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ARTICLE INFO ABSTRACT
Keywords: Cardiac fibrosis is characterized by the excessive deposition of extracellular matrix in the myocardium with
Cardiac fibrosis cardiac fibroblast activation, leading to chronic cardiac remodeling and dysfunction. However, little is known
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about metabolic alterations in fibroblasts during cardiac fibrosis, and there is a lack of pharmaceutical treatments
that target metabolic dysregulation. Here, we provided evidence that fatty acid p-oxidation (FAO) dysregulation
contributes to fibroblast activation and cardiac fibrosis. With transcriptome, metabolome, and functional assays,
we demonstrated that FAO was downregulated during fibroblast activation and cardiac fibrosis, and that
perturbation of FAO reversely affected the fibroblast-to-myofibroblast transition. The decrease in FAO may be
attributed to reduced long-chain fatty acid (LCFA) uptake. Voltage-dependent anion channel 1 (VDAC1), the
main gatekeeper of the outer mitochondrial membrane (OMM), serves as the transporter of LCFA into the
mitochondria for further utilization and has been shown to be decreased in myofibroblasts. In vitro, the addition
of exogenous VDAC1 was shown to ameliorate cardiac fibroblast activation initiated by transforming growth
factor beta 1 (TGF-p1) stimuli, and silencing of VDACI1 displayed the opposite effect. A mechanistic study
revealed that VDACI exerts a protective effect by regulating LCFA uptake into the mitochondria, which is
impaired by an inhibitor of carnitine palmitoyltransferase 1A. In vivo, AAV9-mediated overexpression of VDAC1
in myofibroblasts significantly alleviated transverse aortic constriction (TAC)-induced cardiac fibrosis and
rescued cardiac function in mice. Finally, we treated mice with the VDAC1-derived R-Tf-D-LP4 peptide, and the
results showed that R-Tf-D-LP4 prevented TAC-induced cardiac fibrosis and dysfunction in mice. In conclusion,
this study provides evidence that VDAC1 maintains FAO metabolism in cardiac fibroblasts to repress fibroblast
activation and cardiac fibrosis and suggests that the VDAC1 peptide is a promising drug for rescuing fibroblast
metabolism and repressing cardiac fibrosis.

1. Introduction response to acute or chronic stimuli, such as myocardial infarction,
hypertension, and neurohumoral factor activation [1,2]. The main
Cardiac fibrosis is a common pathological process that occurs in manifestations of fibrotic heart are cardiomyocyte hypertrophy and
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phenotypic switching of cardiac fibroblasts. Excessive proliferation and
activation of cardiac fibroblasts (CFs) lead to the deposition of the
extracellular matrix, increasing the stiffness of the cardiac tissue matrix
and dysregulation of myocardial contraction [2-5]. Eventually, the
deposited extracellular matrix (ECM) impairs the systolic and diastolic
functions of the heart. The activation of cardiac fibroblasts not only
reflects myocardial cell injury but is also directly involved in the path-
ogenesis of myocardial dysfunction [6]. The metabolism pattern switch
might play a critical role in cardiac fibroblast activation [7,8]. However,
the underlying mechanism remains unclear.

Emerging evidence has revealed that metabolic remodeling initiates
cardiac fibroblast activation and differentiation [9]. Fatty acid
B-oxidation (FAO), especially long-chain fatty acid (LCFA) p-oxidation is
considered the main source of energy under physiological conditions.
However, glycolysis is the preferred metabolic pathway in the cardiac
tissues under hypoxic conditions in heart failure. In pressure
overload-induced cardiac hypertrophy, LCFA B-oxidation is impaired in
cardiomyocytes [10]. However, the role of LCFA f-oxidation during the
process of cardiac fibroblast activation remains unclear. Carnitine
O-palmitoyltransferase = 1la  (CPTla), the key enzyme in
carnitine-dependent transport across the mitochondria is located in the
outer membrane, and regulates the LCFA p-oxidation by promoting
mitochondrial uptake. CPT1b haplodeficiency aggravates cardiac
dysfunction when transverse aortic constriction (TAC) was performed in
mice [11]. However, little is known regarding its role in CF metabolic
switching and activation.

Mitochondria influence cell fate via energy supply, lipid homeosta-
sis, and reactive oxygen species (ROS) generation. As one of the most
abundant proteins in the outer mitochondrial membrane (OMM),
voltage-dependent anion channel 1 (VDAC1) serves as a mitochondrial
gatekeeper, regulating metabolic and energetic crosstalk between the
mitochondria and cytoplasm [12-16]. VDACI functions as a two-way
channel for ion exchange or short-sized metabolite intermediates,
including ATP, glutamate, succinate, and pyruvate. A previous study
reported that a CPT1B-P295A mutant constitutively binds to VDAC and
rescues LCFA metabolism in PHD2/3-deficient cardiomyocytes, wherein
complex formation rescues fatty acid metabolism [17]. Additionally, the
VDACI1-based peptide R-Tf-D-LP4 arrests steatosis and NASH progres-
sion by affecting lipid metabolism and increasing the expression of en-
zymes and factors associated with fatty acid transport to the
mitochondria [18]. However, the role of VDAC1 in pressure
overload-induced CF activation and cardiac fibrosis remains unclear.

Here, we combined the RNA-sequencing and LC-MS/MS assay to
analyze fatty acid metabolic alterations during cardiac fibroblast
transdifferentiation (FMT) to myofibroblasts induced by TGF-B1 stimu-
lation. During FMT, fatty acid degradation is downregulated and fatty
acid transmembrane transport is inhibited. In addition, the elevated
concentrations of LCFA with downregulated FAO in CFs may further
contribute to excessive oxidative stress during FMT. We hypothesized
that VDAC1 plays a doorkeeper role in regulating LCFA entry into
mitochondria and that manipulating VDAC1 might alleviate the exces-
sive activation of CFs by alleviating FAO disorders. Additionally, we
administered pressure-overloaded mice with a VDAC1-derived R-Tf-D-
LP4 peptide, which improved cardiac fibrosis in vivo. These findings
demonstrate the importance of targeting fatty acid metabolism during
fibroblast activation to alleviate cardiac fibrosis and suggest that VDAC1
may be a promising target.

2. Materials and methods
2.1. Study approvals and cardiac fibrosis model

Male C57BL/6 mice (6 weeks, 18-22 g) were procured from the
Experimental Animal Tech Co. of Weitonglihua (Beijing, China).

Transverse aortic constriction (TAC) surgery is widely performed to
create models of cardiac fibrosis caused by induced pressure overload

Redox Biology 67 (2023) 102907

[3-5]. For surgery, mice were anesthetized using isoflurane (3% for
induction and 1% for maintenance). The chest was then shaved and
cleaned with alcohol. The mice were then intubated using PE 90 tubing
in the supine position for mechanical ventilation with a tidal volume of
200 pl for a 20 g mouse and a respiratory rate of 130 breaths per minute.
The chest was opened through a transverse incision and the aortic arch
was exposed. A chest retractor was used to maintain the view. The aortic
arch was constricted with a 5-0 silk suture tied around a 27-gauge blunt
needle, which was removed after constriction. Sham-operated mice
received a similar surgical treatment without ligation. Four weeks after
TAC, echocardiography was performed on all mice to evaluate cardiac
function. Then the mice were sacrificed, and their hearts were excised
and snap-frozen in liquid nitrogen at —80 °C for further experiments.
Animal experiments were approved by the Animal Ethics Committee of
West China Hospital, Sichuan University (ethics number: 2018162A).

2.2. VDAC-derived R-Tf-D-LP4 peptide synthesis and injection

The R-Tf-D-LP4 peptide (KWTWKNSNGATWALNVA-
TELKKEWTWSHRPYIAH, purity >95%) was purchased from Apeptide
Bio-Technology Co., Ltd. (Shanghai, China) and has been reported in a
previous study. The peptide was dissolved in DMSO and diluted in sterile
saline for intravenous injection [18]. Mice with TAC were randomly
subjected to an intratail vein injection of the R-Tf-D-LP4 peptide or
control vehicle 3 days post-surgery. The peptide (in 100 pl of sterile
saline) was intravenously administered every 3 days. A sham group was
intravenously injected with 100 pl 0.2% DMSO in sterile saline. At the
end of the experiment, mice were anesthetized with isoflurane for
echocardiographic measurements.

2.3. Adeno-associated virus 9 (AAV9) construction and infection

AAV9 used in this study was purchased from Shanghai Genechem Co.
Briefly, AAV9 carrying a periostin (Postn) promoter induced the over-
expression of VDAC1 (AAV9-Postn-Vdac1). AAV9-Postn-Vdacl or AAV9-
Postn-Ctrl (1 x 10! v.g.) were injected intravenously into mice 7 days
post-surgery. At the end of the experiment, mice were anesthetized with
isoflurane for echocardiographic measurements.

2.4. Measurement of cardiac function by echocardiography

Echocardiographic measurements were performed using a Visual
Sonics Vevo 3100 system (Visual Sonics, ON, Canada). The mice were
anesthetized with isoflurane (2% for induction and 0.5% for mainte-
nance). Chest hair was removed using a depilatory cream, and a layer of
acoustic coupling gel was applied to the thorax. The heart rate, left
ventricular (LV) end-diastolic and end-systolic chamber dimensions, and
diastolic and systolic wall thicknesses were measured from the 2-D
short-axis in M-mode at the mid-papillary muscle level. LV systolic
function was determined by calculating the ejection fraction (EF) and
fractional shortening (FS) using the above primary measurements and
accompanying software.

2.5. Histological analyses

The mice were sacrificed, and freshly isolated heart tissues were
fixed with 4% paraformaldehyde for 24 h at room temperature. Then the
tissues were embedded in paraffin and sectioned at 5 pm for staining.
The sections were stained with hematoxylin-eosin (HE) for routine his-
tological examination. Collagen deposition was stained with Masson’s
trichrome (Solarbio Life Sciences, Beijing, China) and Sirius Red
(Solarbio Life Sciences) according to the manufacturer’s instructions.
Stained sections were captured using a bright-field microscope (IX83,
Olympus, Japan), and the degree of cardiac fibrosis was semi-
quantitatively determined using National Institutes of Health (NIH)
Image J software.
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2.6. Isolation of cardiac fibroblasts of adult mice by flow cytometry
sorting

At the end of the AAV infection experiment, mouse heart tissues were
prepared as single-cell suspensions using the Multi tissue dissociation kit
2 (Mitenyi Biotec) and a gentle MACS Dissociator (Mitenyi Biotec), and
the blood cells were lysed. The murine Fc block (BioLegend) was added
to the cells to reduce nonspecific staining. Subsequently, the indicated
antibodies (CD31-FITC, CD45-BV421, and MefSK4-APC) (BD Bio-
sciences) at appropriate dilutions for membrane molecules were added
and stained for 30 min at room temperature in the dark. The cells were
washed with phosphate-buffered saline (PBS) and filtered through a 70
pm cell strainer before sorting by a multicolor flow cytometer (Beck-
man). Adult mouse cardiac  fibroblasts gated  from
CD45 CF31 MefSK4™ cell populations were collected for qPCR and
Western blot analyses.

2.7. Flow cytometry analysis

For indirect intracellular staining of VDAC1 in CD45  CF31°
MefSK4™" cardiac fibroblasts, the cells were first fixed with 4% para-
formaldehyde for 15 min, permeabilized with 0.5% Triton X-100 for 10
min at room temperature, and washed twice with PBS. An antibody
against VDAC1 was added and incubated at room temperature for 1 h,
followed by the addition of phycoerythrin (PE) goat anti-rabbit IgG (Cell
Signaling Technology), staining for 1 h, and finally washing twice with
PBS.

For flow cytometric analysis of primary CFs, cultured cells were
harvested by digestion, centrifugation, and fixation with 4% para-
formaldehyde for 15 min. CFs were suspended in staining buffer con-
taining primary antibodies (anti-rabbit CD36) for 30 min at room
temperature in the dark. After three washes, the CFs were incubated
with secondary antibodies conjugated to FITC or PE.

Single-stained samples or UltraComp eBeads Compensation beads
(Invitrogen) were used to adjust the compensation settings. Data were
collected on a multicolor flow cytometer (BD Fortessa) and analyzed
using the FlowJo software.

2.8. Immunofluorescence staining

At the end of the experiment, mouse hearts were harvested, fixed in
4% paraformaldehyde for 24 h, and embedded in paraffin. The paraffin
tissues were sectioned at 5 pm, dewaxed in xylene and rehydrated with
decreasing concentrations of alcohols at room temperature. The sections
were then stained with primary antibodies. Alexa 488-conjugated goat
anti-rabbit and Alex-555-conjugated goat anti-mouse antibodies were
used as the secondary antibodies. The cross-sectional area of the car-
diomyocytes was stained with wheat germ agglutinin (Alexa Fluor 488
conjugate WGA, 1:100, Vector Laboratories). Nuclei were stained with
DAPI (1:2000, Invitrogen). Immunofluorescent staining of cardiac fi-
broblasts was performed as described previously [19]. The primary
antibody used for incubation was anti-a-SMA (Abcam, ab124964,
1:200). Images were captured using an Olympus microscope (IX83,
Japan). Fluorescence intensity was quantified using Image J software.

2.9. Isolation and culture of primary neonatal cardiac fibroblasts (CFs)

CFs were isolated as previously reported. Briefly, hearts from
C57BL6 mice (birth, 0-3 days) were harvested and minced to 1 mm in
cold PBS. The minced tissues were subsequently digested with a buffer
containing trypsin (Gibco, USA) and collagenase II (Worthington, USA).
The supernatant was then centrifuged to collect the cells. The cells were
resuspended in DMEM supplemented with 10% FBS serum, plated in a
culture flask, and incubated for approximately 60 min. The supernatants
were discarded, and the flasks were replenished with fresh medium. The
primary CFs were cultured at 37 °C in an incubator with 5% CO, and
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grown to 70-80% confluence. Cells in passages 2 and 3 were used for
further experiments.

2.10. Treatments of CFs

The cells were incubated for 4-6 h in serum-free DMEM and then
treated with TGF-$1 (10 ng/ml, Sino Biological Inc.) for 48 h to induce
fibroblast activation and simulate fibrosis. For small-interference RNA
(siRNA) transfection, CFs were seeded on plates, cultured to 70%
confluence, and then transfected with Vdacl siRNA (Vdacl-siRNA),
Cptla siRNA (Cptla-siRNA), or scrambled siRNA (NC-siRNA) (RiboBio,
China) using Lipofectamine RNAiMax transfection reagent (Thermo
Fisher Scientific, USA) for 24 h. For adenoviral infection, CFs were
seeded onto plates, cultured to 70% confluence, and infected with
VDACI1-overexpressing adenovirus (Ad-Vdacl) or control adenovirus
(Ad-Ctrl) for 24 h. Adenoviruses were constructed by Hanbio (Shanghai,
China).

Vdac1-siRNA: GCTGTGATGTGGACTTTGA

Cptla-siRNA: CCTGCATTCCTTCCCATTT

2.11. RT-qPCR

RT-qPCR was performed to detect gene expression. Briefly, total RNA
was extracted using an RNA Extraction Kit (Tianmobio, China) following
the manufacturer’s instructions. The cDNA was synthesized using a
reverse transcription (RT) kit (Toyobo, Japan). RT-qPCR was performed
using gene-specific primers and detected using an SYBR Green Supermix
kit (Bio-Rad, Hercules, CA, USA) on a CFX96 detection system (Bio-Rad).
The primer sequences are shown in the Supplementary Material (Sup-
plemental Table 1).

2.12. RNA-seq

Total CF RNA was isolated using an RNA extraction kit (Vazyme,
RC112-01). The RNA quality and integrity were determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). RNA
from the control group and TGF-p1 treatment group were sequenced on
the BGISEQ-500 NGS platform (BGI, Hong Kong) with subsequent
mapping to the mouse reference genome (GRCm38) using HISAT2
software. RNA from CFs treated with Cptla-siRNA and NC-siRNA was
sequenced using a HiSeq XTen sequencer (Illumina, San Diego, CA,
USA). Fast QC was used to evaluate the quality of the sequenced data. All
mRNA expression levels were quantified using the StringTie software.
Raw sequencing data were deposited in a public dataset, SAR (accession
numbers PRJNA838231 for CFs with vehicle and TGF-f1 treatment, and
PRJNA992938 for CFs with cptla-siRNA and NC-siRNA transfection).

2.13. Bioinformatic analysis

Transcripts per kilobase million (TPM) eliminated the influence of
gene length and sequencing discrepancies to enable a direct comparison
of gene expression between samples. mRNAs with a false discovery rate
(FDR) < 0.05, and log2 (fold change) > 1 were considered differentially
expressed genes (DEGs) identified by DESeq2 [20]. Functional enrich-
ment analyses, including Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG), were used to identify DEGs that were
significantly enriched in GO terms or metabolic pathways. Gene set
variation analysis (GSVA) was performed to estimate changes in the
pathways involved in fatty acid synthesis. The pathways in the control
group and TGF-p1 treatment group were based on the signal value of the
gene and the pathway where the gene is located. The enrichment score
value of each sample was predicted using the signal value of the gene,
and pathways with differential enrichment between the two groups
were obtained. The R software package, GSVA, was downloaded from
http://www.bioconductor.org. Pathways with FDR less than 0.05 were
considered significantly enriched. The single-cell RNA-sequencing
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database (GSE183852) of dilated cardiomyopathy (DCM) patients was
analyzed to identify fatty acid metabolism-related alterations in cardiac
fibroblast clusters. Unsupervised clustering of single cells was isolated
from DCM patients using Uniform Manifold Approximation and Pro-
jection (UMAP) Projection. Gene sets of fatty acid-related pathways in
cardiac fibroblasts from donors and patients with DCM were scored
using the Ucell R package.

2.14. Sample preparation and LC-MS/MS analysis

Free long-chain fatty acids (LCFAs) and middle-chain fatty acids
(MCFAs) from CFs after stimulation with TGF-f1 were analyzed by LC-
MS/MS. The LC-MS/MS detection and analysis were performed by
Metabo-Profile Biotechnology Co., Ltd. (Shanghai, China). For targeted
analysis, cardiac fibroblast samples were collected according to pub-
lished methods and the manufacturer’s instructions [21]. Briefly, pri-
mary CFs were cultured and stimulated with TGF-p1 for 24 h. Then the
cells were digested and harvested in a microcentrifuge tube and mixed
with 10 per-chilled zirconium oxide beads and 20 pl of deionized water.
Next, the sample was homogenized (3 min), and an internal standard
was added to extract the metabolites. The sample was homogenized for
another 3 min and centrifuged at 18000 x g for 15 min. The supernatant
was collected and added to a 96-well plate for further experiments,
which were performed using a Biomek 4000 workstation (Beckman,
USA). The plate was sealed after adding derivative reagents into each
well, and derivatization was carried out at 30 °C for 60 min. Next, the
plate was centrifuged at 4000 g and 4 °C for 30 min after adding
methanal into each well. The supernatant was transferred to a 96-well
plate and sealed for LC-MS/MS analysis.

An ultra-performance LC-MS/MS (UPLC--MS/MS) system (ACQ-
UITY UPLC-Xevo TQ-S, USA) was used to quantify the microbial me-
tabolites. The separation was carried out on an ACQUITY UPLC BEH C18
column (2.1 x 100 mm, 1.7 pm), which was maintained at 40 °C and
eluted at a flow rate of 0.40 ml/min. The mobile phase consisted of (A)
water/acetonitrile (90:10, v/v) with 0.1% formic acid and (B) acetoni-
trile/IPA (70:30, v/v). The applied gradient elution program was as
follows:0-2 min (15% B), 2-11 min (15-55% B), 11-11.2 min (55-100%
B), 11.2-13 min (100% B), 13-13.2 min (100-15% B), and 13.2-16 min
(15% B). The raw data files generated by UPLC—-MS/MS were processed
using MassLynx software (v4.1; Waters, USA) to perform peak integra-
tion, calibration, and quantitation of each metabolite. The self-
developed platform iMAP(v1.0, Metabo-Profile, China) was used for
statistical analyses (PCA, OPLS-DA and pathway analysis, etc.).

2.15. Western blot analysis

Proteins were obtained from snap-frozen mouse heart tissues and
cultured CFs according to a laboratory protocol using RIPA buffer
(Beyotime, PO013B) with a protease inhibitor cocktail (MCE, HY-K0010)
and a phosphatase inhibitor cocktail I (MCE, HY-K0021). Proteins were
quantified using the BCA kit (Beyotime, P0012). Equal quantities of
protein were separated by SDS--PAGE and electrotransferred onto
PVDF membranes (0.45 pm) (Millipore, IPFL00010). The membranes
were blocked with Tris-buffered saline with 1% Tween 20 (TBST) con-
taining 5% bovine serum albumin (BSA), and blots on membranes
incubated with primary and secondary antibodies were detected using
an enhanced chemiluminescence (ECL) kit (Bio-Rad, 1705060). Immu-
noblots were quantified using Image J software. The primary antibodies
used in this study were against CPT1A (Proteintech, 15184-1-AP,
1:1000), p-AMPK (Huabio, ET1612-72, 1:1000), VDAC1 (Santa Cruz
Biotechnology, sc-390996, 1:200; Proteintech, 55259-1-AP, 1:1000),
CD36 (Huabio, ET1701-24, 1:1000), and GAPDH (Huabio, 60004-1-Ig,
1:1000). Image J software (National Institutes of Health) was used to
quantify protein band intensities.
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2.16. Cell EAU incorporation and immunofluorescence staining

An EAU staining kit (RiboBio, C10310) was used to detect CF pro-
liferation, following the manufacturer’s instructions. The CFs were
digested and incubated with EdU, and the nuclei were stained with
DAPI. Images were captured using an Olympus fluorescence microscope
(IX83, Japan). The percentage of EdU-positive cells was calculated using
Image J software.

2.17. Collagen cell contraction assay

A collagen contraction assay was performed to detect the contraction
capability of CFs, following a previously reported method [22]. CFs were
embedded in a complex of culture medium and collagen gel from the rat
tail (Solarbio, #C8062) following the manufacturer’s instructions. CFs
were then administered different treatments, and the contraction ca-
pacity was measured from the gel image at the end of the experiment.

2.18. Cell fatty acid p-oxidation (FAO) detection

FAO activity in living cells was detected using FAOBlue (Funakoshi,
# FDV-0033). FAOBIlue is a coumarin dye containing a nonanoic acid
(C9) protected by an acetoxymethyl ester and shows no fluorescence
when excited at 405 nm before metabolization by FAO. FAOBlue can
enter cells through direct penetration, convert to acyl-CoA, and be
incorporated into the FAO pathway. After four FAO degradation cycles,
the coumarin dye was released from propionic acid and showed strong
blue fluorescence when excited at 405 nm [23]. The cardiac fibroblasts
were stimulated with TGF-p1 for 24 h, and FAOBlue was added to the
culture medium for an additional 2 h. Cells were then observed under a
confocal microscope (LSM800, Zeiss, Germany) or collected for analysis
using a flow cytometer (Fortessa, BD, USA).

2.19. Cell-scratching assay

Briefly, cardiac fibroblasts were plated in 6-well plates and treated
with siRNA or adenovirus. The monolayer cells were then wounded with
pipette tips, and images were obtained using a microscope. Meanwhile,
the culture medium was replaced with a low serum culture medium, and
TGF-f1 was added. At the end of the experiment, wound-healing images
were obtained from approximately the same field. Representative im-
ages are shown.

2.20. Mitochondrial respiration assay

Mitochondrial respiration was detected by high-resolution respi-
rometry (Oxygraph-2k, Oroboros, Innsbruck, Austria) at 37 °C. Primary
CFs were isolated, cultured, and collected for the fatty acid oxidation
(FAO) assay. In brief, the numbers of CFs in each group were counted
and suspended in 0.5 mL of KHB buffer (111 mM NacCl, 4.7 mM KCl, 2
mM MgS04, 1.2 mM Na2HPO4, 0.5 mM t-carnitine), which was added
to the detection well for calibration. To evaluate the capacity of CFs to
utilize long-chain fatty acids, 100 pM palmitic acid (PA) was used as the
substrate for respiration, and 3 pM etomoxir was used to inhibit the
cptla, the key rate-limiting enzyme of FAO.

2.21. Statistical analysis

Data are presented as the mean =+ standard deviation (S.D). The
significance of the differences was analyzed using an unpaired Student’s
t-test or one-way ANOVA with Bonferroni post hoc test and reported as
*p < 0.05, **p < 0.01, or ***p < 0.001. GraphPad Prism 7 software was
used for the analysis.
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Fig. 1. Downregulation of FAO during cardiac fibroblast activation.
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(A) Representative image showing a-SMA (red) and nuclei (blue) in cardiac fibroblasts with or without TGF-p1. (B) mRNA levels of fibrotic markers (Ccn2, Acta2, and
Collal) are relative to the control (n = 3). (C) RNA sequencing and GSVA of primary cardiac fibroblasts obtained from mice to analyze the main metabolic alterations
involved in fibroblast activation (n = 3). (D) The significant differentially expressed genes involved in fatty acid metabolism are listed, showing the downregulated
expression of oxidative genes and upregulated expression of synthesis genes. (E) The free long-chain fatty acid (LCFA) concentrations of primary cardiac fibroblasts in
SD rats were detected using LC-MS/MS. Polyunsaturated fatty acids (PUFAs) and monounsaturated fatty acids (MUFAs) accumulated in control fibroblasts or TGF-p1-
treated fibroblasts (n = 6). (F) Selection of LCFAs measured using LC-MS/MS in control fibroblasts or TGF-p1-treated fibroblasts, fold change relative to the control
group (n = 4-6). (G) Uniform Manifold Approximation and Projection (UMAP) showing unsupervised clustering of single cells isolated from dilated cardiomyopathy
(DCM) patients. (H) Scoring of gene sets involved in fatty acid-related pathways in cardiac fibroblasts in donors and DCM patients using Ucell R package. The results
are presented as the means + S.D. *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t-test. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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3. Results

3.1. Fatty acid metabolism alterations during the activation of cardiac
fibroblasts

To unravel distinct mRNA expression profiles in cardiac fibroblasts
and myofibroblasts, we performed RNA sequencing (RNA-seq) on pri-
mary cardiac fibroblasts treated with TGF-f1 for 24 h. After 24 h of TGF-
B1 stimulation, the fibrotic marker a-smooth muscle actin (a-SMA) was
upregulated in cells, which revealed that the phenotype switched from
fibroblasts to myofibroblasts (Fig. 1A). Meanwhile, mRNA expression of
fibrotic markers, including Ccn2, Acta2, and Collal, increased after TGF-
B1 stimulation, as detected by real-time quantitative PCR (RT-qPCR)
(Fig. 1B). To uncover the metabolic alterations in fibroblast activation,
the main related KEGG metabolic processes were analyzed using gene
set variation analysis (GSVA). The results revealed enhanced fatty acid
elongation, decreased fatty acid biosynthesis, and decreased fatty acid
degradation in cardiac myofibroblasts, suggesting downregulation of
FAO and accumulation of LCFA (Fig. 1C). In addition, the heatmap
showed the expression of fatty acid degradation-related genes, including
Cptla, Cptlb, and Acsll, which were downregulated in TGF-p1-treated
cardiac fibroblasts (Fig. 1D). To further determine the specific process
that caused fatty acid degradation to decrease, we performed GSVA,
focusing on the biological pathways related to fatty acid metabolism.
These results demonstrate that fatty acid transmembrane transport may
be a major factor (Supplemental Fig. 1A).

To further confirm the fatty acid alteration during CF activation, LC-
MS/MS was performed to detect the concentration changes in intracel-
lular free medium- and long-chain fatty acids in TGF-p1-treated cardiac
fibroblasts. The proportions of polyunsaturated fatty acids (PUFAs) and
monounsaturated fatty acids (MUFAs) were significantly increased in
TGF-pl-treated CFs (Fig. 1E). Both PUFAs and MUFAs are long-chain
fatty acids (LCFAs) with over 12 carbon atoms that are transferred
into cells and are regulated by CD36 [24]. The results showed that
LCFAs with a larger concentration were more abundant in
TGF-p1-treated cardiac fibroblasts, including palmitoleic acid (C16:1),
linoelaidic acid (C18:2), and eicosapentaenoic acid (C20:5) (Fig. 1F).
The accumulation of fatty acids and downregulation of fatty acid
degradation may induce cellular oxidative stress [25]. Then, the flow
cytometry-based quantification of ROS displayed a significant increase
in TGF-pl-treated cardiac fibroblasts compared with control (Supple-
mental Fig. 1B).

Furthermore, single-cell and single-nucleus sequencing data from
non-diseased donors and dilated cardiomyopathy (DCM) patients were
analyzed. After unsupervised clustering, integration, and differential
expression analysis, the cell entities were validated by the expression of
cell-specific marker genes and transcriptional signatures. Cell types
identified in both snRNA-seq and scRNA-seq datasets included fibro-
blasts, endothelial cells, myeloid cells, smooth muscle cells, pericytes, T
cells, natural killer (NK) cells, neurons, and B cells (Fig. 1G). The gene
sets of fatty acid-related pathways in cardiac fibroblasts from donors and
DCM patients were scored using the Ucell R package. The results indi-
cated that cardiac fibroblasts of patients with DCM had lower scores for
fatty acid oxidation, fatty acid transport, and long-chain fatty acid

transport than those of the donors (Fig. 1H).

In summary, there is a downregulation of fatty acid degradation and
excessive accumulation of LCFAs in TGF-p1-treated cardiac fibroblasts
corresponding to the oxidative stress of myofibroblasts, which is sup-
posedly due to the inhibition of fatty acid transmembrane transport.

3.2. Perturbation of FAO affects the fibroblast-to-myofibroblast transition

To illustrate the capacity alteration of FAO during fibroblast acti-
vation, we quantified FAO capacity using FAO-blue dye and the intensity
of fluorescence was observed by confocal microscopy. The results
showed that FAO was decreased in myofibroblasts (Fig. 2A). Then we
detected the protein levels of enzymes involved in FAO and the results
showed that the protein levels of CD36, p-AMPK and CPTla were
decreased in TGF-pl-treated cardiac fibroblasts (Fig. 2B). CPT1a is a
critical enzyme for FAO, transferring the fatty acyl groups of acyl-CoA to
carnitine to form acylcarnitine [26]. To demonstrate the role of meta-
bolic changes in cardiac fibroblast activation, we inhibited FAO using
the CPT1 inhibitor etomoxir or enhanced FAO using the AMPK agonist
AICAR. The CFs were pretreated with etomoxir (final concentration of 4
uM, beyond which it would have off-target effects on mitochondrial
respiration), and TGF-p1 was subsequently added. The results indicated
that inhibition of CPT1a significantly enhanced the profibrotic capa-
bility of TGF-pl-treated CFs, as confirmed by a-SMA intensity, EAU
staining, and collagen cell contraction assays (Fig. 2C&D and Supple-
mental Fig. 2A).

As an upstream regulator of CPT1a, AMPK is a pivotal enzyme that
regulates FAO and cardiac fibrosis [27,28]. To further confirm the role
of FAO in the cardiac fibroblast-to-myofibroblast transition, we used
AICAR, an AMPK agonist, to stimulate FAO. The results showed that
activation of AMPK significantly inhibited the fibroblast to myofibro-
blast transition of TGF-p1-treated CFs, as confirmed by a-SMA intensity,
EdU staining, and collagen cell contraction assays (Supplemental
Figs. 2B-D).

To elucidate the mechanism by which downregulation of FAO affects
cardiac fibroblast activation, we silenced Cptla in cardiac fibroblasts by
transfecting them with small interfering RNA (siRNA). The two groups
transfected with Cptla-siRNA or negative control-siRNA (NC-siRNA)
were clearly divided into two clusters by PCA (Supplemental Fig. 2E).
We then detected typical markers of fibroblast activation, and the
downregulated expression of Postn, Acta2, Ccn2, and Collal indicated
that silencing Cptla promoted cardiac fibroblast activation (Fig. 2E). GO
and KEGG analyses indicated that silencing Cptla affected fatty acid
metabolic processes, oxidation, transport, and other pathways involved
in fatty acid metabolism (Fig. 2F). A previous study indicated that CPT1a
catalyzes the conversion of acyl-CoA into long-chain fatty acylcarnitine,
depending on the protein complex on the outer membrane of the
mitochondria (OMM) [29]. Because these pathways are related to
mitochondrial proteins and function, we enriched the related GO path-
ways, including the mitochondrial protein-containing complex and
mitochondrial matrix, using GSEA analysis (Fig. 2G). A Venn diagram
was used to illustrate the distribution of genes in the mitochondrial
protein-containing complex and matrix pathways (Fig. 2H). To identify
the core genes involved in fatty acid metabolism, we showed the
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Fig. 2. Perturbation of FAO affects the fibroblast-to-myofibroblast transition.

(A) The capacity of FAO in primary mice cardiac fibroblasts (PMCFs) reflected by the intensity of fluorescence of the FAOblue dye, observed using confocal mi-
croscopy (n = 6). Bars represent 10 pm. (B) The protein levels of FAO-related enzymes, including CPT1a, p-AMPK, and CD36 (n = 3). (C) Representative image
showing a-SMA (green) and nuclei (blue) in PMCFs with the indicated treatment for 24 h (n = 3). (D) Representative image of EdU staining, indicating the pro-
liferation capacity of PMCFs with the indicated treatment for 24 h (n = 3). (E) RNA sequencing of PMCFs transfected with Cptla-siRNA or negative control-siRNA,
and the mRNA expression (TPM) of typical fibrotic markers (Acta2, Postn, Collal, and Ccn2) of two groups (n = 4). (F) KEGG and GO analysis of the fatty acid-related
pathway affected by Cptla silencing in PMCFs (n = 4). (G) Gene set enrichment analysis (GSEA) score of mitochondrial protein-containing complex of PMCFs treated
with Cptla-siRNA and NC-siRNA (n = 4). (H) Venn diagram illustrating the distribution of genes in the two pathways involved in the synthesis of the mitochondrial
protein-containing complex and mitochondrial matrix. (I) Heatmaps showing the expression pattern of forty-three genes intersected in the two pathways of mito-
chondrial protein-containing complex and mitochondrial matrix in PMCFs treated with Cptla-siRNA and NC-siRNA (n = 4). (J) Association analysis of expression of
Cptla and genes picked from heat maps excepting the mitochondrial respiratory chain complex protein and mitochondrial ribosomal protein, including MCC2,
Suclg2, Vdacl, Pdk1, Atp5al, Smdtl, Pdhb, and Dap3 (n = 4). The results are presented as the means + S.D. *p < 0.05, **p < 0.01, ***p < 0.001; A and B, Student’s t-
test; C&D, One-way ANOVA with Bonferroni post hoc test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 3. VDACI is decreased in fibrotic cardiac tissues and TGF-p1-induced myofibroblasts.

(A) mRNA expression of Vdac1 in cardiac fibroblasts with or without TGF-p1 treatment (n = 3). (B) Protein levels of VDAC1 in cardiac fibroblasts with and without
TGF-p1 treatment (n = 3). (C) Representative images of echocardiography and hearts of mice in the Sham and TAC groups. (D) Echocardiographic parameters
measured in mice 4 weeks after sham or TAC (n = 6). (E) Flow cytometry sorting panel of cardiac fibroblasts from mouse heart tissue after TAC. (F) VDACI levels in
CD45CD31 mEF-SK4" cardiac fibroblasts from mice in the Sham and TAC groups, as detected through flow cytometry. (G) The mRNA levels of Vdacl in
CD45CD31 mEF-SK4" cardiac fibroblasts from mice in the Sham and TAC groups as detected using RT-qPCR (n = 6). (H) Protein levels of VDAC1 in
CD45 CD31 mEF-SK4 " cardiac fibroblasts from mice in the sham and TAC groups as detected using western blotting (n = 3). The results are presented as the means
+ S.D. *p < 0.05, **p < 0.01; Student’s t-test. IVSd, interventricular septum in diastole; LVPWd, left ventricular posterior wall in diastole; EF, ejection fraction.

expression patterns of 43 genes that intersected in the mitochondrial MCC2, Suclg2, Vdac1, Pdk1, Atp5al, Smdt1, Pdhb, and Dap3 (Fig. 2I). The

protein-containing complex and mitochondrial matrix. We then association analysis results indicated that Vdac1, a channel protein that
analyzed the association between the expression of Cptla and genes regulates the transport of fatty acids, had a high positive correlation
selected from the heat maps, except for mitochondrial respiratory chain with Cptla (R = 0.762, P = 0.037) (Fig. 2J).

complex proteins and mitochondrial ribosomal proteins, including Previous studies have reported that CPT1 can form a complex with
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Fig. 4. Silencing VDAC1 enhances the activation of cardiac fibroblasts.

Redox Biology 67 (2023) 102907

(A) Efficiency of siRNA-mediated Vdac1 silencing of mRNA in cardiac fibroblasts (n = 3). (B) Efficiency of Vdac1 silencing of protein in cardiac fibroblasts (n = 3). (C)
mRNA levels of Ccn2, Postn and Acta2 in cardiac fibroblasts with the indicated treatments, measured by RT-qPCR (n = 6). (D) Representative and statistical results of
fatty acid oxidation (FAO) in primary cardiac fibroblasts treated with the Oroboros-o2k high-resolution respirometry system. OCR, oxygen consumption rate. PA,
palmitic acid (n = 3). (E) ROS levels in cardiac fibroblasts treated with the indicated concentrations were detected by flow cytometry (n = 3). (F) CD36 expression in
cardiac fibroblasts following the indicated treatments, as detected by flow cytometry (n = 3). (G) Immunofluorescence images showing a-SMA expression in cardiac
fibroblasts. Images show staining for a-SMA (green) and the nuclei with DAPI (blue). (H) EdU staining was performed to detect cell proliferation. Cell nuclei were
stained blue (Hoechst) and EdU-positive nuclei were stained red. (I) mRNA levels of Postn and Ccn2 in cardiac fibroblasts after the indicated treatments, measured by
RT-gPCR (n = 6). The results are presented as the means + S.D. *p < 0.05, **p < 0.01, ***p < 0.001; One-way ANOVA with Bonferroni post hoc test. (For inter-
Eretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

VDAC1 to facilitate the transport of fatty acids through the outer
mitochondrial membrane. These findings indicate that VDAC1 might
play a critical role as an anchoring site for CPT1a in cardiac fibroblast
activation by regulating fatty acid transmembrane transport through the
mitochondria. Therefore, we investigated whether VDAC1 influences
the activation of cardiac fibroblasts and cardiac fibrosis.

3.3. VDACI expression is decreased in fibrotic cardiac tissues and TGF-
B1-induced myofibroblasts

VDACL is one of the most abundant proteins in the outer mito-
chondrial membrane (OMM) and is considered to serve as a mitochon-
drial gatekeeper, regulating metabolic and energetic crosstalk between
the mitochondria and the cytoplasm [12-16]. As RNA sequencing
showed that VDAC1 might play a critical role in fatty acid trans-
membrane transport into the mitochondria, we tested whether VDAC1
was involved in cardiac fibroblast activation. First, we detected the
expression of VDAC1 in TGF-pl-treated cardiac fibroblasts. The
RT-qPCR and Western blot results showed that VDAC1 was down-
regulated in TGF-p1-treated CFs at both the mRNA and protein levels
(Fig. 3A&B). We analyzed VDAC1 expression in a mouse model of
pressure overload-induced cardiac fibrosis via TAC surgery. TAC
operation-induced cardiac fibrosis was assessed by echocardiography.
The IVSd and LVPWd were higher in TAC mice than in sham mice
(Fig. 3C and D). TAC induced cardiac dysfunction, as shown by impaired
cardiac function (EF) in TAC mice compared with sham mice (Fig. 3D).
To investigate the expression of VDACI in cardiac fibroblasts, we sorted
cardiac fibroblasts from mice in the TAC and Sham groups using flow
cytometry and identified the expression of VDAC1 in
CD45°CD31 mEF-SK4 " cells (Fig. 3E). The results of flow cytometry
analysis, RT-qPCR and Western blot assay indicated that VDAC1
expression was decreased in cardiac fibroblasts isolated from mice in the
TAC group than Sham group (Fig. 3F-H). These results indicated that
VDACI was decreased in TGF-p1-treated primary cardiac fibroblasts and
cardiac fibroblasts isolated from TAC-induced fibrotic heart mice.

3.4. Silencing VDAC1 enhances the activation of cardiac fibroblasts

To explore whether VDAC1 influences FAO and how it affects FAO,
we regulated the expression of VDACI in cardiac fibroblasts and
observed the FAO intensity and the levels of FAO-associated enzymes.
First, we silenced Vdacl with a small interfering RNA (siRNA) and
confirmed the efficacy of its downregulation by RT-RT-PCR and western
blotting. The results indicated that the siRNA effectively silenced Vdac1
(Fig. 4A&B and Supplemental Fig. 3A). The sequence of si-Vdac1-3 was
used for further experiments (Fig. 4B). Compared with the TGF-p1-
treated negative control group (NC-siRNA + TGF-p1 group), silencing
VDACI followed by TGF-p1 stimulation for 24 h (Vdac1-siRNA + TGF-f1
group) significantly increased the cardiac fibroblast activation markers
Ccn2, Postn and Acta2 (Fig. 4C). We measured the oxygen consumption
rate (OCR) by Oroboros-02k using palmitic acid (PA) as the substrate for
respiration, and fatty acid oxidation was calculated as the decrease in
OCR after etomoxir addition. The results indicated that VDAC1 silencing
further alleviated the OCR inhibited by TGF-p1 while the substrate of
respiration was PA (Fig. 4D). As fatty acid oxidation stress can induce

10

ROS accumulation, we measured the cellular ROS levels. The results
showed that VDAC1 downregulation further promoted the ROS accu-
mulation induced by TGF-p1 (Fig. 4E). The flow cytometry assay results
revealed that silencing Vdac1 in cardiac fibroblasts further decreased the
expression of CD36 compared to that of TGF-p1-treated cardiac fibro-
blasts (Fig. 4F). Immunofluorescence results showed that the knock-
down of Vdacl increased the fluorescence intensity of a-SMA (Fig. 4G).
EdU assay, collagen contraction assays and scratch assays also showed
that silencing VDACI significantly enhanced the proliferation, collagen
contraction and migration ability of TGF-pl-treated myofibroblasts
(Fig. 4H and Supplemental Fig. 3B&C). In addition, the mRNA expres-
sion of Postn and Ccn2 indicated that administration of the CPT1 in-
hibitor etomoxir further enhanced the activation of myofibroblasts
when Vdacl was silenced (Fig. 4I). These results indicated that the
knockdown of VDAC1 enhanced the activation of cardiac fibroblasts.

3.5. Overexpression of VDACI1 alleviates the activation of cardiac
fibroblasts

The excessive accumulation of fatty acids in the cytosol can lead to
oxidative stress, which is one of the key drivers offibrosis in the heart
and aorta [2,30]. As LCFAs are the main fuel for FAO, their transfer into
the mitochondria requires the coordination of enzymes and membrane
channels [17]. VDAC1, the most abundant channel, has been proposed
to mediate ionic or short-sized metabolite intermediates, including ATP,
glutamate, succinate, and pyruvate, exchange between the mitochon-
dria and cytosol. Previous studies have demonstrated that VDAC limits
the ingress of respiratory substrates and modulates mitochondrial
metabolism and ROS formation [31]. In our study, we hypothesized that
VDAC1 plays a doorkeeper role in regulating LCFA entry into the
mitochondria and that manipulating VDAC1 expression might regulate
FAO and alleviate excessive oxidative stress in cardiac fibroblasts.

Overexpression of VDAC1 by infecting cardiac fibroblasts with
adenovirus was confirmed at both mRNA and protein levels.
(Fig. 5A&B). Compared with Ad-Ctrl + TGF-p1, Ad-Vdacl + TGF-f1
significantly downregulated the mRNA levels of Postn, Ccn2, and Acta2
by qRT-PCR (Fig. 5C). The results of OCR indicated that VDACI over-
expression enhanced the OCR inhibited by TGF-$1 while the substrate of
respiration was PA (Fig. 5D). In addition, VDAC1 overexpression upre-
gulated the levels of CD36 (Fig. S5E), whereas VDAC1 overexpression
alleviated TGF-pl-induced ROS accumulation (Fig. 5F). Immunofluo-
rescence results showed that overexpression of VDAC1 decreased a-SMA
abundance (Fig. 5G). EdU, collagen contraction, and scratch assays also
showed that the upregulation of VDACI significantly reduced the pro-
liferation, collagen contraction, and migration ability of TGF-p1-treated
myofibroblasts (Fig. 5H and Supplemental Fig. 4B&C). Additionally,
etomoxir administration impaired cardiac fibroblast activation caused
by VDACI overexpression, as shown by the mRNA expression of Collal
and Ccn2 (Fig. 5I). These results demonstrate that the regulation of
VDACI expression affects the activation of cardiac fibroblasts, and this
process might influence FAO.
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Fig. 5. Overexpression of VDACI alleviates the activation of cardiac fibroblasts.
(A) The efficiency of adenovirus-mediated Vdacl mRNA overexpression in cardiac fibroblasts (n = 3). (B) Overexpression efficiency of VDAC1 protein in cardiac
fibroblasts (n = 3). (C) mRNA levels of Ccn2, Postn and Acta2 in cardiac fibroblasts with the indicated treatments, measured by RT-qPCR (n = 6). (D) Representative
and statistical results of fatty acid oxidation (FAO) in primary cardiac fibroblasts treated with the Oroboros-02k high-resolution respirometry system. OCR, oxygen
consumption rate. PA, palmitic acid (n = 3). (E) ROS levels in cardiac fibroblasts treated with the indicated concentrations were detected by flow cytometry (n = 3).
(F) CD36 expression in cardiac fibroblasts following the indicated treatments, as detected by flow cytometry (n = 3). (G) Immunofluorescence images showing a-SMA
expression in cardiac fibroblasts. Images show staining for a-SMA (green) and the nuclei with DAPI (blue). (H) EdU staining was performed to detect cell prolif-
eration. Cell nuclei were stained blue (Hoechst) and EdU-positive nuclei were stained red. Bars represent 100 pm. (I) mRNA levels of Collal and Ccn2 in cardiac
fibroblasts after the indicated treatments, measured by RT-qPCR (n = 6). The results are presented as the means + S.D. *p < 0.05, **p < 0.01, ***p < 0.001; A -B,
Student’s t-test; C-I, One-way ANOVA with Bonferroni post hoc test. (For interpretation of the references to color in this figure legend, the reader is referred to the

Redox Biology 67 (2023) 102907

Web version of this article.)

3.6. Specific upregulation of VDAC]1 targeting cardiac myofibroblasts
alleviates TAC-induced cardiac fibrosis in mice

While the above results revealed the protective effect of VDAC1 in a
cellular model of fibrogenesis, to test the function of VDACL in vivo, we
constructed a pressure overload mouse model using the TAC operation.
Functional studies of VDAC1 were performed by intravenously admin-
istering AAV9-Postn-Vdac1 (specific overexpression of VDACI in Postn™*
myofibroblasts) for 7 days after TAC (Fig. 6A). The hearts of the mice in
the AAV9-Postn-Ctrl group exhibited hypertrophy, which was alleviated
by AAV9-Postn-Vdacl administration (Fig. 6B). The efficacy of AAV9
overexpression was determined in CD45~CD31 mEF-SK4* cardiac fi-
broblasts sorted from the mouse heart using flow cytometry (Fig. 6C).
The results showed that the mRNA and protein levels of Vdacl were
increased in cardiac fibroblasts sorted from mice in the AAV9-Postn-
Vdac1 group compared to those in the AAV9-Postn-Ctrl group, indicating
effective transfection of AAV9 in myofibroblasts (Fig. 6C&D). To
determine whether AAV9 alleviated cardiac fibroblast activation, the
expression of the activation phenotype marker was detected. The results
showed that overexpression of Vdacl in myofibroblasts decreased the
mRNA level of Acta2 (Fig. 6E). Echocardiographic analysis revealed that
AAV9-Postn-Vdac1 mitigated the TAC-induced cardiac hypertrophy and
partially restored cardiac function (Fig. 6F). AAV9-Postn-Ctrl-treated
mice that underwent TAC were used as controls. At 28 days after TAC,
we observed a dramatic decrease in cardiac fibrosis in mice treated with
AAV9-Postn-Vdacl compared to AAV9-Postn-Ctrl, as detected by Masson
staining (Fig. 6G). In addition, AAV9-Postn-Vdacl protected against a
significant recovery in the ratio of heart weight to tibial length (HW/TL)
(Fig. 6H). Furthermore, the mRNA levels of fibrotic markers suggested a
protective function of specific upregulation of VDAC1 in cardiac myo-
fibroblasts (Fig. 6I).

3.7. VDAC-derived R-Tf-D-LP4 peptide alleviated pressure overload-
induced cardiac functional injury and fibrosis

Finally, we explored whether VDAC1 could serve as a potential
therapeutic target for the treatment of pressure overload-induced car-
diac fibrosis. Three days after TAC surgery, the R-Tf-D-LP4 peptide was
administered to TAC mice (10 mg/kg) via the tail vessels every three
days until 4 weeks post-surgery (Fig. 7A). Vehicle-treated mice that
received TAC were used as controls.

Cardiac function was assessed using echocardiography at the end of
the experiment. The gross appearance of the hearts revealed that R-Tf-D-
LP4 treatment reduced TAC-induced hypertrophic growth (Fig. 7B).
Additionally, the R-Tf-D-LP4 peptide effectively improved cardiac
function induced by pressure overload, as indicated by the maintained
EF, FS, IVSd, LVPWd, and LVIDd (Fig. 7C). R-Tf-D-LP4 peptide admin-
istration partially inhibited TAC-induced cardiac hypertrophy, as shown
by the decreased ratio of heart weight to tibia length (HW/TL) (Fig. 7D).
Reduced interstitial collagen deposition in the heart tissue of R-Tf-D-LP4
peptide-treated mice compared to vehicle-treated mice was detected by
Sirius red and Masson’s trichrome staining (Fig. 7E and Supplemental
Fig. 4A). Accordingly, WGA staining was performed to identify cardiac
hypertrophy. R-Tf-D-LP4 peptide-treated TAC mice showed a decreased
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average cross-sectional area of cells compared to vehicle-treated TAC
mice (Fig. 7F). HE staining showed that R-Tf-D-LP4 peptide treatment
decreased cardiac hypertrophy in mice compared to that in vehicle-
treated TAC mice (Fig. 7G). Moreover, the expression of fibrosis
markers (Collal, Postn, Ccn2) and hypertrophy markers (Nppa, Nppb,
Myh7) was strongly induced following TAC in vehicle-treated mice,
whereas R-Tf-D-LP4 peptide treatment suppressed the expression of
these markers induced by TAC (Fig. 7H). Considering the toxicity of
multiple injections of the R-Tf-D-LP4 peptide, we examined the liver,
kidney, and spleen by H&E staining. The results showed no significant
differences in the sections of the three groups of mice under a micro-
scope (Supplemental Figs. 4B-D). To further confirm the effect of R-Tf-
D-LP4 peptide on cardiac fibroblasts, we established the TGF-p1-treated
primary cardiac fibroblast activation model in vitro, and administrated
with peptide. The RT-qPCR results indicated that the R-Tf-D-LP4 peptide
effectively mitigated the cardiac fibroblast activation induced by TGF-p1
(Supplemental Fig. 4E). These results demonstrated that the R-Tf-D-LP4
peptide, as a supplementary therapy, could alleviate pressure overload-
induced cardiac fibrosis and hypertrophy, which might be mediated by
mitigating cardiac fibroblast activation.

4. Discussion

Metabolomics has been applied to cardiovascular diseases such as
cardiac hypertrophy, fibrosis, and coronary heart disease [32-34].
Several studies have demonstrated that metabolic reprogramming plays
a critical role in pressure overload-induced cardiac hypertrophy and
fibrosis [35-37]. Fatty acids are responsible for the cardiomyocyte en-
ergy supply and sustained metabolic homeostasis [36,38]. Several
studies have reported that excessive fatty acid accumulation or defective
FAO is associated with lipotoxicity and contributes to cardiac hyper-
trophy and heart failure [39,40]. However, whether these metabolic
abnormalities exist in cardiac fibroblasts or whether they cause fibrosis
remains unclear. In this study, we performed RNA sequencing of pri-
mary cardiac fibroblasts of mice with or without TGF-p1. In myofibro-
blasts, degradation and oxidation of fatty acids are downregulated,
whereas elongation of fatty acids is upregulated. Expression levels of
genes involved in fatty acid transport, including ACSL1, ACSL4, CPT1,
and CPT2. Enrichment analysis indicated that fatty acid transmembrane
transport and oxidation were downregulated in TGF-pl-induced myo-
fibroblasts. Although FAO is a complex process that depends on several
enzymes, CPT1a is pivotal because of its rate-limiting role in shuttling
the medium- and long-chain acyl CoA into the mitochondrial matrix for
oxidation [41]. We analyzed the LC-MS/MS results of the LCFA spec-
trum, which indicated that middle- and long-chain FAs accumulated in
myofibroblasts. The accumulation of middle-chain acylcarnitines may
result from incomplete FAO of LCFAs [42]. In addition, excess fatty acid
accumulation has been observed in TGF-f1-treated cardiac fibroblasts
and has been proposed to induce ROS in myofibroblasts.

LCFAs are the basic fuel for oxidation in the heart to meet the high
ATP demand of a constant heartbeat [43]. During cardiac remodeling,
metabolic phenotype changes, such as proportionally high use of fatty
acids shift into glucose and its p-oxidation decreases [44,45]. FAO
supplies 70% of the ATP in the physiological state, and CPTla, a
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Fig. 6. Fibroblast-specific upregulation of VDAC1 expression alleviates TAC-induced cardiac fibrosis in mice.

(A) Schematic diagram outlining the in vivo experiments. Mice were treated with AAV9-Postn-Vdac1/Ctrl (AAV9-Vdac1/Ctrl) at 7 days after TAC operation. (B) The
gross appearance of the hearts obtained from the mice. (C) Specific Vdac1 mRNA overexpression efficiency of AAV9-Vdac]1 in cardiac fibroblasts of TAC-operated
mice, as detected using RT-qPCR (n = 6). (D) Specific VDAC1 protein overexpression efficiency of AAV9-Vdac1 in cardiac fibroblasts of TAC-operated mice, as
detected using western blotting (n = 6). (E) mRNA levels of Acta2 in cardiac fibroblast in TAC-operated mice (n = 6). (F) Cardiac function indicators measured using
echocardiography (EF, FS, LVIDd, LVIDs and IVSd) in mice 3 weeks after tail vein injection of AAV9-VdacI. (G) Representative image of Masson staining and the
statistical results of fibrosis of hearts from mice with the indicated treatment. (H) The anatomy index, HW/TL of mice with indicated treatment. (I) mRNA levels of
the fibrotic markers, Collal, Postn, Ccn2, and Acta2 in CFs with the indicated treatment measured using QqRT-PCR (n = 6). The results are presented as the means +
S.D. *p < 0.05, **p < 0.01, ***p < 0.001; C&D, Student’s t-test; E-I, One-way ANOVA with Bonferroni post hoc test.
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Fig. 7. VDAC-derived R-Tf-D-LP4 peptide alleviates pressure overload-induced cardiac dysfunction and fibrosis.

(A) Schematic of in vivo experiments. Mice were treated with the R-Tf-D-LP4 peptide 3 days after TAC, followed by treatment every 3 days. (B) Gross appearance of
the hearts obtained from mice. (C) Cardiac function indicators measured by echocardiography (EF, FS, LVIDd, LVIDs, and IVSd) in mice 4 weeks after TAC. (D)
Anatomical index (HW/TL) of mice subjected to the indicated treatments. (E) Representative images of Sirius red staining in mice subjected to the indicated
treatments. (F) Representative images of the immunofluorescence staining of WGA in mice with the indicated treatments. (G) Representative images of HE staining of
mice subjected to the indicated treatments. (H) mRNA levels of fibrotic markers (Collal, Postn, Ccn2) and hypertrophic markers (Nppa, Nppb, Myh?7) in the hearts of

mice with the indicated treatments, measured by RT-qPCR (n = 6-9). The results are presented as the means + S.D. *p < 0.05, **p < 0.01, *

‘p < 0.001; One-way

ANOVA with Bonferroni post hoc test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

rate-limiting enzyme, is considered a targetable enzyme. Previous
studies have shown that CPT1a is decreased in pathological states, and
CPT1a overexpression alleviates tissue fibrosis in the kidney, liver, and
lungs [46,47]. In accordance with our study, suppression of FAO by
inhibiting CPT1 activity with etomoxir increased myofibroblast pa-
rameters, whereas enhancement of FAO by activating AMPK with AICAR
resulted in the protection of fibroblast activation. As substrates in the
transport process, restrict the activity of CPTla [48]. Angelini et al.
reported that the loss of PHD2/3 led to an accumulation of LCFAs in
mouse hearts, whereas CPT1b protein levels did not differ. Therefore,
the downstream of CPT1b might be more easily affected by the LCFA
concentration. Long-chain acyl-CoA esters are converted to
acyl-carnitine esters by CPTla and then transported into the mito-
chondrial intermembrane space via channel proteins [49]. VDACL is the
most abundant channel protein on the OMM and is connected to the
cytosol and mitochondrial intermembrane space. In mouse steatosis and
NASH models, the CPT1/VDAC1/ACSL complex is considered to be the
transporter of LCFA-CoA, whereas VDAC1 acts as the gatekeeper for the
passage of FAO substrates [18].

Several studies have confirmed the crucial role of VDACI in the
regulation of mitochondrial function, apoptosis, and metabolic homeo-
stasis [50]. VDAC] is a multifunctional channel protein that modulates
the cellular metabolism. VDAC1 transfers several metabolites including
pyruvate, malonate, and nucleotides [51]. VDAC1 also regulates
cholesterol transport, Ca2* signal transduction, and mtDNA release
[52-54]. In this study, VDAC1 was assessed to determine whether it
functions as a channel for long-chain fatty acylcarnitines and plays a
protective role against cardiac fibroblast activation and fibrosis. TAC in
vivo and TGF-f1 treatment in vitro decreased the expression of VDACI at
both the mRNA and protein levels. In vitro, silencing and overexpression
of VDACI revealed that VDAC1 plays a protective role in the activation
of cardiac fibroblasts in terms of proliferation, metabolism, and profi-
brotic protein secretion. Additionally, the upregulation of VDAC1
decreased ROS production and enhanced FAO intensity. Specific over-
expression of VDACI in myofibroblasts using AAV9-Postn-vadcl, which
contained a periostin promoter, was used to determine the role of
VDACI1 in cardiac fibrosis. Consistent with the in vitro results, in vivo
results confirmed the protective capacity of VDACI in alleviating car-
diac fibrosis. Loss of VDAC1 may cause mitochondria to stop oxidizing
fatty acids, and VDACI inhibitors can inhibit palmitate oxidation [18].

Although there are several drugs targeting fatty acid metabolism for
fibrotic diseases, treatments targeting cardiac fibroblast metabolic dys-
regulation in cardiac diseases are lacking. R-Tf-D-LP4, a VDAC1-derived
peptide, has been shown to enhance catabolic capacity and promote
fatty acid transfer into mitochondria and fatty acid oxidation by upre-
gulating the expression of enzymes involved in fatty acid oxidation and
transportation in NASH and a steatohepatitis mouse model [18]. In
addition, the R-Tf-D-LP4 peptide alleviates streptozotocin and high-fat
diet 32-induced type 2 diabetes by decreasing glucose levels and pro-
moting p-cell proliferation in obese mice [55]. Consistent with previous
studies, our research revealed that R-Tf-D-LP4 alleviated cardiac fibrosis
induced by TAC and elevated cardiac function. HE staining of other
organs, including the kidney, liver, and spleen, indicated that systemic
administration of R-Tf-D-LP4 had no significant toxicity. Unfortunately,
we cannot rule out the effect of R-Tf-D-LP4 on other cells such as car-
diomyocytes, endothelial cells, and immune cells. To validate the effects
of R-Tf-D-LP4 on cardiac fibroblasts, we established an in vitro fibroblast

15

Fibrotic
stress

(— LCFA-CoA
T R-Tf-D-LP4
Peptide

AAV9-Postn
Vdac1

B-oxidation

Fibroblast
activation

v
(\ 53 ':_ )

@’/

o oy s

Ca;d/iac
fibrosis

Fig. 8. A diagram outlining the mechanism of VDACL1 in cardiac fibrosis.
Under fibrotic stress, such as pressure overload and TGF-p1, downregulated
VDACI failed to form a complex with CPT1, thereby hindering the entry of
long-chain fatty acids (LCFAs) into mitochondria for f-oxidation. Furthermore,
metabolic alterations in cardiac fibroblasts lead to their continuous activation,
which exacerbates cardiac fibrosis and function. The administration of VDAC1-
derived R-Tf-D-LP4 peptides or specific overexpression of VDAC1 in myofi-
broblasts inhibited fibroblast activation and alleviated pressure overload-
induced cardiac fibrosis.

activation model and administered R-Tf-D-LP4. RT-qPCR confirmed that
R-Tf-D-LP4 attenuated CF activation of cardiac fibroblasts. Over-
expression of VDACI in activated fibroblasts has been confirmed to
alleviate cardiac fibrosis through AAV9-Postn-Vdacl to specifically
overexpress VDAC1 in myofibroblasts. As an alternative therapeutic
approach, the peptide R-Tf-D-LP4 demonstrated slightly reduced speci-
ficity, but still achieved significant alleviation of cardiac fibrosis.

To our knowledge, this is the first study to demonstrate the pre-
ventive role of VDACI in the regulation of fatty acid metabolism in
cardiac fibroblasts. This study suggests that metabolic regulation may be
an effective treatment for cardiac fibrotic diseases. Our study suggests
that the downregulation of FAO contributes to cardiac fibroblast acti-
vation, and this process may be caused by the accumulation of LCFAs in
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the cytosol, with hindered transfer into the mitochondria. Over-
expression of the mitochondrial gatekeeper VDAC1 alleviates myofi-
broblast phenotypes and increases FAO levels. Specific overexpression
of VDACL in myofibroblasts under the control of the periostin promoter
prevents pressure overload-induced cardiac fibrosis and enhances car-
diac function. In addition, systemic administration of the VDACI-
derived peptide R-Tf-D-LP4 exerted a function similar to that of the
specific overexpression of AAV in mouse models (Fig. 8). However, the
mechanism through which VDACI regulates FAO is not well understood.

5. Conclusion

In summary, we described the LCFA spectrum and metabolic alter-
ations in myofibroblast activation, and investigated the role of the
gatekeeper VDACL in regulating cardiac fibroblast activation. FAO is a
potential target for the treatment of cardiac fibrosis, and the R-Tf-D-LP4
peptide may be a promising agent for alleviating cardiac fibrosis by
targeting VDACL.
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