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Aminoacylase-1 plays a key role in myocardial fibrosis and the
therapeutic effects of 20(S)-ginsenoside Rg3 in mouse

heart failure

Qiong Lai', Fu-ming Liu?, Wang-lin Rao', Guang-ying Yuan', Zhao-yang Fan', Lu Zhang', Fei Fu', Jun-ping Kou', Bo-yang Yu' and

Fang Li'

We previously found that the levels of metabolite N-acetylglutamine were significantly increased in urine samples of patients with
heart failure (HF) and in coronary artery ligation (CAL)-induced HF mice, whereas the expression of its specific metabolic-degrading
enzyme aminoacylase-1 (ACY1) was markedly decreased. In the current study, we investigated the role of ACY1 in the pathogenesis
of HF and the therapeutic effects of 20(5)-ginsenoside Rg3 in HF experimental models in vivo and in vitro. HF was induced in mice by
CAL. The mice were administered Rg3 (7.5, 15, 30mg-kg '-d ', i.g), or positive drug metoprolol (Met, 5.14mg-kg'-d" ', i.g.,
or ACY1 inhibitor mono-tert-butyl malonate (MTBM, 5mg-kg ' -d ", i.p.) for 14 days. We showed that administration of MTBM
significantly exacerbated CAL-induced myocardial injury, aggravated cardiac dysfunction, and pathological damages, and promoted
myocardial fibrosis in CAL mice. In Ang ll-induced mouse cardiac fibroblasts (MCFs) model, overexpression of ACY1 suppressed
the expression of COL3A1 and COL1A via inhibiting TGF-31/Smad3 pathway, whereas ACY1-siRNA promoted the cardiac fibrosis
responses. We showed that a high dose of Rg3 (30mg-kg™'-d™") significantly decreased the content of N-acetylglutamine,
increased the expression of ACY1, and inhibited TGF-B1/Smad3 pathway in CAL mice; Rg3 (25 uM) exerted similar effects in Ang II-
treated MCFs. Meanwhile, Rg3 treatment ameliorated cardiac function and pathological features, and it also attenuated myocardial
fibrosis in vivo and in vitro. In Ang ll-treated MCFs, the effects of Rg3 on collagen deposition and TGF-31/Smad3 pathway were
slightly enhanced by overexpression of ACY1, whereas ACY1 siRNA partially weakened the beneficial effects of Rg3, suggesting that
Rg3 might suppress myocardial fibrosis through ACY1. Our study demonstrates that N-acetylglutamine may be a potential biomarker
of HF and its specific metabolic-degrading enzyme ACY1 could be a potential therapeutic target for the prevention and treatment of
myocardial fibrosis during the development of HF. Rg3 attenuates myocardial fibrosis to ameliorate HF through increasing ACY1
expression and inhibiting TGF-31/Smad3 pathway, which provides some references for further development of anti-fibrotic drugs
for HF.
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INTRODUCTION

Heart failure (HF) is the final stage of multiple cardiovascular
diseases with high mortality [1]. HF is caused by myocardial
damage and changes in the structure and function of myocar-
dium, and finally leads to low ventricular filling function or pump
blood, in which fibrosis becomes a key contributor to tissue
stiffness and dysfunction [2]. The conventional therapeutic
approaches in HF management are diuretics, angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers,
B-blockers, and the like [3]. However, it is still insufficient to
reduce rehospitalization rates and mortality due to that myocar-
dial fibrosis persists even when treated as recommended by the
official guidelines [4, 5]. Therefore, exploring the underlying

pathological mechanisms of myocardial fibrosis and developing
novel therapeutic drugs are needed to enhance the survival and
life quality in HF patients.

Current researches have elucidated that myocardial fibrosis is
mainly characterized by the adverse accumulation of collagen and
other extracellular matrices [6]. Numerous evidence indicates that
transforming growth factor-beta (TGF-B) is the central regulator of
fibrosis across many organ types and TGF-B1/smad family
member 3 (Smad3) signaling pathway exerts a critical role in the
development of myocardial fibrosis [7, 8]. Whereas, treatment
strategy based on direct TGF-3 regulation has led to many side
effects and there are almost no effective means to reverse
myocardial fibrosis [9, 10]. Hence, it is critical to find a safer and
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more effective therapeutic target for myocardial fibrosis in HF.
Recently, metabolite has generated lots of interest among
researchers because of its involvement in different human
diseases [11, 12], and metabolic alterations are also recognized
as the important pathogenic process of fibrosis. The combination
of metabolomics and molecular biology might be the important
approach to reveal the underlying pathological mechanisms of
myocardial fibrosis and offer new therapeutic targets for
myocardial fibrosis to improve HF.

Panax ginseng C.A. Meyer (Araliaceae), a representative tradi-
tional Chinese medicine for cardiovascular disease, has been most
widely studied as a suitable candidate in the treatment of HF
[13, 14]. The pharmacological efficacy and mechanisms of ginseng
are closely associated with ginsenosides [15]. Ginsenoside Rg3
(Rg3) is one of the major active components in ginseng and
exhibits obvious therapeutic effects on cardiovascular diseases
[16, 17]. However, the effect of Rg3 on HF remains to be
elucidated. In addition, previous studies reported that Rg3 could
exert hepatic fibrosis improvement through regulating
inflammation-mediated autophagy and inhibit keloid fibroblast
proliferation via ERK signaling pathways [18, 19]. Although the
potential of Rg3 to ameliorate myocardial fibrosis remains
obscure. Therefore, the effect and mechanism of Rg3 on
myocardial fibrosis are worthy of further studies in view of its
possible development as adjunctive therapy to existing medica-
tions in the treatment of HF. In agreement with the holistic
thinking of TCM, different metabolomic technologies recently
have been applied to evaluate the efficacy and biochemical action
mechanism of TCM [20], as well as treatments of different diseases
such as cardiovascular disease [21], kidney disease [22-24], liver
disease [25], and metabolic disease [26]. In view of this,
metabonomics technology is also a good way to clarify the effect
and mechanism of Rg3 on myocardial fibrosis and HF.

In our previous work, metabolite N-acetylglutamine has been
found to significantly increase in the urine of HF mice by using
untargeted metabolomics, and the transcriptomic results also
showed that the expression of its specific metabolic-degrading
enzyme aminoacylase-1 (ACY1) gene decreased abnormally in the
heart tissues of HF mice [27]. Nevertheless, the specific role of
N-acetylglutamine and ACY1 in HF is still unclear. Thus, this study
was designed to reveal its function and involved pathological
mechanisms in HF and further explore the effect and mechanism
of Rg3 on HF aimed to develop novel therapeutic targets in HF
and enrich the clinical application basis of Rg3.

MATERIALS AND METHODS

Reagents

The ACY1-plasmid and ACY1-siRNA were obtained from Genome-
ditech (Shanghai, China) Co., Ltd. The information of antibodies
and chemicals was shown in Supplementary Table S1.

Human samples

A total of 20 patients with HF and 30 healthy controls from the
Jiangsu Province Hospital of Chinese Medicine have been enrolled
in the study. Informed consent was obtained from all patients and
the study was performed under the guidance of the Declaration of
Helsinki. This study was approved by the Ethical Committee (no.
2019NL-089-02). The urine samples were collected and stored at
—80 °C for metabolite analysis.

Animal models and drug intervention

Male C57BL/6 J mice (22-25 g) were purchased from Qing Long Shan
Dong Wu Fan Zhi Chang (Nangjing, China). The mice were randomly
divided into several cages and housed in a standard vivarium with
free access to food and water. All procedures were conducted
following the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals, and the protocols used were approved by
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the Animal Ethics Committee of China Pharmaceutical University,
Nanjing, China.

The HF mice model was generated by coronary artery ligation
(CAL) [28]. The mice were anesthetized with sodium pentobarbital
(50 mg/kg) intraperitoneally (i.p.). The slipknot was tied around the
left anterior descending coronary artery 3-4 mm from its origin
with a 6-0 silk suture for 14 days to induce the HF model. And the
same surgical procedures without ligating the left anterior
descending coronary artery were performed on sham-operated
mice. In addition, metoprolol (Met) is an FDA-approved and
common clinical medicine used in the treatment of myocardial
ischemia and myocardial infarction [29], and it is often used as a
positive drug in basic researches as well [30-32]. Therefore, it was
selected as a positive drug in this study. All the mice were
monitored for 24 h after the surgery and the survival mice were
randomly assigned to two independent sets of experiments as
follows:

The survival mice were randomly divided into five groups (n =6/
group): Sham group, Model group, Sham+Mono-tert-butyl malonate
(MTBM) group, Model+MTBM group, and Met group. In the Sham
and Model groups, the mice received an intraperitoneal injection of
normal saline every day (Day 1-14). In the Sham+MTBM and Model
+MTBM groups, the mice received an intraperitoneal injection of
MTBM at a dose of 5 mg/kg every day (Day 1-14). In the Met group,
the mice were treated with Met via intragastric administration at a
dose of 5.14 mg/kg every day (Day 1-14). All the mice were killed by
cervical dislocation to explore the contents of N-acetylglutamine in HF
and the effects of ACY1 on HF.

The survival mice were randomly divided into six groups (n =9/
group): Sham group, Model group, Rg3 (7.5 mg/kg) group, Rg3 (15
mg/kg) group, Rg3 (30 mg/kg) group, and Met group. In the Sham
and Model groups, the mice were treated with normal saline in
equivalency via intragastric administration every day (Day 1-14).
In the Rg3 groups, the mice were treated with 20(S)-ginsenoside
Rg3 in equivalency and different dosages via intragastric
administration every day (Day 1-14). In the Met group, the mice
were treated with Met via intragastric administration at a dose of
5.14mg/kg every day (Day 1-14). All the mice were killed by
cervical dislocation to explore the effects and mechanisms of
20(S)-ginsenoside Rg3 on HF and myocardial fibrosis.

Targeted metabolomics analysis

Standard stock preparation. Standard stock solutions of ketopro-
fen and N-acetylglutamine were obtained by dissolving each
compound separately in methanol and stored at —20°C. The
desired concentrations of ketoprofen and N-acetylglutamine were
prepared by the dilution of standard stock solutions with
methanol.

Sample pretreatment. The mouse urine samples were collected
and immediately frozen at —80°C on the 14th day after CAL.
Human urine samples and mouse urine samples were processed
as follows. Each urine sample was thawed at room temperature.
Ketoprofen solution (10 pL, 4 ug/mL) and 140 pL of methanol were
added to 50uL of urine, then vortex-mixed (1 min) and
centrifuged (10min, 4°C) at 13,000 r/min to precipitate the
proteins. The supernatant was centrifuged for 20 min under
the same conditions and filtered through a 0.22 pm pore
membrane before analysis.

HPLC-QqQ-MS analysis. Samples were analyzed by the Agilent
HPLC-QqQ-MS system (Agilent Technologies Inc, Santa Clara, CA,
USA). Analyses were accomplished on a TSK-GEL Amide-80 (150
mm x 2.0 mm id, 5um) column at a flow rate of 0.20 mL/min. The
sample injection volume was 10 uL. The column temperature was
maintained at 25°C. The mobile phase was composed of water
containing 0.1% formic acid (A) and acetonitrile containing 0.1%
formic acid (B). The gradient elution program began with 95%-85% B
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at 0-3min, 85%-75% B at 3-9min, 75%-60% B at 9-12 min,
60%-50% B at 12-15 min, 50% B at 15-20 min, and finally back to
initial conditions, with 5 min for equilibration. Quantitative analysis of
N-acetylglutamine was performed using multiple reaction monitoring
acquisition modes with m/z 189.1 — 130.1 with a scan time of 1.2s
per transition in positive ion mode. The capillary voltage, nozzle
voltage, auxiliary gas temperature, auxiliary gas flow rate, sheath gas
temperature, sheath gas flow rate, nebulizer gas pressure, collision
energy, and fragmented voltage were set at 3500V, 1500V, 350 °C,
10 L/min, 350°C, 12L/min, 50psi, 5V, 105V, respectively. Data
acquisition and processing were performed using Masshunter
software. The method was validated for linearity, precision, accuracy,
and extraction recovery shown in Supplementary Figure S1 and
Supplementary Table S2.

RNA-seq and genome-wide transcriptome analysis

The specific operation process of transcriptome analysis was
performed as previously described [33]. In brief, TRIzol (Invitrogen,
Los Angeles, CA, USA) was used to isolate the total RNA from fresh
ventricular tissue, and then mRNA was purified from total RNA
using poly-T oligo-attached magnetic beads. NEBNext® UltraTM
RNA Library Prep Kit for Illumina” (NEB, USA) was applied to
generate the sequencing libraries according to the manufacturer’s
recommendations and add index codes to attribute sequences to
each sample. The clustering of the index-coded samples was
performed on a cBot Cluster Generation System using TruSeq PE
Cluster Kit v3-cBotHS (lllumia) following the manufacturer’s
instructions. The library preparations were sequenced on an
lllumina Hiseq platform and 150bp paired-end reads were
generated after cluster generation. Raw data (raw reads) in fastq
format were firstly processed through in-house Perl scripts. Clean
data (clean reads) were obtained by removing reads containing
adapters, and the reads mainly included low-quality reads and
ploy-N from raw data. We directly downloaded the reference
genome and gene model annotation files from the genome
website. The index of the reference genome was built by using
STAR and paired-end clean reads were aligned to the reference
genome using STAR (v2.5.1b). The method of Maximal Mappable
Prefix (MMP) was used in STAR. HTSeq v0.6.0 was used to count
the read numbers mapped to each gene. Analysis of differential
expression was performed using the edgeR R package (3.12.1). The
P values were adjusted by using the Benjamini and Hochberg
method.

Echocardiography

Echocardiography was performed on the 14th day after CAL using the
ultra-high-resolution ultrasound system (Vevo 3100LT, Visual Sonics,
Toronto, Canada). Left ventricle posterior wall in diastole (LVPW;d),
interventricular septum in diastole (IVS;d), and left ventricle interior
diameter in diastole (LVID;d) were measured by M-mode tracing. Left
ventricular ejection fraction (LVEF), left ventricular fractional short-
ening (LVFS), left ventricular volume in diastole (LV Vol;d) and stroke
volume (SV) were calculated using Vevo™ LAB Software V3.2.6.

Histopathologic examination

The heart tissues of mice were removed on the 14th day after CAL
and fixed in 10% phosphate-buffered formalin for 24 h before
paraffin embedding. Then, the paraffin sections (4-5pm in
thickness) of the heart were stained by H&E, Masson’s trichrome,
and Sirius Red staining [34]. The sections were pictured under a
light microscope (DX45, Olympus Microsystems Ltd., Japan). The
H&E sections were assessed by pathologists without the informa-
tion of the samples. The collagen volume fraction (CVF) of Masson
and Sirius Red staining was quantified using ImageJ program.

Immunohistochemistry

The heart tissues of mice were removed on the 14th day after CAL
and fixed in 4% paraformaldehyde. Then the tissues were embedded
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in paraffin. Hydrated paraffin sections (4-5um in thickness) were
deparaffinized, rehydrated in phosphate-buffered saline (PBS), and
incubated with 3% hydrogen peroxide to block endogenous
peroxidase activity. The sections were incubated at 4 °C overnight
with anti-collagen type lll alpha 1 (COL3A1), anti-collagen-1 (COL1A),
or anti-ACY1 primary antibodies after being blocked with blocking
liquid. Thereafter, the sections were washed with PBS and incubated
with HRP-conjugated secondary antibodies for 1 h at room tempera-
ture. Images were acquired using the light microscope (DX45,
Olympus Microsystems Ltd., Japan) [35].

Cell culture and treatment

Mice cardiac fibroblasts (MCFs) were obtained from Soochow
University and cultured in DME/F-12 medium supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37°C in a humidified atmosphere with 5% CO,.
The culture medium was replaced every 2 days. MCFs were
subcultured at 80%-90% confluence.

MCFs were cultured for 24 h and then transfected with ACY1-
plasmid at 60%-70% confluence. MCFs were transfected with
ACY1-plasmid or control (final concentration, 1ug/mL) for 12h
using 2pulL/mL of Hyper Transfection Plus according to the
manufacturer’s protocol. Then the culture medium was replaced
with fresh DME/F-12 medium supplemented with 10% fetal
bovine serum and the cells were cultured for another 36 h.

MCFs were cultured for 24h and then transfected with
ACY1-siRNA at 60%-70% confluence. MCFs were transfected with
ACY1-siRNA or control (final concentration, 100 nM) for 6 h using
6 uL/mL Lipofectamine™ 2000 according to the manufacturer’s
protocol. Then the culture medium was replaced with fresh DME/
F-12 medium supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin and the cells
were cultured for another 48 h.

The normal MCFs, ACY1-plasmid-transfected MCFs and ACY1-
siRNA-transfected MCFs were stimulated with angiotensin Il (Ang
I) (1 uM) and treated with different doses of Rg3 for 24 h. Then the
cells were subjected to the following experimental procedures.

MTT assay

MCFs were plated at 7 x 10° cells/well (96 well plates) and cultured
for 24 h. MCFs were then cultured with fresh medium containing
Ang Il (1pM) or Rg3 (1, 5 and 25uM) for another 24h,
respectively. MTT (0.5 mg/mL) was added to each well for another
4 h incubation at 37 °C to detect the cell viability. After dissolving
the crystal with 150 uL dimethyl sulfoxide, the absorbance was
measured at 570 nm with a reference wavelength of 650 nm with
a microplate reader. The cell viability was expressed as the
percentage of absorbance to control values [36].

Immunofluorescence
The heart tissues of mice were removed on the 14th day after CAL.
The tissues were snap-frozen and cryosectioned (10pum in
thickness). The slices of the heart were washed with PBS, fixed
in 4% paraformaldehyde, and permeabilized with PBS containing
0.1% Triton X-100. The tissues were then blocked at room
temperature with 5% bovine serum albumin and incubated with
primary antibody overnight at 4 °C. Then the secondary antibody
incubation was performed and nuclei were visualized with DAPI.
MCFs were cultured on the glass-bottom dish. The cells were
washed with PBS, fixed with ice-cold 4% paraformaldehyde, and
permeabilized with PBS containing 0.1% Triton X-100. And the rest
of the procedure was conducted as described above. The
fluorescence was observed using a confocal laser scanning
microscope (CLSM, LSM700, Zeiss, Germany) [37].

Western blotting analysis

The total protein extracted from heart tissues and MCFs was
resolved on 12.5% sodium dodecyl sulfate-polyacrylamide gels
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and transferred to polyvinylidene difluoride membranes. The
membranes were blocked with 5% bovine serum albumin,
incubated with primary antibodies overnight at 4°C, and
incubated with the appropriate secondary antibodies at room
temperature. The protein signal was detected with the ECL-plus
detection system. The band densities were visualized by
ChemiDoc™ MP System (Bio-Rad), and the relative values were
expressed relative to the signal of GAPDH [38].

Statistical analysis

All values were expressed as mean * standard deviation. Student’s
t test, Mann-Whitney test, and one-way analysis of variance were
performed to determine the statistical significance among values.
P values < 0.05 and 0.01 were regarded as significant and very
significant, respectively. The SPSS 19.0 statistical analysis software
was used for the statistical analysis.

RESULTS

Metabolite N-acetylglutamine was elevated and the expression
of ACY1 was decreased in patients with HF and CAL-induced HF
mice

The levels of urinary N-acetylglutamine were significantly elevated
in both HF patients (Fig. 1a) and CAL-induced HF mice (Fig. 1b).
Based on these findings, transcriptomics was adopted to excavate
the key regulatory enzyme that caused the abnormal increase of
N-acetylglutamine in HF. The gene expression of its specific
degradation enzyme ACY1 was found to be significantly
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decreased in the heart tissue of HF mice (Fig. 1c). Western
blotting and immunohistochemical techniques were further
performed to verify that the protein expression of ACY1 in heart
tissue of HF mice was significantly decreased (Fig. 1d, e), which
suggested that ACY1 may play a role in the development of HF.

Inhibition of ACY1 aggravated the formation of myocardial fibrosis
and activated the pathway of TGF-81/Smad3 in HF mice

To elucidate the function of ACY1 in HF, the sham and HF model
group mice were injected intraperitoneally with the inhibitor of
ACY1 (MTBM), which could effectively decrease the expression of
ACY1 in the heart tissue of sham and HF mice (Supplementary
Figure S2). Then the cardiac function, myocardial pathology, and
collagen expression were examined. As shown in Fig. 2a, LVEF,
LVFS, and SV in the model group were significantly diminished,
while LVPW;d, LVID;d, IVS;d, and LV Vol d in the model group
were significantly increased compared to the sham group.
Furthermore, the sham and HF mice treated with MTBM exhibited
worse cardiac function in all the above indexes, which illustrated
that ACY1 inhibition exacerbated cardiac dysfunction in HF mice.
Haematoxylin—eosin (H&E), Masson’s trichrome, and Sirius Red
staining results further showed that the heart tissues in the model
group had the obvious inflammatory cell infiltration, irregularly
arranged cardiomyocytes, swelling of cardiomyocytes, and col-
lagen deposition compared with the sham group (Fig. 2b,
Supplementary Figure S3a-c). And MTBM significantly exacerbated
the pathological damage and myocardial fibrosis in both sham and
model mice. In addition, the expression of COL3A1, COL1A, TGF-(31,
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Fig. 1 Metabolite N-acetylglutamine was elevated and the expression of ACY1 was decreased in patients with HF and CAL-induced HF
mice. a The content of N-acetylglutamine in urine samples from humans (n = 20-30). b The content of N-acetylglutamine in urine samples
from mice (n = 6). ¢ The RNA level of ACY1 in heart tissues of HF mice after 2 weeks’ CAL based on transcriptome results (Sham: n = 3, Model
2-3 week: n=6). d Western blotting determined the expression of ACY1 in heart tissues from mice (n=3). e Immunohistochemistry
determined the expression of ACY1 in heart tissues from mice (n = 3). *P <0.05 vs. Normal group, **P < 0.01 vs. Sham group.
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Fig. 2 Inhibition of ACY1 aggravated the formation of myocardial fibrosis and activated the pathway of TGF-B1/Smad3 in HF mice.
a Representative echocardiographs and the changes of cardiac functions and dimensions in different groups of mice. Cardiac function and
dimensions evaluation indexes mainly include LVEF, LVFS, SV, LVPW.d, LVID;d, IVS;d and LV Vol;d (n=5). b The pathological changes were
determined by H&E staining. The myocardial fibrosis levels were determined by Masson and Sirius red staining (n = 3) (x200 magnification). ¢ The
expression of collagen Ill and collagen | in the heart tissues of each group of mice was measured by immunohistochemical staining (n = 3) (x400
magnification). d The expression of collagen lIl and collagen | in the heart tissues of each group of mice was determined by Western blotting (n =
3). e The expression of TGF-p1, p-Smad3, and Smad3 in the heart tissues of each group of mice was determined by Western blotting (n = 3). *P <
0.05 vs. Sham group, *P <0.01 vs. Sham group, ‘P < 0.05 vs. Model group, “P < 0.01 vs. Model group, P <0.01 vs Sham-+MTBM group.

and p-Smad3/Smad3 were found to be significantly increased in MTBM. All these results suggested that ACY1 inhibition could result
the model group (Fig. 2c-e, Supplementary Figure S3d, e), and the in myocardial structural and functional impairment via the
collagen levels and TGF-31/Smad3 signaling pathway of normal exacerbation of fibrosis through the activation of the TGF-31/
mice and HF mice were markedly elevated by ACY1 inhibitor Smads3 signaling pathway.
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ACY1 regulated collagen expression and TGF-31/Smad3 signaling
pathway in Ang ll-treated MCFs

To further explore the key role of ACY1 in myocardial fibrosis,
ACY1-plasmid or ACY1-siRNA were adopted to investigate its
regulation on the expression of collagen Ill, collagen |, and TGF-31/
Smad3 signaling pathway in MCFs treated with Ang Il. Western
blotting was conducted to verify the success of both ACY1
overexpression or silencing and the results were shown in
Supplementary Figure S4. And it was also proved that Ang I
could significantly increase the expression of COL3A1, COL1A, and
TGF-$1/Smad3 signaling pathways in MCFs treated with control-
plasmid or control-siRNA (Fig. 3). Importantly, the expression of
COL3A1, COL1A, and TGF-1/Smad3 signaling pathway in MCFs
treated with ACY1-plasmid and Ang Il significantly decreased
compared with those in MCFs treated with control-plasmid and
Ang II, which suggested that overexpression of ACY1 significantly
suppressed Ang ll-induced collagen expression and TGF-31/
Smad3 signaling pathway in MCFs (Fig. 3a, b). Meanwhile, there
were no significant differences between the MCFs treated with
control-plasmid and the MCFs treated with ACY1-plasmid in the
parameters above. In addition, treatment with ACY1-siRNA
significantly promoted the expression of COL3A1, COL1A and
activated TGF-B1/Smad3 signaling pathway in MCFs treated with
or without Ang I, which suggested that ACY1 deficiency
significantly increased Ang Il-induced collagen expression in MCFs
via the TGF-31/Smad3 signaling pathway (Fig. 3¢, d). All of the
above results revealed that ACY1 has a critical role in myocardial
fibrosis via the regulation of TGF-B1/Smad3.

Rg3 decreased the content of N-acetylglutamine, increased the
expression of ACY1, and inhibited TGF-B1/Smad3 signaling
pathway in CAL-induced HF mice and Ang lI-treated MCFs

As shown in Fig. 4a, 20(S)-ginsenoside Rg3 significantly reduced
CAL-induced elevation of N-acetylglutamine in HF mice, which
suggested that both ACY1 and ACY1-mediated TGF-31/
Smad3 signaling pathway demonstrated above might be regu-
lated by Rg3. As illustrated in Fig. 4b-f, compared with the model
group, Rg3 significantly increased the expression of ACY1 which
hydrolyzes N-acetylglutamine, and inhibited the expression of
TGF-B1/Smad3, which stimulates myocardial fibrosis in vivo and
in vitro. The above results implied that Rg3 has the potential to
improve HF via the regulation of myocardial fibrosis.

Rg3 ameliorated cardiac function and myocardial fibrosis in CAL-
induced HF mice and Ang Il-induced MCFs

The effect of Rg3 on cardiac function of HF mice was evaluated
with echocardiography (Fig. 5a). The results showed that LVEF,
LVFS, and SV of HF mice were significantly improved by Rg3 and
Met, while LVPW;d, LVID;d, IVS;d, and LV Vol;d of HF mice were
significantly reduced by Rg3 and Met, and the effect of Rg3 with
the high dosage on HF was comparable with that of Met. H&E,
Masson’s trichrome, and Sirius Red staining were further
performed to evaluate the improvement of Rg3 on cardiac
pathology and myocardial fibrosis. The results showed that
treatment with Rg3 or Met significantly alleviated the degree of
morphological damages and myocardial fibrosis in HF mice
(Fig. 5b, Supplementary Figure S5a-c). The effect of Rg3 on
collagen deposition in CAL-induced HF mice and Ang ll-induced
MCFs was also detected. The immunohistochemical analysis
disclosed that Rg3 significantly reduced the expression of COL3A1
and COL1TA in heart tissues of HF mice (Fig. 5c, Supplementary
Figure S5d, e). Moreover, Western blotting results showed that the
levels of COL3A1, COL1A, a-smooth muscle actin (a-SMA), and tissue
inhibitor of metalloproteinase-1 (TIMP-1)/matrix metalloproteinase-1
(MMP-1) ratio associated with myocardial fibrosis were significantly
upregulated in CAL-induced HF mice, while the indices above were
significantly reduced by Rg3 (Fig. 5d). Meanwhile, these findings
were further verified in Ang ll-induced MCFs. The results of cell
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viability proved that 20(S)-ginsenoside Rg3 (1, 5, and 25 uM)
exhibited no cytotoxicity against MCFs (Supplementary Figure S6),
and the inhibitory effect on myocardial fibrosis-associated proteins
was basically consistent with the results in vivo (Fig. 5e). All these
results suggested that Rg3 could prevent myocardial fibrosis to
improve HF.

ACY1 exerted an important role in Rg3 inhibiting myocardial
fibrosis and TGF-B1/Smad3 signaling pathway in Ang Il-treated
MCFs

ACY1-plasmid and ACY1-siRNA were applied to further confirm
the specific role of ACY1 in the regulation of myocardial fibrosis
and TGF-B1/Smad3 signaling pathway by Rg3. As shown in Fig. 6a
and b, the intervention of ACY1-plasmid further promoted the
inhibitory effect of Rg3 on collagen and TGF-31/Smad3 expression
in MCFs treated with Ang Il, which means that overexpression of
ACY1 will slightly facilitate the ameliorative effect of Rg3 on
myocardial fibrosis. More importantly, Fig. 6¢c and d also indicated
that ACY1-siRNA significantly weakened the effect of Rg3 in
inhibiting collagen | deposition and TGF-B1/Smad3 pathway in
Ang Il-induced MCFs. All these results suggested that ACY1 might
be the key functional protein for Rg3 to inhibit myocardial fibrosis
and the TGF-B1/Smad3 pathway.

DISCUSSION

In recent years, particular attention is paid to the role of
metabolism in many diseases and metabolites could provide
insight into the pathological mechanisms of complex diseases.
Our previous research has shown that there was a significant
difference in the content of metabolite N-acetylglutamine
between CAL-induced HF mice and the normal mice (Supple-
mentary Table S3), but further targeted verification is still needed.
This study firstly proved that the levels of N-acetylglutamine in HF
patients and CAL-induced HF mice both significantly increased
through targeted metabolomic analysis using HPLC-QgqQ-MS,
which suggested that N-acetylglutamine may be the potential
biomarker of HF. N-acetylglutamine is a metabolite present in the
urine of healthy people and markedly increases when organ
damage or tumors occurs [39, 40]. Meanwhile, ACY1 is the specific
metabolic-degrading enzyme of N-acetylglutamine, and is closely
associated with its abnormal elevation [41]. Therefore, the change
of ACY1 expression in heart tissue of HF mice was further
investigated. And the results showed that the expression of ACY1
was significantly decreased in HF mice, which was consistent with
the transcriptomic results. All these findings confirmed that the
abnormal elevation of N-acetylglutamine in HF was closely related
to the inhibition of ACY1, and also suggested that ACY1 might
play a critical role in the development of HF.

ACY1 is a cytosolic enzyme that deacylates the a-acylated
amino acid from the N-terminal peptide of intracellular proteins
[42]. Previous studies have shown that ACY1 is important for
regulating the proliferation of numerous types of cancer [43],
sunch as colonic cancer [44], hepatocellular carcinoma [45], and
renal cell carcinoma [46]. However, the function of ACY1 in HF and
myocardial fibrosis remains unclear. To explore the specific role of
ACY1 in HF, the inhibitor of ACY1 (MTBM) was adopted to
investigate the effect on cardiac function and pathology. Cardiac
function and dimensions indexes mainly include LVEF, LVFS, SV,
LVPW;d, LVID;d, IVS;d, and LV Vol;d. Therein, LVEF, LVFS, and SV are
commonly applied in clinical practice to evaluate the ejection
ability of the left ventricle, the amplitude of ventricular contrac-
tion, and the force of ventricular contraction, respectively [47].
LVPW:d, LVID;d, IVS;d, and LV Vol;d is used to measure the cardiac
wall thickness and volumes to evaluate the cardiac remodeling,
which is associated with worsening cardiac function and poor
prognosis [48]. The parameters above were all aggravated by
ACY1 inhibitor and the results suggested that ACY1 inhibition
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could further exacerbate cardiac pumping dysfunction and exacerbated the myocardial fibrosis in HF mice, which indicated
structural abnormalities in HF mice. In addition, pathological that ACY1 might exert a prominent role in myocardial fibrosis.

results of heart tissues showed that ACY1 inhibition resulted in Myocardial fibrosis is pathologically characterized by increased
significant myocardial fibrosis in normal mice and also obviously deposition of collagen Il and collagen |, which causes increased
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matrix stiffness and abnormal cardiac function, leading to HF [49]. key player for controlling the development of myocardial fibrosis
Collagen Il (12%) and collagen | (70%) are the major fibrillar [51]. And most studies have focused on the evaluation of collagen
components in the heart [50]. And collagen | is a relatively stiff | to explore the effects of specific factors on myocardial fibrosis

protein that determines tissue stiffness, hence considered as the [52-54]. In addition, activation of TGF-31/Smad3 is also a classical
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signaling pathway of myocardial fibrosis [8]. Thus, the effect of of Smad3 phosphorylation in both normal mice and HF mice were
ACY1 inhibition on collagen Ill and collagen |, and the TGF-31/ significantly increased by the inhibition of ACY1, which inferred
Smad3 signaling pathway were further explored. The results that ACY1 inhibition could aggravate HF via the exacerbation of
showed that the expression of collagens and TGF-1 stimulation fibrosis through the TGF-B1/Smad3 signaling pathway.
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Fig. 5 Rg3 ameliorated cardiac function and myocardial fibrosis in CAL-induced HF mice and Ang ll-induced MCFs. a Representative
echocardiographs and the changes of cardiac functions and dimensions in different groups of mice. Cardiac function and dimensions
evaluation indexes mainly include LVEF, LVFS, SV, LVPW;d, LVID;d, IVS;d, and LV Vol;d (n =5). b The pathological changes were determined by
H&E staining. The myocardial fibrosis levels were determined by Masson and Sirius red staining (n = 3) (x200 magnification). ¢ The expression
of collagen Il and collagen | in the heart tissues of each group was measured by immunohistochemical staining (n = 3) (x400 magnification).
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Acta Pharmacologica Sinica (2022) 43:2003 -2015 SPRINGER NATURE



Rg3 ameliorates myocardial fibrosis through the ACY1

Q Lai et al.
2012
Cardiac fibroblasts undergo conversion to myofibroblasts in in vitro. Overexpression and knockdown of ACY1 using ACY1-
infarcted hearts, which is the crucial cellular event in myocardial plasmid and ACY1-siRNA in MCFs were performed. The results

fibrosis [55]. In this study, MCFs were treated with Ang Il to further showed that Ang ll-induced collagen Il and collagen | deposition as
explore the effect and mechanism of ACY1 on myocardial fibrosis well as TGF-B1/Smad3 pathway expression in MCFs were
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Fig. 6 ACY1 exerted an important role in Rg3 inhibiting myocardial fibrosis and TGF-B1/Smad3 signaling pathway in Ang ll-treated
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©P <0.05 vs. group treated with ACY1-siRNA alone, ®®P < 0.01 vs. group treated with ACY1-siRNA alone, **P < 0.01 vs. group treated with
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significantly inhibited by overexpression of ACY1. Whereas,
ACY1 siRNA could facilitate the collagen Ill and collagen | expression
as well as activate the pathway of TGF-1/Smad3 in MCFs treated
with or without Ang II. All of the above findings provided further
evidence that ACY1 inhibition is an essential factor in activating the
TGF-B1/Smad3 signal pathway and leading to myocardial fibrosis in
HF. What's more, it has been reported that ACY1 also plays an
important role in cancers and new findings suggest that HF could
also be considered as interstitial cancer [45, 56, 57]. Therefore,
regulation of ACYT might be the potential approach to ameliorate
myocardial fibrosis to improve HF as well.

Panax ginseng C.A. Meyer (Araliaceae) is the most widely used
TCM in the treatment of HF and ginsenoside Rg3 is one of the active
components isolated from it. It has been reported that ginsenoside
Rg3 had protective effects on many cardiovascular diseases [58],
while the effects and mechanisms of Rg3 on HF still need further
study. In the present study, we firstly found that 20(S)-ginsenoside
Rg3 could decrease the levels of N-acetylglutamine in HF mice,
increase the expression of ACY1 in HF mice and Ang ll-induced
MCFs, and also inhibit the TGF-31/Smad3 pathway in vivo and
in vitro, which suggested that ginsenoside Rg3 might have a
therapeutic effect on HF via the regulation of myocardial fibrosis.

Subsequently, we further explored the effect of 20(S)-ginsenoside
Rg3 on cardiac function and dimensions, pathology, and collagen
expression in HF mice. The results of echocardiography showed that
ginsenoside Rg3 obviously improved myocardial contractility,
pumping ability, and pathological ventricular remodeling in HF
mice. And the pathological results also indicated that ginsenoside
Rg3 could significantly improve myocardial fibrosis in HF mice. It is
widely accepted that a-SMA is the characteristic marker of cardiac
fibroblast differentiation, which is the key event in the production of
collagens in myocardial fibrosis [59]. And the increased collagen
deposition in HF is regarded as the imbalance between collagen
synthesis and its degradation [60]. The insoluble collagen fibers
would be degraded by MMP-1, which is inhibited by TIMP-1. And
the collagen deposition would be reduced when MMP-1 is increased
or TIMP-1 is decreased [60]. Therefore, the expression of collagen I,
collagen |, a-SMA, TIMP-1, and MMP-1 associated with myocardial
fibrosis was further detected in HF mice and Ang ll-induced MCFs.

Rg3 ameliorates myocardial fibrosis through the ACY1
Q Lai et al.

The results illustrated that 20(S)-ginsenoside Rg3 could maintain
collagen metabolism balance via inhibition of collagen synthesis and
facilitation of collagen degradation to attenuate myocardial fibrosis
in HF mice and Ang ll-induced MCFs.

Additionally, whether ACY1 plays an important role in the
cardioprotection of 20(S)-ginsenoside Rg3 was also elucidated.
ACY1-plasmid and ACY1-siRNA were further performed to explore
the effect of ACY1 on the inhibitory effect of ginsenoside Rg3 on
collagen expression and TGF-31/Smad3 pathway activation in Ang
I-treated MCFs. The results exhibited that overexpression of
ACY1 slightly facilitated the inhibitory effect of ginsenoside Rg3 on
collagen expression and TGF-31/Smad3 activation. Conversely,
ACY1 siRNA partially weakened the beneficial effects of ginseno-
side Rg3. These evidences further confirmed that ACY1 is essential
or even a key functional protein for Rg3 to exert an inhibitory
effect on myocardial fibrosis. And it also revealed that ginsenoside
Rg3 could indirectly inhibit TGF-f1/Smad3 pathway via the
regulation of ACY1, which provided a reference for the develop-
ment of anti-myocardial fibrosis medicine to avoid the side effects
caused by the direct inhibition of TGF-B1/Smad3 [9]. However,
potential limitations of this study should be noted. Although the
present study investigated the effects of Rg3 on myocardial
fibrosis with ACY1 siRNA or overexpression, further study needs to
validate ACY1 knock-out or knock-in mice in the future.

In summary, this study demonstrated that metabolite N-acetylglu-
tamine is abnormally elevated in HF and might be the potential
biomarker of HF, which provided a reference for the diagnosis of HF
in the future. And its specific metabolic-degrading enzyme ACY1
expression is significantly decreased and is closely associated with
myocardial fibrosis in HF. Overexpression of ACY1 could effectively
inhibit the deposition of collagen and the activation of TGF-f1/
Smad3 pathway, which indicated that it could be a potential
therapeutic target for the prevention and treatment of myocardial
fibrosis during the development of HF. More interestingly, 20(S)-
ginsenoside Rg3 has been found to ameliorate myocardial fibrosis to
improve HF through the ACY1-mediated TGF-$1/Smad3 pathway,
which not only enriched the clinical application of 20(S)-ginsenoside
Rg3 in HF, but also provided some references for the further
development of anti-fibrotic medicine for HF (Fig. 7).
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Fig. 7 The key role of aminoacylase-1 in myocardial fibrosis and the regulatory effect of 20(S)-ginsenoside Rg3 in heart failure.
N-acetylglutamine is abnormally elevated in HF and may be the potential biomarker of HF. And its specific metabolic-degrading enzyme ACY1
expression is significantly decreased and has played a critical role in myocardial fibrosis during the development of HF. Rg3 could ameliorate
myocardial fibrosis to improve HF through ACY1-mediated TGF-$1/Smad3 pathway.
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