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Gut Metabolite Indole-3-Propionic Acid Regulates
Macrophage Autophagy Through PPT1 Inhibiting
Aging-Related Myocardial Fibrosis

Jing Lu, Hongyan Wang, Haiyu Zhang, Jiahao Li, Hanqi Li, Qiuyu Chen, Dongyu Han,
Jialiang Liu, Lin Lv, Jie Xiong, Keying Yuan, Xianpeng Wei, Siqi Sheng, Fukai Liu,
Yuanqi Shi,* Zengxiang Dong,* and Yue Li*

Cardiac fibrosis, a key pathological feature of cardiac remodeling,
is a major contributor to mortality in older patients with heart failure.
The underlying mechanisms are complex, involving alterations in intercellular
communication and chronic inflammation. This study investigates
the role of indole-3-propionic acid (IPA) in aging-related myocardial fibrosis
and its regulatory effects on autophagy through palmitoyl-protein thioesterase
1 (PPT1). Here, plasma levels of IPA, a tryptophan-derived metabolite, are
found to be reduced in older patients with heart failure, and this reduction is
associated with deteriorating cardiac function. Notably, IPA supplementation
significantly attenuated aging-related myocardial fibrosis. PPT1,
a lysosomal enzyme involved in autophagy, is upregulated in macrophages
during aging. IPA reversed aging-induced increase in PPT1 expression.
Using PPT1flox/flox Lyz2-cre mice, it is demonstrated that macrophage-specific
deletion of PPT1 significantly reduced cardiac inflammation and myocardial
fibrosis in aged mice. Furthermore, PPT1 silencing in macrophages reduced
the expression of myocardial fibrosis markers in vitro. Mechanistically, IPA
regulated PPT1 expression to modulate the PI3K-AKT-mTOR pathway, thereby
restoring autophagic activity in senescent macrophages and suppressing
both inflammation and aging-related myocardial fibrosis. Additionally,
IPA influenced the cGAS-STING signaling pathway to regulate PPT1
expression. These findings demonstrate that IPA inhibits PPT1, activates
autophagy in macrophages, and mitigates aging-related myocardial fibrosis.

1. Introduction

Heart failure (HF) remains a leading cause ofmorbidity andmor-
tality worldwide, with its incidence and prevalence increasing
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consistently.[1] Pathological remodeling
processes lead to phenotypic changes in
cardiac fibroblasts, exacerbating extracel-
lular matrix deposition. This excessive
matrix accumulation reduces cardiac tissue
compliance and ultimately contributes to
the progression of advanced HF.[2] Aging
is a significant risk factor for myocardial
fibrosis, playing a crucial role in its de-
velopment and progression.[3] However,
the precise mechanisms underlying aging-
related myocardial fibrosis have not been
fully elucidated. Consequently, identifying
novel therapeutic targets is essential for
developing effective interventions. Emerg-
ing evidence suggests that alterations
in gut microbiota significantly influence
the pathophysiology of cardiovascular
diseases.[4,5] To facilitate genetic and molec-
ular analyses, we utilized a rodent model
of aging. Our findings revealed a reduction
in circulating and cardiac tissue levels of
indole-3-propionic acid (IPA) during aging,
a gut-derived metabolite synthesized from
tryptophan by Clostridium sporogenes.[6]

Tryptophan, an essential amino acid, plays
a key role in maintaining physiological
equilibrium. IPA has been shown to reg-
ulate mitochondrial activity and modulate

cardiac function.[7] Additionally, it has demonstrated cardio-
protective effects by preserving ejection fraction.[8] However,
whether IPA inhibits myocardial fibrosis in older individuals
remains unclear.
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Owing to the aging of the immune system, older individu-
als frequently experience low-grade chronic inflammation, which
is associated with an increased risk of cardiovascular disease.[9]

Studies have demonstrated a positive correlation between age
and the number of cardiac macrophages.[10,11] In aging mice, the
number of resident cardiac macrophages declines while the con-
tribution of circulating blood monocytes to cardiac macrophage
populations increases.[12] Macrophages play a central role in pro-
moting inflammation by secreting proinflammatory molecules
such as interleukin (IL)-6, tumor necrosis factor (TNF)-𝛼,
and matrix metalloproteinases (MMPs), which collectively con-
tribute to cardiac dysfunction.[13,14] Our study investigated
macrophage-mediated effects on the heart to identify potential
therapeutic targets.
Palmitoyl-protein thioesterase 1 (PPT1) is mainly lo-

cated within lysosomes, where it regulates the degradation
and clearance of lysosomal hydrolases, thereby influencing
autophagy.[15,16] PPT1 plays a critical role in disease pathogen-
esis, as it modulates the lysosomal degradation of nucleotide-
binding domain-like receptor protein 3 (NLRP3). By reducing
the degradation of NLRP3, PPT1 enhances its activation, leading
to the release of inflammatory factors and ultimately triggering
the proinflammatory phenotype of macrophages.[17] Notably,
genetic defects in PPT1 or pharmacologic inhibition of PPT1
have been shown to reduce autoantibody levels and attenuate
systemic inflammation.[18] PPT1 is a target of transcription
factor EB (TFEB), the master regulator of autophagy and lyso-
somal biogenesis, which orchestrates lysosomal function via
PPT1 regulation.[19] Therefore, we utilized PPT1flox/flox Lyz2-cre
mice to examine the regulatory effects of PPT1 in the context of
cardiovascular aging. In addition, we explored the effect of IPA
on reducing inflammation and fibrosis in the aged model by
regulating PPT1. This is the first study to investigate the role of
PPT1 in aging-related cardiovascular diseases.
We further explored the interaction of IPA with PPT1 by PI3K-

AKT-mTOR signaling pathway. Activation of mTOR complex
1 (mTORC1) has been implicated in the proliferation and ex-
pansion of inflammatory monocytes, thereby exacerbating sys-
temic inflammation.[20] Conversely, pharmacologic inhibition of
mTORC1 with rapamycin has been shown to mitigate inflam-
matory responses.[21] The cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) pathway is a critical
danger-sensing mechanism involved in innate immunity.[22] We
hypothesize that IPA modulates PPT1 through the regulation
of the cGAS-STING pathway. STING activation in cardiomy-
ocytes triggers downstream signaling cascades, leading to in-
creased production of pro-inflammatory cytokines and trans-
forming growth factor-beta (TGF-𝛽), which ultimately contribute
to myocardial fibrosis.[23] In this study, we investigated the
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specific mechanism by which IPA inhibits PPT1 activation and
induces autophagy.
Our findings indicate that IPA is downregulated in older pa-

tients with HF and that IPA supplementation reduces the de-
gree of myocardial fibrosis in aged rats, suggesting its poten-
tial as a therapeutic agent for aging-related myocardial fibrosis.
Moreover, macrophages highly expressing PPT1 exhibit a pro-
inflammatory phenotype significantly upregulated in senescent
macrophages. Furthermore, IPA regulates macrophage PPT1
via the cGAS-STING pathway while simultaneously modulating
the autophagic function of macrophages through the PI3K-AKT-
mTOR pathway.

2. Results

2.1. Abnormal Expression of Tryptophan and its Metabolite IPA
in Aged Patients and Rats

To evaluate plasma metabolite expression in older patients with
heart failure, we performed metabolomic analysis on plasma
samples from young (n = 14), older with non-HF (n = 30),
and older patients with heart failure (Older with HF, n =
30) (Table S1, Supporting Information). A metabolite differ-
ence volcano plot (Figure 1A) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis revealed
differential metabolites in human plasma, with tryptophan
metabolism being significantly enriched in the older with HF
group compared to the older with non-HF group (Figure 1B). IPA
was significantly downregulated in older with HF group com-
pared with older with non-HF group (Figure 1C). Correlation
analysis revealed a negative correlation between IPA concentra-
tion and age (Figure 1D). Hematoxylin and eosin (H&E) staining
revealed increased inflammation in the colons of the aged group
(Figure 1E). To investigate gut microbiota composition, we col-
lected and analyzed rat fecal samples using 16S rDNA sequenc-
ing. As shown in Figure 1F, the Firmicutes/Bacteroidota ratio was
decreased in aged rats, indicating increased inflammation. Lin-
ear discriminant analysis effect size (LEfSe) analysis identified
a significant difference in the relative abundance of c_Clostridia
between groups (Figure 1G). Previous studies have shown that
c_Clostridium is the primary bacteria responsible for metabo-
lizing tryptophan into IPA (Figure 1H).[24] Next, we performed
targeted quantitative metabolomic analysis of rat fecal samples
to measure IPA levels (Figure 1I). Venn diagram revealed that
IPA, nicotinic acid (N-acid), 2-Aminobenzoic acid (2-AA), and
2-Ketoadipic acid (2-KA) were common differentially expressed
metabolites (Figure 1J). Furthermore, IPA levels in heart tissues
were downregulated with left ventricular ejection fraction (LVEF)
value (Figure 1K). These findings indicate that gut microbiota
composition is altered in aged rats with heart failure and that IPA,
a key tryptophan metabolite, is significantly reduced in plasma
and heart tissue with aging and deterioration cardiac function.

2.2. IPA Inhibits the Secretion of Pro-Inflammatory Factors in
Senescent Macrophages and Alleviates Myocardial Fibrosis in
Aged Rats

Aged rat models were established using 18- to 20-month-old
Sprague-Dawley (SD) rats (Figure S1A, Supporting Information).
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Figure 1. Abnormal expression of tryptophan and its metabolite IPA in tissue samples from elderly patients and rats. A) Volcano plot of differential
metabolites in Older with non-HF vs Older with HF groups of human plasma samples. B) KEGG pathway enrichment map of differential metabolites
in Older with non-HF vs Older with HF groups of human plasma samples. C) Box plots of IPA content in Young (n = 14), Older with non-HF (n =
30) and Older with HF (n = 30) groups of human plasma samples (##p < 0.01 vs the Older with non-HF group). D) Correlation scatter plot between
human plasma IPA concentration and age. E) H&E staining of rat colon samples in Young and Aged groups. (n = 3) Magnification: 100×, scale bar =
100 μm. F) Stacked bar plots of relative abundance of species at phylum level based on ASV of rat feces samples in Young (n = 8) and Aged (n = 8)
groups. G) ASV-based cladogram of rat feces samples in Young and Aged groups. H) Metabolic pathway of IPA in the tryptophan metabolic pathway
of rat feces samples. I) Heat map of differential metabolites of rat feces samples in Young (n = 8), Aged (LVEF>70%) (n = 8), and Aged (LVEF≤70%)
(n = 8) groups. J) Venn plot of differential metabolites of rat feces samples in Young, Aged (LVEF>70%), and Aged (LVEF≤70%) groups. K) Correlation
scatter plot about rat heart IPA content and LVEF(%) value in Young (n = 12) and Aged (n = 24) group.
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Echocardiography was performed to assess cardiac function
(Figure S1B, Supporting Information),measuring LVEF, left ven-
tricular fractional shortening (LVFS), left ventricular internal di-
ameter at diastole (LVIDd), left ventricular internal diameter at
systole (LVIDs), left ventricular posterior wall thickness at di-
astole (LVPWd), left ventricular posterior wall thickness at sys-
tole (LVPWs), interventricular septal end-diastole (IVSd), and
interventricular septal end-systole (IVSs) were detected (Figure
S1C–J, Supporting Information). A significant decline in car-
diac function was observed in aged rats. H&E and Masson’s
staining revealed disordered cardiac muscle fibers and increased
myocardial fibrosis in aged hearts (Figure S1K–M, Support-
ing Information). Additionally, aged rats exhibited an upreg-
ulation of senescence markers P21 and P16, along with in-
creased levels of fibrosis-related genes COL1A1 and COL3A1 and
pro-inflammatory markers IL-6 and CD86 in aged rats (Figure
S1N,O, Supporting Information). These findings confirm that
aging leads to significant cardiac dysfunction and myocardial
fibrosis.
To investigate the therapeutic potential of IPA in aging-

related myocardial fibrosis, aged rats were administered IPA (20
mg kg−1 day−1) by oral gavage for 8 weeks (Figure 2A). Echocar-
diography was used to monitor cardiac function (Figure 2B),
with additional cardiac function indices measured (Figure 2C–J).
Histological evaluation using H&E and Masson’s staining
demonstrated that IPA treatment mitigated myocardial fibrosis
and improved cardiac muscle fiber organization (Figure 2K,L,
Figure 2O). Immunohistochemistry (IHC) analysis using 𝛼-
SMA and COL1A1 antibodies revealed that IPA significantly re-
duced 𝛼-SMA and COL1A1-positive areas in aged heart tissue
(Figure 2M,N,P,Q). COL3A1 and COL1A1 were significantly re-
duced in the IPA-treated aged group (Figure 2R–T). The detection
of the IPA concentration in the heart after intragastric adminis-
tration is shown in Figure S2A (Supporting Information). These
findings suggest that IPA attenuates aging-related myocardial fi-
brosis in aged rats.
To determine the specific cell types through which IPA ex-

erts its cardioprotective effects, primary neonatal rat cardiomy-
ocytes and cardiac fibroblasts were isolated and cultured. Cellu-
lar senescence was induced by treating these cells with 50 μm
hydrogen peroxide (H2O2) for 48h (Figure 2B–E). CIBERSORT
analysis revealed compositional changes in immune cells within
the ventricles of aged mice (Figure S2F–H, Supporting Informa-
tion). As shown in Figure 3A–F, the TNF-𝛼, CD68, and MCP-
1 positive areas were significantly reduced in the heart tissue
of the Aged+IPA group, whereas these markers were notably
increased in the Aged group. Immunofluorescence (IF) analy-
sis further demonstrated M1 macrophages (CD68+CD86+) ac-
cumulated in the heart and bone marrow-derived macrophages
(BMDMs) with aging, but their numbers significantly decreased
following IPA treatment (Figure 3G,H). Additionally, levels of IL-
6 and TNF-𝛼 were increased in the Aged group, but IPA adminis-
tration effectively reversed these increases (Figure 3I–K). Further-
more, IF staining showed a reduction in the intensity of iNOS
in vitro (Figure 3L,M). To further confirm the anti-inflammatory
effects of IPA, we evaluated the expression of IL-6 and TNF-
𝛼 (Figure 3N–P). These findings suggest that IPA inhibits M1
macrophage polarization, suppresses the expression of inflam-

matory cytokines, and exerts a protective effect against cardiac
fibrosis and inflammation in aging.

2.3. Knockout of Macrophage PPT1 can Reduce Cardiac
Inflammatory Infiltration and Myocardial Fibrosis in Aging Mice

Macrophages are the predominant resident immune cells in
the heart and play a crucial role in maintaining cardiac
homeostasis.[25] To investigate macrophage alterations dur-
ing aging, we performed flow cytometry analysis, which re-
vealed a significant increase in the M1/M2 macrophage ra-
tio (CD45+CD86+/ CD45+CD163+) in the Aged group (Figure
S3A,B, Supporting Information). Both protein and mRNA levels
of P21 and TNF-𝛼 were markedly upregulated in the aged group
(Figure S3C–F, Supporting Information), indicating enhanced
inflammatory infiltration and a pro-inflammatory phenotype in
senescent macrophages. Proteomic sequencing revealed differ-
ences between the two groups (Figure 4A). KEGG pathway anal-
ysis revealed alterations in the lysosomal pathway in aged hearts,
with a significant upregulation of PPT1 expression (Figure 4B,C).
PPT1 positive area, mRNA, and protein levels were increased
in aged heart tissue (Figure 4D–G). To analyze the inflamma-
tory response of PPT1 in macrophages, we analyzed single-cell
RNA sequencing (scRNA-seq) data from 27 healthy donors.[26]

Monocytes and macrophages were classified into seven subsets
(Figure 4H) and the marker is shown in Figure 4I. Percentage
of 5 celltypes of macrophages is shown in Figure 4J. The mono-
cyte subset had a higher immune response, as demonstrated by
the box plot analysis (Figure 4K). The M1 score box plot further
confirmed that the M𝜑-5 subset had the highest M1 polariza-
tion, with significantly elevated PPT1 expression in the M𝜑-5
andmonocyte subsets—identifying them as highly inflammatory
cell subsets (Figure 4L,M). Subsequently, we found that PPT1+

mice exhibited heightened immune responses and increasedM1
scores (Figure 4N,O). IF staining confirmed a significant up-
regulation of PPT1 expression in CD68+ macrophages in aged
hearts and BMDMs (Figure 4P–R). Similarly, PPT1 levels were
upregulated in aged macrophages (Figure 4S,T). Collectively,
these findings indicate that aging is associated with an increased
proportion of pro-inflammatory monocytes and macrophages,
with pro-inflammatory PPT1+ cells highly expressed in the
heart.
To verify the role of PPT1 in the heart during aging, PPT1flox/flox

Lyz2-cre mice (cko-PPT1) were administered D-galactose (D-
gal) for 12 weeks to induce aging (Figure 5A). In addition,
adeno-associated virus (AAV)-F4/80-sh-PPT1 was injected into
the aged rats to induce PPT1 knockdown (Figure S4A, Sup-
porting Information). Echocardiography was performed to as-
sess cardiac function (Figure 5B; Figure S4B, Supporting Infor-
mation). The results showed that PPT1 knockdown via either
cko-PPT1 or sh-PPT1 attenuated the decline in cardiac func-
tion induced by D-gal or aging (Figure 5C–J; Figure S4C–J,
Supporting Information). H&E and Masson’s staining revealed
that cko-PPT1 or sh-PPT1 reversed the inflammation, disordered
muscle fibers, and excessive collagen deposition induced by D-
gal or aging (Figure 5K,L,O; Figure S4K,L,O, Supporting Infor-
mation). IHC further demonstrated that cko-PPT1 or sh-PPT1
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Figure 2. IPA alleviates aging-related myocardial fibrosis in rats. A) Schematic of the experimental design. B) Representative echocardiographic graphs.
C–J) Echocardiographic measurements of LVEF, LVFS, LVIDd, LVIDs, LVPWd, LVPWs, IVSd, and IVSs. K) H&E staining of rat hearts. Magnification: 200×,
scale bar=50 μm. L) Masson’s staining of rat hearts. Magnification: 100×, scale bar = 100 μm. M,N) Representative images of IHC staining with 𝛼-SMA
or COL1A1 antibody. Magnification: 200×, scale bar = 50 μm. O) Statistical graphs of Masson’s staining. P,Q) Statistical graphs of IHC staining with
𝛼-SMA or COL1A1. R) Statistical graphs of RT-qPCR of COL3A1 and COL1A1. S,T) Representative images and statistical graphs of COL3A1 and COL1A1
at protein levels. (n = 6–7, data are expressed as mean ± SEM, *p < 0.05, **p < 0.01 vs the Young group; #p < 0.05, ##p < 0.01 vs the Aged group).

reduced the D-gal- or aging-induced MCP-1 and 𝛼-SMA posi-
tive areas (Figure 5M,N,P,Q; Figure S4M,N,P,Q, Supporting In-
formation). Additionally, IF staining showed that macrophage
PPT1 (CD68+PPT1+) expression increased with aging, while cko-
PPT1 or sh-PPT1 decreased the number of CD68+PPT1+ cells
(Figure 5R; Figure S4R, Supporting Information). Fibrotic and
inflammatory markers were also downregulated in the D-gal +
cko-PPT1 and aging + sh-PPT1 groups (Figure 5S–U; Figure
S4S–U, Supporting Information). These findings indicate that

cko-PPT1 or sh-PPT1 could reverse the aging-induced increase
in fibrosis and inflammation.

2.4. IPA Regulates PPT1 to Inhibit the Secretion of
Pro-Inflammatory Factors in Senescent Macrophages

To investigate the pro-inflammatory effects of macrophage PPT1,
we employed si-PPT1 or DC661, a PPT1 inhibitor, and found that

Adv. Sci. 2025, e01070 e01070 (5 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. IPA inhibits proinflammatory factor secretion in senescent macrophages. A–F) Representative images and statistical graphs of IHC staining
with TNF-𝛼, CD68 and MCP-1 antibody. Magnification: 200×, scale bar = 50 μm. G) Representative images of the immunofluorescence of CD68, CD86,
and DAPI in rat heart tissue (CD68+CD86+ represent M1 macrophage). Magnification: 200×, scale bar = 20 μm. H) Representative images of the
immunofluorescence of CD68, CD86, and DAPI in rat BMDM. Magnification: 200×, scale bar = 20 μm. I) Statistical graphs showing RT-qPCR results of
IL-6 and TNF-𝛼 expression of rat hearts from the Young, Aged, and Aged+IPA groups. J,K) Representative images and statistical graphs of IL-6 and TNF-𝛼
at protein levels. L,M) Representative graphs of the immunofluorescence of iNOS in Control, LPS/IFN-𝛾 and LPS/IFN-𝛾+IPA groups. Magnification:
200×, scale bar = 20 μm. N) Statistical graphs of RT-qPCR of IL-6 and TNF-𝛼 in Control, LPS/IFN-𝛾 and LPS/IFN-𝛾+IPA groups. O,P) Representative
images and statistical graphs of IL-6 and TNF-𝛼 at protein levels in Control, LPS/IFN-𝛾 and LPS/IFN-𝛾+IPA groups. (n = 3–6, data are expressed as
mean ± SEM, **p < 0.01 vs the Young or Control group; ##p < 0.01 vs the Aged or LPS/IFN-𝛾 group).
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Figure 4. PPT1 expression is upregulated in senescent macrophages. A) Volcano plot of differentially expressed proteins of Young and Aged groups
in rats heart. B) KEGG enrichment top 20. C) Heat map of differentially expressed proteins in the lysosomal pathway. D,E) Representative images
and statistical analysis of IHC staining with PPT1 antibody. Magnification: 400×, scale bar = 100 μm. F) Statistical analysis of PPT1 mRNA level. G)
Representative images and statistical analysis of PPT1 protein level. H) UMAP plots of heart macrophage from 27 healthy donors. I) A heatmap showing
the markers ≈7 types of macrophages. J) Stacked graph of cell proportions. K) Violin plots of inflammatory response scores in different subgroups.
L) Violin plots of the M1 scores of different macrophage subsets. M) Violin plots of PPT1 expression in different monocyte-macrophage subsets. N)
Inflammatory response score. O) M1 score. P) Representative figure of the immunofluorescence of CD68, PPT1, and DAPI in heart. Magnification: 200×,
scale bar = 20 μm. Q,R) Representative immunofluorescence images and statistical analysis of PPT1 intensity. Magnification: 200×, scale bar = 20 μm.
S) Statistical analysis of PPT1 mRNA level in BMDM. T) Representative graphs and statistical analysis of PPT1 at protein level in BMDM. (n = 3–6, data
are expressed as mean ± SEM, *p < 0.05, **p < 0.01 vs the Young group).
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Figure 5. Transgenic knockout of macrophage PPT1 improves cardiac inflammatory infiltration and myocardial fibrosis in D-gal induce-aged mice.
A) Schematic of the experimental design. B) Representative echocardiographic graphs. C–J) Echocardiographic measurements of LVEF, LVFS, LVIDd,
LVIDs, LVPWd, LVPWs, IVSd, and IVSs. K) H&E staining of left ventricles. Magnification: 200×, scale bar = 50 μm. L) Masson’s staining of left ventricles.
Magnification: 200×, scale bar = 50 μm. M,N) Representative images of IHC staining with MCP-1 and 𝛼-SMA antibody. Magnification: 200×, scale bar
= 50 μm. O) Statistical graphs of Masson’s staining. P,Q) Statistical graphs of IHC staining with MCP-1 and 𝛼-SMA antibody. R) Representative images
of the immunofluorescence of CD68, PPT1, and DAPI in mice heart. Magnification: 200×, scale bar = 20 μm. S) Statistical analysis of COL3A1, COL1A1,
PPT1, IL-6, and TNF-𝛼 mRNA level. T,U) Representative images and statistical analysis of COL3A1, COL1A1, PPT1, IL-6, and TNF-𝛼 at protein level. (n
= 5–6, data are expressed as mean ± SEM, **p < 0.01 vs the WT group; #p < 0.05, ##p < 0.01 vs the D-gal group).

si-PPT1#1 had a better knockdown effect (Figure S5A,B, Support-
ing Information). Subsequently, both si-PPT1 and DC661 sig-
nificantly reduced iNOS levels induced by LPS/IFN-𝛾 in vitro
(Figures S5C,D and S6A,B, Supporting Information). Further-
more, we examined the impact of PPT1 knockdown on M1
macrophages using si-PPT1 or DC661 and observed a signifi-

cant reduction in their pro-inflammatory activity (Figures S5E,F
and S6C–E, Supporting Information). These findings suggest
that the knockdown of PPT1 could significantly inhibit the pro-
inflammatory effects of M1 macrophages.
To determine whether IPA mediates PPT1 regulation in

macrophages, we assessed PPT1 expression in aged and M1

Adv. Sci. 2025, e01070 e01070 (8 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. IPA inhibits PPT1 expression and reduces the secretion of inflammatory factors in aging macrophages. A,B) Representative images and
statistical graphs of the immunofluorescence of iNOS. Magnification: 200×, scale bar = 20 μm. C) Statistical analysis of IL-6 and TNF-𝛼 at mRNA
level. D,E) Representative images and statistical analysis of IL-6 and TNF-𝛼 at protein level. F,G) Representative images and statistical graphs of the
immunofluorescence of iNOS. Magnification: 200×, scale bar = 20 μm. H) Statistical analysis of IL-6 and TNF-𝛼 at mRNA level. I,J) Representative
images and statistical analysis of IL-6 and TNF-𝛼 at protein level. (n = 3–6, data are expressed as mean ± SEM, **p < 0.01 vs the Young or Vector group;
#p < 0.05, ##p < 0.01 vs the Aged or oe-PPT1 group).

macrophages using IF and western blotting. Our results demon-
strated that IPA reduced the expression of PPT1 both in vivo
and in vitro (Figure S7A–E, Supporting Information). This ef-
fect was further validated by PPT1 overexpression (Figure S7F,G,
Supporting Information), followed by IPA treatment, which con-
firmed that IPA could reduce PPT1 levels despite its overexpres-
sion (Figure S7H,I, Supporting Information).
To further investigate whether IPA regulates senescent

macrophages through PPT1, we first verified the anti-
inflammatory effects of IPA in agedmacrophages, which showed
a reduction in pro-inflammatory marker levels (Figure 6A–E).
Similarly, we found that IPA attenuated the pro-inflammatory ef-
fects of oe-PPT1 (Figure 6F–J). Collectively, these results provide

compelling evidence that IPA could regulate the inflammatory
response in aged macrophages through PPT1.

2.5. IPA Regulates PPT1 to Inhibit Senescent Macrophages from
Inducing Myocardial Fibrosis

A previous study reported that macrophage-fibroblast crosstalk
plays an important role in the pathophysiology of cardiac inflam-
mation and fibrosis.[27] To further investigate the role of PPT1-
expressing macrophages in myocardial fibrosis, conditioned
medium (CM) from M1 macrophages was harvested and added
to cardiac fibroblasts (Figure S8A, Supporting Information).

Adv. Sci. 2025, e01070 e01070 (9 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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BMDMs were extracted from young and aged rats, treated with
si-PPT1 or DC661, and their CM was collected and administered
to cardiac fibroblasts. As shown in Figure S8B,C,F,G (Support-
ing Information), PPT1 inhibition via si-PPT1 or DC661 signif-
icantly reduced 𝛼-SMA expression in cardiac fibroblasts. West-
ern blot analysis further showed that incubation of aged BMDMs
with si-PPT1 or DC661 alleviated fibrosis in cardiac fibroblasts
by decreasing the expression of COL3A1, COL1A1, and 𝛼-SMA
(Figure S8D,E,H,I, Supporting Information). These findings in-
dicate that inhibiting PPT1 in aged macrophages reduces colla-
gen deposition in myocardial fibroblasts.
Next, we assessed whether IPA regulates myocardial fibrosis

through its effects on PPT1 in the macrophages of aged rats. We
measured fibrosis marker expression levels in cardiac fibroblasts
which influenced by Young, Aged, and Aged + IPAmacrophages
and found that Aged + IPA-CM reversed the Aged-CM-induced
upregulation of 𝛼-SMA (Figure 7A–F). Similarly, IPA treatment
reversed the oe-PPT1-induced increases in COL3A1, COL1A1,
and 𝛼-SMA levels (Figure 7G–K). These findings suggest that IPA
regulates the crosstalk between macrophages and fibroblasts via
PPT1, thereby attenuating fibroblast fibrosis.
While previous studies have established a correlation be-

tween macrophage dysfunction and aging-related myocardial fi-
brosis, additional cell-specific interventions, such as adoptive
macrophage transfer experiments, are required to establish a
causal relationship. To validate the regulatory effects of IPA
on PPT1 expression in macrophages, we performed adoptive
macrophage-transfer experiments. Clodronate liposomes (Lip-
Clo) were used to selectively deplete macrophages in young rats.
Macrophages from Young, Aged, Aged + IPA, and Aged + sh-
PPT1 rats were then transferred into young rats to assess cardiac
function (Figure 8A). Flow cytometry confirmed a significant re-
duction in macrophage levels in the Lip-Clo group (Figure 8B,C).
Echocardiography was performed to monitor cardiac function
(Figure 8D), revealing that Aged + IPA or Aged + sh-PPT1
macrophage transfer improved cardiac function compared with
Aged macrophage transfer alone (Figure 8E–L). H&E and Mas-
son’s staining showed increased inflammation and collagen de-
position in the Aged to the Young group, whereas Aged + IPA
or Aged + sh-PPT1 mitigated these effects (Figure 8M,N,Q). Fur-
thermore, the MCP-1 and 𝛼-SMA-positive areas were increased
in the Aged to Young group, but both IPA and sh-PPT1 treat-
ment reduced these markers (Figure 8O,P,R,S). The mRNA and
protein levels of fibrosis and inflammatory markers corroborated
these findings (Figure 8T–V).

2.6. IPA Regulates Macrophage Autophagy Function Through
PPT1

Macrophage autophagy decreases with age, leading to aggravated
inflammation.[28] Given the regulatory effect of IPA on autophagy
and its impact on PPT1 expression in senescent macrophages,
further investigation was warranted. To assess autophagic flux,
BMDMs were infected with Ad-GFP-mCherry-LC3B. Live-cell
imaging of BMDM showed spots with both GFP and mCherry
fluorescence (i.e., autophagosomes) in the LPS/IFN-𝛾 group and
spots with only mCherry fluorescence in the LPS/IFN-𝛾+IPA
group (i.e., autolysosomes) (Figure S9A, Supporting Informa-

tion). Immunofluorescence analysis demonstrated that LC3B-
II formed distinct spots or clumps within the cell in both the
control and LPS/IFN-𝛾+IPA groups, indicative of normal au-
tophagic activity (Figure S9B, Supporting Information). LC3B-
II and Beclin1 protein expression was upregulated, whereas
P62 protein expression was downregulated (Figure S9C, Sup-
porting Information). These data demonstrate that IPA acti-
vates autophagy in M1 macrophages. To determine whether
IPA regulates macrophage autophagy via PPT1, we compared
autophagic flux between the oe-PPT1 group and oe-PPT1 +
IPA groups (Figure S10A, Supporting Information). IPA treat-
ment altered autophagic flow in the oe-PPT1+IPA group com-
pared to oe-PPT1 alone, as evidenced by the formation of LC3B-
II puncta (Figure S10B, Supporting Information). Moreover,
IPA reversed the oe-PPT1-induced downregulation of LC3B-II
and Beclin1 while suppressing the upregulation of P62, indi-
cating that IPA counteracts PPT1-mediated autophagy impair-
ment.
To investigate the mechanism by which IPA enhances lyso-

somal function and regulates PPT1 activation during aging, we
performed RNA-seq to screen differentially expressed genes.
Comparative transcriptomic analysis revealed distinct gene ex-
pression profiles among Young-BMDMs, Aged-BMDMs, and
Aged-BMDMs treated with IPA (Figure 9A–C). It focused on
the KEGG pathway involved in the PI3K-AKT signaling path-
way. To further explore the role of IPA in autophagy regula-
tion, we assessed autophagic flux. Our results demonstrated that
IPA treatment increased autophagy levels in aged macrophages
(Figure 9D). Fluorescence imaging of LC3B revealed distinct
punctate structures in Young and Aged + IPA macrophages, in-
dicating the activation of autophagy (Figure 9E). Western blot
analysis further confirmed that IPA modulated the expression
of autophagy-associated marker proteins, including LC3B-II, Be-
clin1, and P62, by activating the PI3K-Akt-mTOR signaling path-
way (Figure 9F,G).

2.7. IPA Promotes PPT1 Expression via the cGAS-STING Pathway

As an important innate immune signaling pathway, the cGAS-
STING pathway is activated by nucleic acids. It is an important
DNA sensor associated with the secretion of pro-inflammatory
factors and is linked to the senescence-associated secretory phe-
notype (SASP).[29,30] To verify the pathway through which IPA
affects the PPT1 protein, we first assessed the impact of IPA
on cGAS-STING expression. Our results showed that IPA treat-
ment reduced the mRNA and protein levels of cGAS and STING
in cardiac tissue (Figure 10A–C). These findings were corrob-
orated by in vitro protein analysis (Figure 10D,E). To further
validate the role of the cGAS-STING pathway in PPT1 regula-
tion, we used specific inhibitors: RU.521 (a cGAS inhibitor) and
C176 (a STING inhibitor). Inhibition of this pathway led to a
significant reduction in PPT1 expression in M1 macrophages
(Figure 10F), as confirmed by immunofluorescence and western
blotting (Figure 10G–L).

3. Discussion

Numerous studies have demonstrated that gut microbiota has
been associated with cardiovascular disease, with gut dysbiosis
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Figure 7. IPA inhibits PPT1 in aged macrophages and alleviates collagen deposition in fibroblasts. A) Schematic of the experimental design. B,C)
Representative figures and statistical graphs of the immunofluorescence of 𝛼-SMA. Magnification: 200×, scale bar = 20 μm. D) Statistical analysis of
COL3A1, COL1A1 and 𝛼-SMA at mRNA level. E,F) Representative images and statistical analysis of COL3A1, COL1A1 and 𝛼-SMA at protein level. G,H)
Representative Figure and statistical graphs of the immunofluorescence of 𝛼-SMA. Magnification: 200×, scale bar = 20 μm. I) Statistical analysis of
COL3A1, COL1A1 and 𝛼-SMA at mRNA level. J,K) Representative figures and statistical analysis of COL3A1, COL1A1 and 𝛼-SMA at protein level. (n = 3–
6, data are expressed as mean ± SEM, *p < 0.5, **p < 0.01 vs the Young–CM or Vector–CM group; #p < 0.5, ##p < 0.01 vs the Aged–CM or oe-PPT1–CM
group).
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Figure 8. IPA inhibits PPT1 in elderly macrophages in vitro and reduces myocardial fibrosis in vivo. A) Schematic of the experimental design. B,C) Rep-
resentative graphs and statistical graph of flow cytometry. D) Representative echocardiographic graphs. E–L) Echocardiographic measurements of LVEF,
LVFS, LVIDd, LVIDs, LVPWd, LVPWs, IVSd, and IVSs. M) H&E staining of left ventricles. Magnification: 200×, scale bar = 50 μm. N) Masson’s staining
of left ventricles. Magnification: 200×, scale bar = 50 μm. O,P) Representative images of IHC staining with MCP-1 and 𝛼-SMA antibody. Magnification:
200×, scale bar= 50 μm.Q) Statistical graphs of Masson’s staining. R,S) Statistical graphs of IHC staining withMCP-1 and 𝛼-SMA antibody. T) Statistical
analysis of COL3A1, COL1A1, IL-6, and TNF-𝛼 at mRNA level. U,V) Representative images and statistical analysis of COL3A1, COL1A1, IL-6, and TNF-𝛼
at protein level. (n = 3–6, data are expressed as mean ± SEM, *p < 0.05, **p < 0.01 vs the Young group; #p < 0.05, ##p < 0.01 vs the Aged group; &p <
0.05, &&p < 0.01 vs the Aged+sh-PPT1 group).
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Figure 9. IPA regulates macrophage autophagy via PI3K-AKT-mTOR pathway. A) Heat map of differentially expressed genes. B) Venn diagram of differ-
entially expressed genes. C) KEGG pathway enrichment bubble diagram of differentially expressed genes. D) mCherry-GFP-LC3B immunofluorescence
staining representative images. Magnification: 200×, scale bar= 20 μm. E) Representative images immunofluorescence staining of LC3B. Magnification:
200×, scale bar = 20 μm. F,G) Representative images and statistical analysis of mTOR, p-mTOR, PI3K, p-PI3K, AKT, p-AKT, P62, Beclin1 and LC3B at
protein level. (n =4–6, data are expressed as mean ± SEM, **p < 0.01 vs the Young group; ##p < 0.01 vs the Aged group).

implicated in the development ofmyocardial fibrosis.[31] Previous
research highlights the involvement of gut microbiota in inflam-
matory conditions and emphasizing its broad impact on inflam-
matory processes.[32–34] In our study, we found that plasma IPA
levels were significantly lower in older patients with heart failure
compared to age-matched individuals without heart disease. Fur-
thermore, our findings highlight the therapeutic potential of IPA,
a product of tryptophan metabolism by c_Clostridium, in ame-
liorating cardiac function in aging. Previous studies have shown
that pretreatment with IPA attenuates LPS-induced cardiac dys-
function and inflammation.[35] Wang et al. reported that IPA pro-
tects against heart failure by preserving ejection fraction.[8] Aging
induces a wide range of cardiovascular alterations, including ex-
tracellularmatrix remodeling, increased oxidative stress, and dys-

regulation of immune responses.[36] However, the role of IPA in
aging-related heart disease has not been extensively reported. To
address this gap, we found the protective effect of IPA on cardiac
function in aged rats, focusing on its ability to reduce inflamma-
tion and collagen deposition in aging-related myocardial fibrosis.
Our findings position IPA as a clinically relevant therapeutic drug
for cardiovascular health.
Furthermore, we investigated PPT1, a lysosomal enzyme that

has been extensively studied in other contexts, including neu-
rodegenerative diseases and systemic autoimmunity, but re-
mains underexplored in the cardiovascular system.[18,37] Using
proteomic sequencing, this study is the first to identify the key
role of PPT1 in the heart. Our research demonstrates that PPT1
expression is upregulated in aged and inflamed cardiac tissue

Adv. Sci. 2025, e01070 e01070 (13 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 10. cGAS-STING pathway is involved in IPA-induced inhibition of PPT1. A) Statistical graph of cGAS and STING mRNA levels in macrophages.
B,C) Representative images and statistical graph of cGAS and STING at protein levels in macrophages. D,E) Representative images and statistical graph
of cGAS and STING at protein levels in vitro. F) Schematic diagram of IPA. G–J) Representative images and statistical graph of PPT1 immunofluorescence
intensity in M1macrophages after treated with RU.521 or C176. Magnification: 200×, scale bar= 20 μm. K,L) Representative images and statistical graph
of PPT1 protein levels in M1 macrophages after treated with RU.521 or C176. M) Graphical abstract. (n = 3–6, data are expressed as mean ± SEM, *p
< 0.05, **p < 0.01 vs the Young or Control group; #p < 0.05, ##p < 0.01 vs the Aged or LPS/IFN-𝛾 group).

and is mainly regulated by macrophages. scRNA-seq analysis
demonstrated that PPT1 was significantly upregulated in aged
macrophages, with PPT1 high expressively macrophages exhibit-
ing a pro-inflammatory phenotype. These findings suggest that
PPT1 may be a potential therapeutic target for treating cardiac
inflammation. Long-term administration of D-gal in rodents can

mimic the overproduction of reactive oxygen species caused by
physiological aging, a common way to induce aging in animals
in vivo.[38,39] By verifying transgenic mice with PPT1 knockout in
macrophages, we found that knocking out PPT1 in macrophages
could significantly reduce D-gal-induced aging-related myocar-
dial fibrosis and inflammation in mice. Pathological analysis

Adv. Sci. 2025, e01070 e01070 (14 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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further confirmed that, compared to the D-gal-treated group, the
D-gal + cko-PPT1 group exhibited a significant reduction in car-
diac inflammation and collagen deposition. These findings were
corroborated by experiments in aged rats, where AAV-sh-PPT1
also led to a significant reduction in cardiac fibrosis and inflam-
mation. Inhibition of PPT1 mitigated cardiac fibrosis and alle-
viated age-related inflammation, highlighting its potential as a
therapeutic target. Aged bone marrow macrophages could drive
systemic aging and age-related dysfunction.[40] To determine
whether IPA alleviates myocardial fibrosis throughmacrophages
or whether knocking down PPT1 in macrophages can alleviate
myocardial fibrosis, we adoptively transferred aged BMDMs into
young rats. Our findings revealed that aged macrophages with
PPT1 knockdown and aged macrophages treated with IPA sig-
nificantly reduced inflammation and fibrosis compared to un-
treated aged macrophages. Additionally, the same conclusion
was obtained when the conditioned medium of macrophages
was applied to cardiac fibroblasts in vitro. Specifically, COL3A1,
COL1A1, and 𝛼-SMA were upregulated in Aged or oe-PPT1 con-
ditional medium groups, whereas their expression was signifi-
cantly down-regulated in aged or oe-PPT1macrophage that incu-
bate with si-PPT1, DC661, and IPA.
Autophagy is essential for maintaining cardiovascular home-

ostasis and function. Aging is associated with impaired au-
tophagy, leading to the accumulation of metabolic waste and con-
tributing to various pathological conditions. Notably, autophagy
acts as a double-edged sword, both playing a role in and being
influenced by cardiac aging.[41–43] Previous studies have shown
that PPT1 regulates autophagy in the context of tumor immu-
nity and skeletal muscle differentiation.[44,45] These results sug-
gest that IPA regulates macrophage autophagy via PPT1 in aging
model. To further elucidate the signaling pathway through which
IPA regulates autophagy in agingmacrophages via PPT1, we per-
formed RNA-seq analysis. Autophagy presents a dual role in cel-
lular physiology. While appropriate levels of autophagy enhance
overall cellular function, excessive and insufficient autophagy
may disrupt normal physiological processes and contribute to
disease progression.[46] The results showed that autophagic func-
tion in aged BMDMs was impaired, with significant inhibition
of the PI3K-AKT-mTOR pathway. Notably, IPA treatment upreg-
ulated this pathway. To validate these findings, we conducted in
vitro experiments to determine whether IPA could restore PI3K-
AKT-mTOR pathway activity. Our experimental results demon-
strated that incubation with IPA enhanced the autophagic func-
tion of pro-inflammatory macrophages within LPS/IFN-𝛾 or oe-
PPT1 groups. In contrast, our in vivo data showed that IPA re-
versed aging-induced autophagy inhibition in BMDMs, as ev-
idenced by autophagy flux analysis and the expression of au-
tophagy marker proteins. Growing evidence suggests that inhibi-
tion of the cGAS-STING signaling pathway can significantly sup-
press cardiac hypertrophy and inflammatory cell infiltration.[47]

The cGAS-STING pathway indirectly promotes aging, primarily
through cellular senescence. Our results suggest that the intesti-
nal metabolite IPA reduces cGAS and STING levels in the hearts
of aged rats and M1 macrophages. RU.521 or C176 are com-
monly used inhibitors of cGAS and STING, respectively.[48,49]

When M1 macrophages were incubated with RU.521 and C176,
PPT1 expression decreased, supporting the conclusion that IPA
regulates PPT1 expression via the cGAS-STING pathway. In con-

clusion, we demonstrated in vivo and in vitro that IPA alleviates
aging-related myocardial fibrosis through PPT1. Additionally, we
found that inhibiting PPT1 expression indirectlymitigates aging-
related myocardial fibrosis by modulating the autophagic func-
tion of macrophages (Figure 10M).
This study primarily focused on the anti-inflammatory and an-

tifibrotic functions of IPA but did not investigate the gut micro-
biota responsible for its production. Future studies will employ
fecal microbiota transplantation (FMT) experiments to identify
specific gut microbiota influencing IPA levels in older individ-
uals and determine the effect of IPA on the gut microbiota in
the elderly. Because natural aging in mice takes ≈16 months, we
utilized D-gal to induce aging. However, we plan to conduct ad-
ditional experiments using 16-month-old cko-PPT1 mice for fur-
ther validation. Furthermore, in addition to its role in autophagy,
PPT1 functions as a depalmitoylation enzyme, regulating palmi-
toylation modifications in cardiac disease. We would examine its
involvement in the palmitoylation of cardiac tissue of cko-PPT1
mice in the future. Although the cGAS-STING pathway plays a
pivotal role in autophagy, our study only explored the regulatory
relationship between IPA and PPT1. Future research should in-
vestigate exact role of this pathway in cardiac aging and myocar-
dial fibrosis.

4. Experimental Section
Clinical Study Subjects: Fourteen healthy young people, 30 healthy el-

derly people, and 30 elderly patients with obvious symptoms, signs, and di-
agnosis of heart failure were recruited from the physical examination cen-
ter who were hospitalized in the Department of Cardiology of the First Af-
filiated Hospital of Harbin Medical University. All patients underwent rou-
tine physical examination, laboratory tests (blood routine, blood biochem-
istry), electrocardiogram and cardiac color Doppler ultrasound within 24 h
after admission. 3 mL peripheral venous blood was collected using EDTA
anticoagulated blood collection tubes, and the plasma was separated. The
upper layer of plasma was divided and stored at −80 °C. This study was
approved by the Ethics Committee of the First AffiliatedHospital of Harbin
Medical University.

Animals Models: All the animal experiments in this study were con-
ducted by the Guide for the Care and Use of Laboratory Animals and ap-
proved by the Institutional Animal Care and Use Committee of the First Af-
filiated Hospital of Harbin Medical University (IACUCNo. 2023084). Male
SD rats were purchased from Beijing VitalRiver Laboratory Animal Tech-
nology Co, Ltd (Beijing, China). Defined 4–6 months old rats were young
group and 18–20 months old as aged group. The PPT1 conditional KO
mice were generated by employing the CRISPR/Cas9 technology to disrupt
macrophage PPT1 and purchased from Cyagen Biosciences (Suzhou) Inc.
Animals were raised at the Experimental Animal Center of the First Affili-
ated Hospital of Harbin Medical University. The animals were individually
housed under 12:12-h light-dark cycles and were offered water and food
ad libitum. At the end of the feeding regimen, the rats were anesthetized
with 3% pentobarbital sodium and sacrificed by deep anesthesia of pen-
tobarbital sodium.

Echocardiographic Measurement: Ehocardiography was performed on
each rat after transplantation using echocardiography analysis system. Af-
ter moderate anesthesia of isoflurane gas in each group of mice, the heart
rate was stable. Then, the mice used the short-axis and long-axis 2D ultra-
sound imaging of the heart of the ultrasound system, and analyzed it with
the ultrasound imaging analysis system to obtain their heart structure and
functional parameters.

In Vivo PPT1 Knockdown: Knockdown of the PPT1 gene was con-
structed by Shanghai Genechem Co., Ltd using the recombinant serum
type 9 adeno-associated virus system (AAV9) and the empty vector as the
negative control. The GV576-F4/80p-MCS-SV40 PolyA vector contains
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at least three shRNA fragments that were capable of simultaneously
knocking down a gene at multiple sites. These sequences were as follows:
5′-CGGCATGGACGAGCTGTACAAGTAAGTCTCGAGGGATCCGCTAGC-3′,
5′-TTATGATCTAGAGTCGCGGCCGCCAGCTATGGTGGCGGGGCCC-3′,
and 5′-CCCTGAGCAAAGACCCCAAC-3′. The virus was injected into 18–20
months old SD rats via the tail vein for 8 weeks.

Tryptophan Metabolomics: First, the experimental samples were pre-
treated, the metabolites were extracted, and the raw data were obtained by
using the Thermo UltiMate 3000RS and the mass spectrometer Thermo
Q Exactive. The raw data were transformed into a matrix for further pro-
cessing using specialized data processing software, including mass-to-
charge ratio, retention time, and peak area information of metabolites.
Data processing and statistical analysis were performed on the dataset
to obtain differential metabolites and perform data visualization analysis.
Tryptophan and its metabolites contents were then detected by MetWare
Biotechnology Co., Ltd (Wuhan, China).

Bacteria 16S rDNA Sequencing: Stool samples were collected from
young and aged rats, snap-frozen in liquid nitrogen, and stored at −80
°C. The bacterial 16S rDNA genes in the samples were sequenced by a
high-throughput detection platform. The bacterial genome database was
used for data collation and analysis. The data were detected by MetWare
Biotechnology Co., Ltd (Wuhan, China).

Proteomics Sequencing: The isotope labeling quantification technique
was used to combine multiple isotope tags with the N-terminal groups of
peptides from multiple groups of samples, and then tandem mass spec-
trometry was performed. The peak area of the reporter ion was used to
calculate the ratio of the same peptide between different samples, so as
to realize the quantitative comparison of different samples. The transcrip-
tome sequencing and analysis were conducted by OE Biotech Co., Ltd.
(Shanghai, China).

Single-Cell and Single-Nucleus RNA Sequencing Data Processing and Anal-
ysis: Single-cell transcriptomic data (GSE183852) of normal and fail-
ing human hearts were downloaded from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/), to characterize
age-associated, macrophage-specific transcriptional signatures, myeloid
cells from healthy donor hearts were selected based on the cell annota-
tions provided in the original publication for downstream analysis. The
raw gene expression matrices were first converted into a Seurat object us-
ing the Seurat package (v4.3.0) in R. Batch effects were corrected using
the Harmony (v1.2.0) algorithm. Cell clustering was conducted with the
“FindNeighbors” and “FindClusters” functions in Seurat, using a resolu-
tion parameter of 0.5. For visualization, the “RunTSNE” function was used
to generate 2D map based on the t-distributed stochastic neighbor em-
bedding (t-SNE) algorithm. Clusters expressing marker genes from two or
more distinct cell types were considered doublets and excluded from fur-
ther analysis. Marker genes for each cell population were identified using
the “FindAllMarkers” function with default parameters.

Transcriptome and Bioinformatics Analysis: Total RNA was extracted us-
ing the TRIzol reagent (Invitrogen, CA, USA) according to the manufac-
turer’s protocol. RNA purity and quantification were evaluated using the
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA in-
tegrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA). Then the libraries were constructed using
VAHTS Universal V6 RNA-seq Library Prep Kit according to the manu-
facturer’s instructions. The transcriptome sequencing and analysis were
conducted by Shanghai Applied Protein Technology Co., Ltd. (Shanghai,
China).

ELISA of IPA: The levels of the IPA in heart tissues were determined
using commercial ELISA kits (JiangsuMeimian Industrial Co., Ltd) accord-
ing to the manufacturer’s instructions.

Histological Analysis: Histological analysis of was determined with
H&E orMassonmethod. The heart tissues were fixed in 4% paraformalde-
hyde for 2 days, embedded in paraffin, and sliced into 4μm sections. H&E
staining kit (Solarbio, Beijing, China) and Masson’s trichrome stain kit
(Solarbio, Beijing, China) were used to measure cardiomyocyte morphol-
ogy and cardiac fibrosis. The myocardial sections were observed by micro-
scope (Carl Zeiss Co., Ltd, Germany).

Immunohistochemistry Assays (IHC): Heart sections were deparaf-
finized in xylene series and rehydrated through ethanol series, followed
by treatment of sections with 3% H2O2 for 10 min. The sections were
heated with antigen retrieval buffers to repair the antigen. Then they were
blocked with 5% bovine serum albumin at 37 °C for 1 h. Sections were sub-
jected to antigen retrieval in citrate buffer before adding CD68 primary an-
tibody (Santa Cruz, sc-20060, USA), MCP-1 primary antibody (Affinity Bio-
sciences, DF7577, China), TNF-𝛼 primary antibody (Proteintech, 66291-1-
Ig, USA), COL1A1 primary antibody (Proteintech, 66761-1-Ig, USA), and
𝛼-SMA (Abcam, ab124964, Great Britain) overnight at 4 °C. The follow-
ing day, the sections were incubated with horseradish peroxidase (HRP)-
conjugated anti-mouse antibody or anti-rabbit antibody and stained with
diaminobenzidine (DAB). Images were taken with the microscope (Carl
Zeiss Co. Ltd., Germany).

Primary Culture of Rat Bone Marrow Macrophages: Rats were sacri-
ficed and femur and tibia were separated under sterile conditions and then
placed into cell culture dishes containing 75% alcohol. The bone ends of
the femur and tibia were cut off, and then bone marrow cells were washed
from one of the broken ends of the bone into 10mL sterile centrifuge tubes
using DMEM cell medium and repeated three times. At 1000 r min−1, the
samples were centrifuged for 8 min and the supernatant was discarded. 5
mL of erythrocyte lysate was added, pipetted repeatedly, and then allowed
to rest for 3 min at 1000 r min−1, centrifuged for 8 min, and the super-
natant was discarded. Cells were resuspended by adding 5 mL DMEM cell
medium and filtered through nylon filters. At 1000 r min−1, the samples
were centrifuged for 8 min, and the supernatant was discarded and re-
peated three times. Cells were resuspended using a cell culture medium
containing DMEM (10% FBS), resuspended in DMEM (10% FBS) con-
taining 20 ng mL−1 M-CSF, and seeded into cell culture dishes. The cells
were incubated at 37 °C in a 5% CO2 incubator using DMEM medium
containing 10 % fetal bovine serum.

Cell Culture: Primary rat cardiac fibroblasts were cultured as previ-
ously described.[50] Cardiac fibroblasts (CFs) were acutely isolated from
neonatal SD rats (1–3-day-old). CFs cells were cultured under standard
conditions (37 °C, 5% CO2). The cells were divided into different groups
and subjected to experimental procedures at 80 % confluence. BMDMs
were isolated from Young or Aged rats, cells were treated with 1 μmol L−1

IPA or 0.1 μmol L−1 DC661 for 24 h.
Cell Transfection: The pcDNA3.1-PPT1 plasmid (oe-PPT1) and

pcDNA3.1-negative control (Vector) were provided by Generalbiol
(Chuzhou, China). Small interfering RNA of PPT1 (si-PPT1) and negative
control (NC) were provided by Seven (Beijing, China). Knockdown of the
PPT1 gene was constructed by Shanghai Genechem Co., Ltd. by shRNA.
When the growth density of BMDMs in six-well plates reached 80%
confluence, transfection was performed using jetPRIME® transfection
reagent (Polyplus, France). After 6 h, the medium was replaced with fresh
medium, IPA was added to continue the culture for 24 h, and the BMDMs
were collected and tested.

Western Blot Analysis: Cell or tissue samples were lysed in a lysis buffer
with protease inhibitors. Subsequently, protein samples were separated
by 10% SDS-PAGE and transferred onto nitrocellulose membranes. The
membranewas blockedwith 3%no-fatmilk in PBST (PBSwith 0.1%Tween
20) at 37 °C for 1 h and incubatedwith the antibodies overnight at 4 °C, and
thenwithHRP goat anti-mouse IgG (H+ L) orHRP goat anti-rabbit IgG (H
+ L) secondary antibody for 1 h at 37 °C. Blot visualization was performed
according to the manufacturer’s instructions by using a Fully Automatic
Chemiluminescence Image Analysis System. The antibody resources are
as follows:

ANP primary antibody (Proteintech, 27426-1-Ig, USA), 𝛽-tubulin pri-
mary antibody (Proteintech, 10094-1-Ig, USA), STING primary anti-
body (Proteintech, 19851-1-Ig, USA), AKT primary antibody (Proteintech,
60203-2-Ig, USA), PPT1 primary antibody (Proteintech, 29653-1-Ig, USA),
COL1A1 primary antibody (Proteintech, 66761-1-Ig, USA), TNF-𝛼 pri-
mary antibody (Proteintech, 60291-1-Ig, USA), cGAS primary antibody
(ABclonal, A8335, China), PI3K primary antibody (Affinity Biosciences,
AF6241, China), p-PI3K primary antibody (CST, 4228S, USA), p-AKT pri-
mary antibody (Affinity Biosciences, AF0016, China), MCP-1 primary
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antibody (Affinity Biosciences, DF7577, China), IL-6 primary antibody
(Bioss, bs-0782, China), p-mTOR primary antibody (CST, 5536T, USA),
mTOR primary antibody (CST, 2983T, USA), CD68 primary antibody (Santa
Cruz, sc-20060, USA), P16 primary antibody (Santa Cruz, sc-1661, USA),
CD86 primary antibody (Santa Cruz, sc-28347, USA), 𝛼-SMA primary an-
tibody (Abcam, ab124964, Great Britain), LC3B primary antibody (Ab-
cam, ab192890, Great Britain), P62 primary antibody (Abcam, ab109012,
Great Britain), Beclin1 primary antibody (Abcam, ab19662, Great Britain),
COL3A1 primary antibody (Abcam, ab184993, Great Britain), iNOS pri-
mary antibody (Abcam, ab178945, Great Britain), P21 primary antibody
(Novus-Bio, NBP2-29463, USA), GAPDHprimary antibody (ZSGB-Bio, TA-
08, China),

Real-TimeQuantitative Reverse Transcription PCR (RT-qPCR): The sam-
ples were lysed using the RNAkey Reagent (Seven, Beijing, China), and the
concentration and integrity of RNA samples were detected with the Nan-
odrop 2000 spectrophotometer (Thermo Scientific, USA). The volume of
total RNA required for reverse transcription was calculated, and the first-
strand cDNAwas synthesized according to the instructions of the FastKing
RT Kit (With gDNase). The cDNA was synthesized with 1 μg of total RNA
following a Reverse transcription kit (Yeasen, 11141ES60, China). RT-qPCR
was processed by the SYBR Green Mix (Yeasen, 11184ES08, China) and
detected the mRNA expression by the SLAN-96S system (SLAN, China).
The data were analyzed using the 2−ΔΔCT method to quantify relative gene
expression. The primers are as follows:

Rattus norvegicus:
TNF-𝛼 Forward 5′-ATCGGTCCCAACAAGGAGGA-3′,
TNF-𝛼 Reverse: 3′-CGCTTGGTGGTTTGCTACG-5′.
PPT1 Forward 5′-GTACTGGCATGACCCCATCA-3′,
PPT1 Reverse: 3′-CAGAGTCTACAGGGTCCACG-5′.
GAPDH Forward 5′-CAACTCCCTCAAGATTGTCAGCAA-3′,
GAPDH Reverse: 3′-GGCATGGACTGTGGTCATGA-5′.
IL-6 Forward 5′-CCAGTTGCCTTCTTGGGACT-3′,
IL-6 Reverse: 3′-CTGGTCTGTTGTGGGTGGTA-5′.
COL1A1 Forward 5′-GAGACAGGCGAACAAGGTGA-3′,
COL1A1 Reverse: 3′-GGGAGACCGTTGAGTCCATC-5′.
𝛼-SMA Forward 5′-ACCATCGGGAATGAACGCTT-3′,
𝛼-SMA Reverse: 3′-CTGTCAGCAATGCCTGGGTA-5′.
P21 Forward 5′-GCACTCTGAAGATGTGCCTATG-3′,
P21 Reverse: 3′-CCCATAACTCCTTGCTAACTCC-5′.
COL3A1 Forward 5′-CAGTCATGGGACTGGCATTTA-3′,
COL3A1 Reverse: 3′-CAGTCATGGGACTGGCATTTA-5′.
cGAS Forward 5′-GAAGCCCTGCTGTAACCCTT-3′,
cGAS Reverse: 3′-ACAAGATAAAACGGCTCTCGTC-5′.
STING Forward 5′-CCCAGCAAAACACAGACCG-3′,
STING Reverse: 3′-AAACAAGGTCTGCAAGGGGGT-5′.
Mus musculus:
PPT1 Forward 5′-GTCTTTGGACTCCCCCGATG-3′,
PPT1 Reverse: 3′–CAGGCGTTCTTGCACAAGTT5′.
GAPDH Forward 5′-TGTGTCCGTCGTGGATCTGA-3′,
GAPDH Reverse: 3′-TTGCTGTTGAAGTCGCAGGAG-5′.
IL-6 Forward 5′-TTCCTCTGGTCTTCTGGAGT-3′,
IL-6 Reverse: 3′-TCTGTGACTCCAGCTTATCTCTTG-5′.
COL1A1 Forward 5′-AGACCTGTGTGTTCCCTACT-3′,
COL1A1 Reverse: 3′-GAATCCATCGGTCATGCTCTC-5′.
COL3A1 Forward 5′-ACGTAAGCACTGGTGGACAG-3′,
COL3A1 Reverse: 3′-CAGGAGGGCCATAGCTGAAC-5′.
Immunofluorescence Assay: Wash samples two times with PBS. Fix

samples with 4% paraformaldehyde in PBS for 15 min at room temper-
ature. Permeabilize samples with 0.1% triton x-100 in PBS for 10 min. In-
cubate samples in 10% normal goat serum in PBS for 30 min at room
temperature. Samples were stained with primary antibody for 16 h. Then,
the secondary antibody Alexa Fluor 488 or 647-labeled Goat Anti-Rabbit
or Mouse IgG(H+L), was added for 1 h. DAPI was added for 5 min. Im-
munofluorescence was detected by microscope (Carl Zeiss, Germany).

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism 9.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Con-
tinuous variables are presented as the mean ± standard error of the mean
(SEM), while categorical variables are expressed as numbers and percent-

ages. Two-group comparisons were performed using the Student’s un-
paired t-test. For comparisons amongmultiple groups, a one-way analysis
of variance (ANOVA) was used. Differences were considered statistically
significant at *p < 0.05, **p < 0.01.
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