caused by Dox
treatment (Figure. S8B, C and D). These results suggest that chronic Dox
treatment elevates the composition ratio of T and B lymphocytes in
cardiac tissues. However, the oral administration of HFPA can regulate
lymphocyte homeostasis and restore the aforementioned lymphocyte
ratios to normal levels.

Previous studies have shown significant increase in CD8" and CD4™
T cells in the failing heart, as well as an increase in the CD4" subpop-
ulation of Th1, Th2, Th17, and Treg cells. T present in both the heart and
spleen of heart failure patients have been found to be capable of
inducing cardiac injury and remodeling [51]. Additionally, it has been
observed that T cells are initially recruited from immune organs, such as
the spleen, and may contribute to the exacerbation of inflammation in
the heart during Dox chemotherapy [50,52]. The spleen serves as a
reservoir for T lymphocytes, and activated spleen T lymphocytes have
the ability to migrate to the central nervous system, where they can
positively regulate the function of the sympathetic nervous system in
various organs, thereby exacerbating the inflammatory response and
tissue and organ damage [53]. These findings may indicate that the
repeated administration of Dox could accelerate the migration of
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lymphocytes from the spleen to the injured myocardium. Hence, it is
hypothesized that the overactivation or accumulation of lymphocytes in
the heart may play a crucial role in Dox-induced cardiotoxicity. HFPA
mitigates Dox induced cardiotoxicity by modulating the repair of
lymphocyte homeostasis in the spleen and heart.

2.8. Protecting the intestinal barrier to alleviate dox cardiotoxicity may be
a general treatment strategy

To further support our hypothesis, we designed LA and GLP-2 as
alternative agents to Amuc_1100 for protecting the epithelial barrier and
obtained protein nanodrugs. These nanodrugs were systematically
evaluated in our study (Fig. 8A) [20,54]. Echocardiography showed that
LA and GLP-2 prevented Dox-induced left ventricular dysfunction
(Fig. 8B, C and D). Moreover, similar to the intervention effect of HFPA,
the plasma NT-proBNP, cTnT, and CKMB, which are indicative of
myocardial injury, as well as the LPS levels related to intestinal barrier
injury, decreased significantly in Dox-treated mice given LA and GLP-2
(Fig. 8E-H). Immunofluorescence revealed an up-regulation in the
expression of ZO-1 in the ileum of mice after intervention (Fig. 8K and
N). Histological staining indicated a reduction in myocardial fibrosis
(Fig. 8I and L) and cardiomyocyte apoptosis (Fig. 8J and M) in
Dox-induced mice were decreased by LA and GLP-2, respectively. These
results show that improving intestinal barrier function can effectively
alleviate the cardiotoxic side effects caused by Dox. Interventions tar-
geting the intestinal barrier may herald a new approach to cardiotoxic
intervention.

3. Conclusion

In conclusion, our study confirmed the significant role of the intes-
tinal barrier in the onset and progression of Dox-induced cardiotoxicity.
Targeted protection of intestinal barrier function to alleviate
chemotherapy-induced cardiotoxicity is a convenient and effective
intervention strategy. Future research should focus on exploring the
molecular mechanism of intestinal barrier in the occurrence and pro-
tection from Dox chemotherapy-induced cardiotoxicity, and whether
this effect is applicable to cardiotoxicity caused by various drugs used
for cancer treatment. Additionally, there is a need for extensive
screening and identification of probiotics, metabolites, or other func-
tional biological macromolecules associated with intestinal barrier
protection, as well as analysis of their protective effects in treating
cardiotoxicity caused by Dox chemotherapy. These findings will serve as
a foundation for the development and expansion of drugs and inter-
vention methods for Dox chemotherapy-induced cardiotoxicity, ulti-
mately reducing drug side effects and economic burden on
chemotherapy patients in clinical practice.

Experimental section

The detailed experimental processes are available in the Supple-
mentary Information.
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