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Background: Patchouli alcohol (PA), a tricyclic sesquiterpene from Pogostemonis Herba, exhibits anti-inflammatory, antioxidant
and cardiovascular activities. Adriamycin (Adr) induces dose-dependent cardiotoxicity that progresses to irreversible heart
failure (HF). This study investigated the mechanism of PA in rats with Adr-induced HF.

Methods: Male Sprague Dawley (SD) rats (initial n = 15/group) received intraperitoneal Adr (2 mg/kg, twice weekly for 4 weeks)
to induce HF. Two weeks after modeling, PA (30 mg/kg/d) or Icilin (20 mg/kg/d) was administered for 4 weeks. Cardiac func-
tion (left ventricular ejection fraction (LVEF)/left ventricular short axis shortening rate (LVFS)), serum brain natriuretic peptide
(BNP), lactate dehydrogenase (LDH), creatine kinase (CK), nitric oxide (NO), nitric oxide synthase (NOS), aspartate aminotrans-
ferase (AST), myocardial transient receptor potential melastatin 8§ (TRPMS8) and apoptosis-related proteins (Bcl-2 associated X
protein (Bax), B-cell Lymphoma 2 (Bcl-2), and cleaved Caspase-3) were assessed. In vitro, Adr-treated AC16 cells were used
to confirm the anti-apoptotic role of TRPMS through PA treatment, N-(4-tert-butylphenyl)-N’-(3-chloro-4-fluorophenyl)urea
(BCTC), and TRPMS8 manipulation.

Results: In vivo, PA and Icilin ameliorated cardiac dysfunction in Adr-induced HF rats (p < 0.05), downregulated HF mark-
ers and myocardial injury factors (p < 0.05), and mitigated Adr-induced myocardial pathological damage. Both agents also
upregulated myocardial TRPMS8 expression (p < 0.001) and reversed Adr-induced abnormal apoptosis-related proteins (p <
0.05), thus inhibiting excessive cardiomyocyte apoptosis. In vitro, PA suppressed Adr-induced AC16 cardiomyocyte apoptosis by
upregulating TRPMS (p < 0.01), whereas TRPMS8 knockdown or inhibition abrogated PA’s protective effect (p < 0.001).
Conclusion: This study identifies PA as a novel pharmacological enhancer of TRPMS, demonstrating that PA exerts significant
cardioprotective effects in Adr-induced HF by targeting TRPMS and inhibiting cardiomyocyte apoptosis. These findings support
TRPMS as a key mediator of PA’s protective role and provide a promising therapeutic strategy for HF management.
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Introduction

Heart failure (HF) is the end-stage manifestation of
various cardiovascular diseases, characterized by high mor-
bidity and mortality [1,2]. Adriamycin (Adr), an anthracy-
cline chemotherapeutic agent, is widely used to establish
HF animal models due to its dose-dependent cardiotoxicity
and high affinity for cardiac tissue [3—6]. Adr-induced car-
diomyopathy and congestive HF closely recapitulate clin-
ical anthracycline cardiotoxicity, with myocardial remod-
eling as a key underlying mechanism [7]. However, effec-
tive cardioprotective agents against Adr-induced HF remain
limited, underscoring the need for novel therapeutic inter-
ventions.

In recent years, the advantages of traditional Chi-
nese medicine (TCM) in the treatment of HF have grad-
vally emerged [8]. Pogostemonis Herba is a TCM in
China, and Chinese patent medicine preparations contain-

ing Pogostemonis Herba as the main ingredient are in-
creasingly available [9]. As a major component of the
volatile oil of Pogostemonis Herba, patchouli alcohol (PA)
is a naturally derived tricyclic sesquiterpene with anti-
inflammatory, antiviral, antioxidant, antibacterial, neuro-
protective, anticancer, and gastrointestinal regulatory activ-
ities [10]. Some studies have confirmed that PA can reg-
ulate the activities of various cardiac hypertrophy-related
cytokines including nitric oxide and aspartate aminotrans-
ferase (AST) [11,12]. Analysis using the SwissTargetPre-
diction database indicated that PA may modulate transient
receptor potential melastatin 8 (TRPMS). Activation of
TRPMS8 has been reported to attenuate inflammation and
cardiac remodeling after myocardial infarction [13]. How-
ever, whether PA can ameliorate Adr-induced HF in rats by
modulating TRPMS expression has yet to be reported.

In this study, Adr was used to establish a rat model
of HF. We aimed to investigate the effects and underlying
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mechanisms of PA and the TRPMS activator icilin on my-
ocardial histopathology in Adr-induced HF rats.

Materials and Methods

Ethics Statement

All experimental procedures were approved by the
Committee of Laboratory Animals of Zhejiang Provincial
Animal Center (ZJCLA-IACUC-20120022) and performed
in accordance with the regulations of the China Animal
Care and Use Committee. All efforts were made to min-
imize animal suffering.

Preparation of HF Model in Rats

In this study, a total of 60 specific pathogen free (SPF)
male Sprague Dawley (SD) rats (200 £+ 20 g) were ac-
quired from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. Animal license number: SCXK (Bei-
jing) 2019-0301. All animal experiments were conducted
in the SPF laboratory animal center. Room temperature was
maintained at 22-25 °C, relative humidity was controlled at
45%—65%, and SD rats were acclimatized under standard
feeding conditions for 5 days before the experiment.

The HF model was established as previously de-
scribed [14]. Adriamycin (Adr, D1515, Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in 0.9% normal saline
(B020, Nanjing Jiancheng Bioengineering Institute, Nan-
jing, China) to prepare a 0.8 mg/mL solution, and then SD
rats were intraperitoneally injected with Adr at 2 mg/kg
twice weekly for 4 weeks. The cumulative dose of each SD
rat was 16 mg/kg. Rats in the normal control group were
intraperitoneally injected with anequal volume of normal
saline. Two weeks after the last Adr injection, symptoms
including dyspnea, depilation, poor mental state, ascites,
and decreased rectal temperaturewere observed, indicating
successful establishment of the HF model.

Animal Grouping and Drug Treatment

A total of 60 male SD rats were randomly allocated
to 4 groups (n = 15 per group initially): blank group, Adr
group, Adr + PA group, and Adr + TRPMS activator (Icilin)
group. Sample size was determined based on power anal-
ysis (effect size = 0.8, a = 0.05, power = 0.8), which es-
timated a minimum of 12 rats per group; we included 15
rats per group to account for potential mortality during the
10-week experimental period. Final sample sizes after mor-
tality were: blank group, n = 15; Adr group, n = 12; Adr +
PA group, n = 14; Adr + Icilin group, n = 13. In the Adr
+ PA group, 2 weeks after the modeling, PA (05690595,
Sigma-Aldrich, St. Louis, Missouri, USA) was dissolved
in 2% Tween 80 in saline and intraperitoneally adminis-
tered at 30 mg/kg/d for 4 weeks [15]. In the Adr + Icilin
group, 2 weeks after the modeling, icilin (Cat. No. 1531/10,
Tocris bioscience, Bristol, England, UK) was prepared in
2% Tween 80 in saline and intraperitoneally administered at
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20 mg/kg/d for 4 weeks. This icilin dose was selected based
on a previous study showing that intraperitoneal injection
of icilin at 20 mg/kg effectively activates TRPMS channels
in vivo [16], as well as our preliminary dose-finding ex-
periments. In each group of 12 mice, six mice were used
for serum BNP measurement and myocardial H&E stain-
ing, while the other six were used for serum AST/LDH/CK
measurement and myocardial Western blotting.

Preparation of Serum Samples and Myocardial
Tissue Samples

After treatment, SD rats were anesthetized with pen-
tobarbital sodium at a dose of 40 mg/kg (283256, Shang-
hai Xinyu Biotechnology Co., Ltd., Shanghai, China). The
heart was then exposed and blood was collected from the
right ventricle using a disposable vacuum blood collection
needle. Next, the collected serum was centrifuged at 4 °C,
3000 revolutions per minute (rpm) for 15 minutes (min),
and the supernatant was aspirated and kept at —80 °C.

After blood collection, SD rats were euthanized by
cervical dislocation. Then, the heart tissues were immedi-
ately excised and placed in pre-cooled physiological saline
to remove residual blood. The tissues were blotted dry
with absorbent paper, and a portion of the myocardial tis-
sues was transferred to a high-throughput tissue grinder
(E1644, Beyotime, Shanghai, China), ground at a frequency
of 9.5 Hertz (Hz) for 20 min, and then centrifuged at 4 °C,
12,000 rpm for 10 min to collect the supernatant. The re-
maining myocardial tissues were stored at —80 °C and used
for quantitative real-time polymerase chain reaction (qQRT-
PCR), western blotting, and Hematoxylin and Eosin (H&E)
staining.

Enzyme-Linked Immunosorbent Assay (ELISA)

The brain natriuretic peptide (BNP) kit (BPE30445),
lactate dehydrogenase (LDH) kit (BPE30024), creatine ki-
nase (CK) kit (BPE30279), and AST kit (BPE20184) were
purchased from Lengton (Shanghai, China), and the ni-
tric oxide (NO) kit (E-BC-K035-M) was purchased from
Elabscience (Houston, Texas, USA). Next, the prepared
serum or myocardial tissue supernatants were diluted as
needed and added to the 96-well plates along with anti-
BNP/LDH/CK/AST/NO antibody and streptavidin-HRP,
then incubated at 37 °C for 60 min. Subsequently, color-
developing agents A and B were added to each well, and
the plate was incubated at 37 °C for 10 min in the dark. Af-
terward, stop solution was added. The absorbance (450 nm)
was estimated by a microplate reader (PLUS 384, Molecu-
lar Devices, San Jose, California, USA).

Detection of Nitric Oxide Synthase (NOS)

The NOS kit (S0025) was purchased from Beyotime
(Shanghai, China). Myocardial tissue supernatants were
added to 100 uL NOS detection buffer, followed by 100
pL of detection reaction solution. The myocardial tissue su-


https://www.discovmed.com/

2408

Table 1. Gene sequence primers.

Name Forward primer (5’-3") Reverse primer (5’-3%)
ANP/NPPA CACAGATCTGATGGATTTCAAGA CCTCATCTTCTACCGGCATC
BNP/NPPB AGAACAATCCACGATGCAGA CCTTGGTCCTTTGAGAGCTG
Caspase-3 TCCACGAGCAGAGTCAAAGG AACAAGCCAACCAAGTTCACA
Bax AATATGGAGCTGCAGAGGATGA CCCCCATTCATCCCAGGAAAA
Bcl-2 TCGCCCTGTGGATGACTGA CAGAGACAGCCAGGAGAAATCA
TRPMS CGGTCATCTACGAGCCCTAC CACACACAGTGGCTTGGACT
[B-actin TGACAGGATGCAGAAGGAGA TAGAG CCACCAATCCACACA

ANP, atrial natriuretic peptide; NPPA, natriuretic peptide A; BNP, brain natriuretic peptide; NPPB,

natriuretic peptide B; Bcl-2, B-cell Lymphoma 2; Bax, Bcl-2 associated X protein; TRPMS, transient

receptor potential melastatin 8.

pernatants were then incubated at 37 °C for 20—-60 min. Fi-
nally, the absorbance of the samples at the excitation wave-
length of 495 nm and the emission wavelength of 515 nm
was detected by the microplate reader (PLUS 384, Molec-
ular Devices, San Jose, California, USA).

ORT-PCR

Total RNAs from myocardial tissues and AC16 cells
were isolated by a Trizol reagent (R0016, Beyotime, Shang-
hai, China). Next, the BeyoRT™ II ¢cDNA First Strand
Synthesis Kit (D7168S, Beyotime, Shanghai, China) was
used to synthesize cDNA according to the kit instructions,
with total RNA as the template, and the synthesized cDNA
was stored at —20 °C until use. Then, qRT-PCR was per-
formed using BeyoFast™ Probe qPCR Mix (D7271, Be-
yotime, Shanghai, China) on a PCR instrument (CFX96,
Bio-Rad, Hercules, California, USA), according to the es-
tablished reaction system and standard amplification proce-
dure (pre-denaturation at 95 °C for 2 min, 40 cycles of de-
naturation at 95 °C for 10 s and annealing extension at 60 °C
for 30 s). All primers sequences are listed in Table 1. Primer
specificity was validated by melting curve analysis (single-
peak confirmation) and by 2% agarose gel electrophoresis
(single band at the expected size). For each primer pair,
amplification efficiency was determined from a standard
curve generated by five-fold serial dilutions of cDNA, and
calculated as E (%) = (10~(-1/slope)-1)x100. All primer
pairs exhibited amplification efficiencies between 90% and
110%, with R? values >0.98. A no-template control (NTC)
was included in each run to exclude primer-dimer forma-
tion or contamination. The mRNA expression levels of
target genes were normalized to (3-actin, which has been
previously validated as a stable reference gene in rat my-
ocardial tissue under pathological conditions [17,18]. Rela-
tive quantification was performed using the 2~ 2 method
[19].

Western Blot Assay

The treated myocardial tissues and AC16 cells were
lysed with RIPA buffer (P0013B, Beyotime, Shanghai,
China). Afterward, the BCA kit (P0009, Beyotime, Shang-

hai, China) was employed to quantify the protein concen-
tration. The proteins were then subjected to electrophoresis
and transferred onto PVDF membranes (2215, Millipore,
Burlington, MA, USA). Following blocking with 5% non-
fat milk at 37 °C for 120 min, the blocked membranes were
exposed to anti-atrial natriuretic peptide/natriuretic peptide
A (ANP/NPPA, 1:2000, ab180649, 16 kDa, Abcam, Cam-
bridge, UK), anti-BNP/NPPB (1:500, ab19645, 18 kDa,
Abcam, Cambridge, UK), TRPMS (1:1000, PA1-46239,
127 kDa, Thermo Fisher Scientific, Waltham, MA, USA),
anti-cleaved Caspase-3 (1:500, ab2302, 17 kDa, Abcam,
Cambridge, UK), anti-Caspase-3 (1:500, ab13847, 32 kDa,
Abcam, Cambridge, UK), anti-Bax (1:10,000, ab32503,
21 kDa, Abcam, Cambridge, UK), anti-Bcl-2 (1:2000,
ab194583, 26 kDa, Abcam, Cambridge, UK) and anti-{3-
actin (1:3000, ab8227, 42 kDa, Abcam, Cambridge, UK)
overnight at 4 °C. Then, the HRP-linked anti-rabbit IgG an-
tibody (1:5000, ab150077, Abcam, Cambridge, UK) was
added. Finally, the membranes were incubated with ECL
detection reagent (PO018FS, Beyotime, Shanghai, China)
and visualized using a gel imager (FluorChem FC3, Alpha
Innotech, San Jose, CA, USA). $-actin was used as the nor-
malization control.

Echocardiography

As previously reported [20], the left ventricular ejec-
tion fraction (LVEF) and left ventricular short axis short-
ening rate (LVFS) of SD rats were measured after 4 weeks
of treatment. SD rats were anesthetized with pentobarbital
sodium at a dose of 40 mg/kg, placed supine on the operat-
ing table, and secured to a fixation plate. Next, the ventral
chest hair was shaved, and the hearts were scanned with
an echocardiograph (Acuson Sequoia model 512, Siemens,
Munich, Bavaria, Germany) at a frequency of 25 MHz to
measure LVEF and LVFS.

H&E Staining

Myocardial tissues were fixed with 4% paraformalde-
hyde (P0099, Beyotime, Shanghai, China), dehydrated with
graded ethanol, and embedded in paraffin. The paraffin-
embedded tissues were cut into 3 pm slices and baked in
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a 65 °C oven for 30 min. Next, the slices were dewaxed
with xylene, stained with hematoxylin solution (C0107, Be-
yotime, Shanghai, China) for 5 min, and washed with dis-
tilled water for 1 min. Thereafter, the slices were differ-
entiated in 75% hydrochloric acid ethanol for 30 seconds,
washed immediately, and blued for 2 min. Subsequently,
the slices were stained with 1% eosin solution (C0109, Be-
yotime, Shanghai, China) for 3 min and dehydrated with
graded ethanol. Xylene was used for clearing, and neu-
tral balsam (D054-1-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) was used for sealing. Finally,
slices were observed under an optical microscope (Ts2R-
FL, Nikon, Tokyo, Japan) at 1.2x, 100x and 200x magni-
fication.

Cell Culture

Human myocardial cell line (AC16, MXC1026) was
obtained from Meixuan Biotechnology Co., Ltd. (Shang-
hai, China). ACI16 cells were cultured in Roswell Park
Memorial Institute-1640 (RPMI-1640) complete medium
(M1025, Meixuan Biotechnology Co., Ltd., Shanghai,
China), and maintained in a cell incubator (Herocell 180,
RADOBIO, Shanghai, China). Cell identity was confirmed
by short tandem repeat (STR) profiling, and mycoplasma
contamination was confirmed to be negative.

Transfection

Atotal of 1 x 10° AC16 cells were seeded into 12-well
plates and cultured until they reached a confluent mono-
layer. Small interfering RNA targeting TRPMS (siTRPMS,
abx905813) and its negative control (siNC, abx941273)
were obtained from Abbexa (Cambridge, UK). TRPMS
overexpression was achieved by cloning the TRPMS8 se-
quence into the pcDNA3.1 vector (Thermo Fisher Scien-
tific, Waltham, MA, USA). An empty vector was used as the
control. The TRPMS overexpression plasmid and empty
vector were transfected into AC16 cells using Lipo6000
(C0526, Beyotime, Shanghai, China).

Cell Treatment

To investigate the roles of PA and TRPMS in
AC16 cells, cells were pretreated with or without 10
UM PA or 3 pM N-(4-tert-butylphenyl)-N’-(3-chloro-4-
fluorophenyl)urea (BCTC), a TRPMS inhibitor (SML0355,
Sigma-Aldrich, St. Louis, MO, USA) for 2 h before treat-
ment with 0.5 pM Adr for 24 h. In addition, cells trans-
fected with siNC or siTRPMS8 were treated with or without
10 uM PA for 2 h before stimulation with 0.5 uM Adr for
24 h. Cells transfected with the negative control vector or
the TRPMS8-overexpression plasmid were exposed to 3 uM
BCTC for 2 h before stimulating with 0.5 uM Adr for 24 h.

Apoptosis Assessment

Apoptosis in the resulting AC16 cells was evalu-
ated using an Annexin V-FITC/PI kit (C1062L, Beyotime,
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Shanghai, China). The digested AC16 cells were cen-
trifuged and then re-suspended in 195 pL of 1x binding
buffer. After being transferred into centrifuge tubes, each
tube was reacted with 5 uLL of Annexin V-FITC and 10 pL
of PI. Following reaction for 10 min at 37 °C under light-
avoidance conditions, apoptosis was analyzed using a PAS
III flow cytometer purchased from Partec (Miinster, North
Rhine-Westphalia, Germany).

Gating and quantitative analysis of apoptosis were
performed as follows. After staining, at least 10,000 events
were acquired for each sample using a PAS III flow cy-
tometer (Partec, Miinster, North Rhine-Westphalia, Ger-
many). Debris and cell doublets were excluded by for-
ward scatter (FSC) versus side scatter (SSC) gating to select
the main cell population. Within the selected population,
a two-parameter dot plot of Annexin V-FITC (FL1) ver-
sus PI (FL3) was generated. Quadrants were set based on
the negative control (unstained and single-stained) samples.
Cells in the lower-right quadrant (Annexin V*/PI™) were
defined as early apoptotic cells, those in the upper-right
quadrant (Annexin V*/PI™) as late apoptotic/necrotic cells,
and those in the lower-left quadrant (Annexin V*/PI7) as
viable cells. The total apoptosis rate was calculated as the
sum of early and late apoptotic cells. Data were analyzed
using FlowJo software (V.10.0.4, Tree Star, Ashland, OR,
USA).

Statistical Analysis

GraphPad Prism 8.0 (GraphPad Software, La Jolla,
CA, USA) was used for statistical analysis. Differences
among multiple groups were compared using one-way anal-
ysis of variance followed by Turkey’s post hoc test. Data
were expressed as the mean =+ standard deviation, and p <
0.05 was considered statistically significant.

Results

PA and Icilin Decreased BNP Content, ANP/NPPA
and BNP/NPPB Expressions and Improved Cardiac
Function in HF Rats

During the experiment, three SD rats died in the Adr
group, including one during modeling and two after mod-
eling. One SD rat died in the Adr + PA group during the
modeling process. In the Adr + Icilin group, one died
in the process of modeling and another died after model-
ing. To evaluate the effects of PA and Icilin on HF, serum
BNP levels were measured by ELISA (Fig. 1A). Adr sig-
nificantly increased BNP content, whereas PA and Icilin
treatment significantly inhibited this increase (p < 0.05).
Similarly, Adr significantly elevated the mRNA and protein
levels of ANP/NPPA and BNP/NPPB in myocardial tissue,
and both PA and Icilin reversed these changes (Fig. 1B—
D, p < 0.05). Cardiac function was assessed by echocar-
diography. As shown in Fig. 1E,F, Adr markedly reduced
LVEF and LVFS, whereas both PA and Icilin significantly
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Fig. 1. PA and Icilin decreased BNP content, ANP/NPPA and BNP/NPPB expressions and improved cardiac function in HF
rats. (A) The effects of patchouli alcohol (PA) and Icilin (a transient receptor potential melastatin 8 (TRPMS) agonist) on brain natri-
uretic peptide (BNP) content in adriamycin (Adr)-induced heart failure (HF) rats were detected by enzyme-linked immunosorbent assay
(ELISA). (B) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of atrial natriuretic peptide (ANP)/natriuretic peptide
A (NPPA) and BNP/NPPB mRNA levels in myocardial tissues (3-actin as internal control). (C,D) Western blot assay of ANP/NPPA and
BNP/NPPB protein expressions in myocardial tissues (8-actin as internal control). (E,F) The left ventricular ejection fraction (LVEF)
and left ventricular short axis shortening rate (LVFS) levels were detected by echocardiography. Each group contained 6 rats (n = 6 per
group), and all experiments were performed in triplicate. Data are expressed as mean = standard deviation (SD). “p < 0.01, "p <
0.001 vs Blank group; *p < 0.05, **p < 0.01, ***p < 0.001 vs Adr group.
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Fig. 2. PA and Icilin inhibited Adr-induced increases in NO, NOS, AST, LDH and CK levels. (A-E) The levels of nitric oxide (NO),
nitric oxide synthase (NOS), aspartate aminotransferase (AST), lactate dehydrogenase (LDH) and creatine kinase (CK) in Adr-induced
HF rats were detected by ELISA. Each group contained 6 rats (n = 6 per group), and all experiments were performed in triplicate. Data
are expressed as mean & SD. "p < 0.05, "p < 0.01, "p < 0.001 vs Blank group; *p < 0.05, ¥*p < 0.01, ***p < 0.001 vs Adr group.

attenuated the Adr-induced decreases in LVEF and LVES (p
< 0.05). Furthermore, direct comparison between the two
treatment groups revealed no significant difference in any
of the above parameters, indicating that PA and Icilin have
comparable cardioprotective effects in this model.

PA and Icilin Inhibited Adr-Induced Increases in NO,
NOS, AST, LDH and CK Levels

NO and NOS are often used as markers of oxida-
tive stress and inflammation in heart failure. As shown in
Fig. 2A,B, Adr induced a significant upregulation of both
NO and NOS levels in rat myocardial tissues, which was re-
versed by PA and Icilin (p < 0.05). To evaluate myocardial
injury, serum AST, LDH, and CK levels were measured.
Adr significantly increased these enzyme levels whereas PA
and Icilin reversed these increases (Fig. 2C-E, p < 0.05).
Additionally, direct comparison between PA and Icilin re-
vealed no significant difference for any of these parameters.

PA and Icilin Alleviated Adr-Induced Myocardial
Morphological Changes

H&E staining confirmed that compared with the blank
group, the Adr group showed myocardial cell hypertro-
phy, thickened myocardial fibers, disordered cell arrange-
ment, ruptured mitochondria, unclear cell structure, and in-
flammatory cell infiltration. PA and Icilin attenuated these
pathological changes (Fig. 3).

PA and Icilin Counteracted Adr-Induced Regulation
of Apoptosis-Related Protein Expression

Icilin is a well-established activator of the TRPM8
channel [21], and TRPMS8 has been reported to reduce in-
flammation and cardiac remodeling after myocardial infarc-
tion [22]. Our molecular docking results also indicated
that PA could bind to TRPMS. Therefore, we examined
TRPMS expression levels in the heart failure model. As
shown in Fig. 4A,B, PA and Icilin significantly increased
TRPMS8 mRNA and protein levels in Adr-induced HF rats
(p < 0.001), whereas Adr alone had no significant effect on
TRPMS expression.
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Fig. 3. PA and Icilin alleviated Adr-induced myocardial morphological changes. The effects of PA and Icilin on myocardial mor-

phological changes in Adr-induced HF rats were detected by Hematoxylin and Eosin (H&E) staining. Each group contained 6 rats (n =

6 per group), and all experiments were performed in triplicate.

Then, we assessed apoptosis-related markers. PA
and Icilin did not significantly affect the mRNA levels of
caspase-3 in Adr-induced HF rats (Fig. 4C). However, PA
and icilin reversed the Adr-induced downregulation of Bcl-
2 mRNA and upregulation of Bax mRNA (Fig. 4C, p <
0.05). Consistently, Bax and cleaved caspase-3 were upreg-
ulated, whereas Bcl-2 was downregulated in Adr-induced
HF rats (Fig. 4D,E, p < 0.001). In addition, PA and Icilin
attenuated the Adr-induced increases in cleaved caspase-3
and Bax and the downregulation of Bcl-2 (Fig. 4D,E, p <
0.05). These results indicate that PA and Icilin partially re-
versed Adr-induced apoptosis. Furthermore, no significant
difference was observed between PA and Icilin in their anti-
apoptotic effects.

The Inhibitory Effect of PA on Apoptosis in
Adr-Treated AC16 Cells Was Reversed by siTRPMS8

We investigated the effects of PA and TRPMS on
apoptosis in AC16 cardiomyocytes. Western blot analy-
sis showed that PA markedly increased TRPMS expression
in Adr-treated AC16 cells, whereas BCTC exerted the op-
posite effect (Fig. 5A, p < 0.01). Also, PA effectively
attenuated Adr-induced apoptosis in AC16 cells, whereas
BCTC exerted the opposite effect (Fig. 5B, p < 0.001). The
transfection efficiency of siTRPMS and the TRPMS over-
expression plasmid is shown in Fig. 5C; both knockdown

and overexpression were successful (Fig. 5C, p < 0.001).
TRPMS silencing partially reversed the inhibitory effect of
PA on Adr-induced apoptosis in AC16 cells (Fig. 5D, p <
0.001). Furthermore, TRPMS overexpression counteracted
the pro-apoptotic effect of BCTC on Adr-induced apoptosis
in AC16 cells (Fig. SE, p < 0.001).

Discussion

Plasma BNP level is a sensitive indicator of impaired
cardiac function and can specifically reflect changes in left
ventricular function in patients [23-25]. LVEF reflects the
ejection capacity of the left ventricle and LVFS reflects the
amplitude of ventricular contraction [26,27]. Previous stud-
ies have shown that cardiac function indicators such as NT-
proBNP, BNP, LVEF, and LVFS are the most commonly
utilized HF-related serum markers in clinical diagnosis and
treatment, and are recommended for HF screening, diagno-
sis, assessment of disease severity and prognosis evaluation
[28-30]. The key finding of this study is that PA effectively
alleviates Adr-induced heart failure in rats. Specifically, PA
treatment significantly reversed the decline in LVEF and
LVFS, reduced serum BNP levels, and suppressed the ex-
pression of ANP/NPPA and BNP/NPPB in myocardial tis-
sue. These data collectively demonstrate that PA improves
cardiac function in rats with heart failure.


https://www.discovmed.com/

2413

B

TRPMS ‘ -— s SN S ‘ 127 kDa

B-actin ‘ -—" A > e ‘ 42 kDa
2.5 2.5
< - £
X g 2.0 ok © g 2.0 O i
€ > & S
o 2 3 K
S c 1.5 = c 1.5
o 9 ao
] ]
58109 oy o F 210 Ju T
0o 2" o 9
2% 2 g
E @ 0.5 E © 0.5
< [7)
x 2
0.0- 0.0
O ¥ 3 v
Q,\fb“ ¥ &’8 & Q\o“ v &,8 &
N <
v L v
C Blank mm Adr+PA
c 5+ Adr mm  Adr+lcilin
9 A
7]
2 - T
o 4
S
X
o, 3
S
x 2 = Kk
E 2 *kk
[}]
.2 1_ T T T ** -
E ana
NI HT
14 0 T r '
Caspase-3 Bcl-2 Bax
Blank mm Adr+PA
Cleaved
caspase-3 T S S— Sw—— | 17 kDa 5 Adr  mm Adr+lcilin
c A
3 i
Caspase-3 | #WINEE S s e | 32kDa gLad
2
E 2 3_ *
BCl-2 | M s— ss— w—— 26 kDa 25 *x
o s
Q- g 2- *kk
Bax | W . SN S 21kDa 2 L
831z E S
[ AAA
B-actin ” - - d 42 kDa 12 B
0 ) 1 ) T
& & \a & 53 o &
QO B ’ 4
Gl v &’8 2 & o & & *
\s & &P & R
Lol & & 2
) [¢)
&

Fig. 4. PA and Icilin counteracted Adr-induced regulation of apoptosis-related protein expression. (A,B) The mRNA and protein
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SD. "p < 0.001 vs Blank group; *p < 0.05, **p < 0.01, ***p < 0.001 vs Adr group.

Database analysis suggested that PA may regulate
TRPMS expression. The important role of the TRPMS
channel in the cardiovascular system has been increasingly
recognized. Studies have shown that icilin (a TRPMS8 ag-
onist) can affect vascular endothelial and smooth muscle

function by activating TRPMS, thereby exerting cardiovas-
cular effects [31,32]. Moreover, TRPMS is also closely re-
lated to metabolic disorders, myocardial hypertrophy, and
heart failure [32]. Therefore, TRPMS is considered a po-
tential new target for treating heart failure. It should be


https://www.discovmed.com/

2414

AC16

A TRPMS 127 kDa B C
p-actin 42 kDa
AC16
2.0 Blank Adr+PA Adr+BCTC 50 3
£ % * B : B $5$
S _ . 2.02% 2.32% 1.77% 8.31% 2.10% 34.57% T a0 F
FT 15 < ]
> 1 o Ez
23 B 2 282
Stc © 30 Sc
a9 T T ° s
g 10 _ 2 [
E3 T S 20 58 1 ¢
°5 I 251 s
2 %05 . 9 s X
§30 L3 v 2 10 50
] < 7] sea
& 231% | _ {98 192% | 4
0.0 g S T ST o 0
T S S §F O @@
S DA SIEE SR
& ¥ & &F Annexin-V-FITC F L TLE
v B
pe
D i _ i AC16 E AC16
Adr+siNC Adr+PA+siNG Adr+PA+siTRPM8 30 Adr+NC Adr+BCTC+NC Adr+BCTC+TRPMS 50
T 101% 7.80% [ 1.94% 18.49% 9 .. i B REE) 21.19% 28.33% | 1 247% 15.79% S0 &T&
% K 1 s
7 o 5% € 30
o e o ] 8 T
- b 3 5 2 _ 2 F9N
T : ; C 7 . T 8 20
== 810 - 3
% o 2] o o g 2 10
25 < 5 <
N 681% | ?
T T T T 3 108 o
- ¢ & @ ¢ O &
Annexin-V-FITC e /\Qg“‘ Annexin-V-FITC & ,\o"é ,\Qg“
PN S LA
v X td < 9
% «
& & & &

Fig. 5. The inhibitory effect of PA on apoptosis in Adr-treated AC16 cells was reversed by TRPMS silencing. (A) The effects of
PA and BCTC (a TRPMS antagonist) on the TRPMS expression in Adr-induced AC16 cells were assessed by western blot. S-actin was
used as the internal control. (B) The effects of PA and BCTC on apoptosis in Adr-induced AC16 cells were assessed by flow cytometry.
(C) The transfection efficiency of siTRPM8 and TRPMS overexpression plasmid were detected by qRT-PCR. (D) The effects of PA and
TRPMS silencing on apoptosis in Adr-induced AC16 cells were assessed by flow cytometry. (E) The effects of BCTC and TRPMS
overexpression on apoptosis in Adr-induced AC16 cells were assessed by flow cytometry. All experiments were independently repeated

three times (n = 3 biological replicates), with each experiment performed in triplicate (technical replicates). **p < 0.01, ***p < 0.001
vs Adr group; "' p < 0.001 vs Blank group; ®“@p < 0.001 vs siNC group; $$$p < 0.001 vs NC group; T*p < 0.001 vs Adr + negative
control of TRPMS silencing (siNC) group; "p < 0.001 vs Adr + PA + siNC group; ¥¢p < 0.01 vs Adr + NC group; 22?p < 0.001 vs

Adr + BCTC + NC group.

noted that icilin was used only as a positive control in vivo
to benchmark the efficacy of PA, whereas a full range of
modulators (BCTC, siRNA, and TRPMS8 overexpression)
was used in vitro to directly evaluate the necessity and suf-
ficiency of TRPMS in PA-mediated anti-apoptotic effects.
In this study, icilin was selected as a positive control to ver-
ify the cardioprotective effects of TRPMS& pathway activa-
tion. Icilin treatment significantly reduced BNP levels and
increased LVEF and LVFS in HF rats, indicating that sus-
tained TRPMS activation may effectively ameliorate heart
failure. At the same time, our results showed that the thera-
peutic effect of PA was comparable to that of icilin, and no
significant differences were observed for multiple indica-
tors. These findings suggest that PA may exert cardiopro-
tective effects through TRPMS activation, although direct
binding evidence (e.g., surface plasmon resonance) is still
lacking. This further supports the hypothesis that PA may
exert cardioprotective effects by regulating TRPMS. It is
worth noting that there are currently no clinical studies in-
vestigating icilin or its analogues as therapies for heart fail-
ure. Icilin is valuable as a research tool because of its rela-
tive target specificity, providing a reliable reference for ver-
ifyingTRPMS function and evaluating the efficacy of PA.

Regarding the prolonged (4-week) treatment with
icilin, we acknowledge that TRPMS8 agonists primarily
modulate channel function. However, sustained TRPMS

activation may indirectly regulate TRPMS expression
through Ca®*-dependent transcriptional feedback. Previ-
ous studies have shown that icilin stimulates TRPMS, lead-
ing to Ca%* influx and subsequent activation of transcrip-
tion factors such as c-Fos, Egr-1, and Elk-1 [21]. This could
explain the changes in TRPM8 mRNA and protein levels
observed in our study. Importantly, the Adr model did
not significantly alter TRPMS expression, indicating that
the protective effect of icilin is not mediated by increas-
ing TRPMS levels but rather by directly activating TRPMS
channel function. Therefore, the observed upregulation of
TRPMS after prolonged treatment likely represents a sec-
ondary adaptive response to sustained channel activation
rather than the primary cause of cardioprotection.

NOS isoforms produce NO, which exerts a dual,
context-dependent role in the pathogenesis of HF: phys-
iological NO derived from constitutive endothelial NOS
(eNOS) mediates vascular homeostasis, anti-oxidant effects
and cardioprotection, while excessive NO generated by in-
ducible NOS (iNOS) drives nitrosative stress, inflamma-
tory injury, and myocardial apoptosis during HF progres-
sion [33]. In Adr-induced cardiomyopathy, NO overpro-
duction are critical mechanisms underlying myocardial ox-
idative damage and contractile dysfunction [34]. We also
found that Adr-induced increases in NO and NOS levels
in rat myocardial tissues were reversed by PA and icilin.
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Moreover, we assessed the levels of HF diagnostic marker
enzymes such as LDH, AST, and CK. Increased LDH and
CK levels are considered specific markers of myocardial
injury, whereas AST elevation is associated with various
pathologies other than HF, such as liver injury and viral in-
fection [35,36]. Measurement of serum AST, LDH and CK
levels in the HF rats showed that PA and icilin significantly
reduced these enzyme levels.

Cardiomyocyte apoptosis has been reported to be a
key process in HF caused by various factors and is reg-
ulated by multiple apoptosis-related genes [37]. Bax is a
common pro-apoptotic gene, Bcl-2 is an inhibitory gene
of apoptosis and Caspase-3 is a key enzyme that causes
apoptosis [38]. Their regulation of apoptosis during HF is
essential to reduce HF injury [39,40]. Notably, caspase-
3 is constitutively expressed as an inactive proenzyme,
and its activation occurs via proteolytic cleavage rather
than transcriptional upregulation. Therefore, unchanged
caspase-3 mRNA levels accompanied by altered cleaved
caspase-3 protein levels are biologically plausible. Cao Y
et al. [41] have described that Adr treatment resulted in
increased HF and cardiomyocyte apoptosis in C57BL/6J
mice. Inrats with myocardial ischemia/reperfusion (I/R) in-
jury, BCTC, a TRPMS antagonist, promoted apoptosis and
increased Bax and cleaved caspase-3 expression, whereas
icilin produced the opposite effects [32]. Thus, our study
extends these previous observations by showing that PA,
like icilin, exerts anti-apoptotic effects in Adr-induced HF,
further supporting the involvement of the PA-TRPMS8-anti-
apoptotic pathway. By determining the cleaved caspase-3,
Bcl-2, and Bax levels, we confirmed that PA and icilin exert
an anti-apoptotic effect in Adr-induced HF rats.

To further determine whether TRPM8 mediates the
effects of PA on HF, AC16 human cardiomyocytes were
treated with Adr and/or PA in the presence or absence of
TRPMS silencing. TRPMS silencing partially reversed the
inhibitory effect of PA on Adr-induced apoptosis in AC16
cells, suggesting that TRPMS activation may prevent car-
diomyocyte apoptosis. Although the in vivo data only show
a correlation between TRPMS upregulation and reduced
apoptosis, our in vitro loss-and gain-of-function experi-
ments provide causal evidence that TRPMS is necessary
and sufficient for the anti-apoptotic effect of PA and icilin
in cardiomyocytes.

This study investigated only the protective effects and
underlying mechanism of PA in Adr-induced HF in rats
and AC16 cardiomyocytes. The lack of in vivo validation
in large animal models and clinical trials limits the direct
translation of our findings to clinical practice. Further-
more, our in vitro validation of TRPMS8 in AC16 cells us-
ing gene silencing/overexpression was limited to apoptosis
assays and TRPMS8 protein detection. Functional experi-
ments were not conducted to verify the biological effects of
TRPMS on cardiomyocyte proliferation, oxidative stress, or
calcium homeostasis. Additionally, we acknowledge that
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the conclusion that PA interacts with TRPMS is based on
molecular docking and functional consistency; definitive
proof would require direct binding assays.

Conclusion

Collectively, our study demonstrates for the first time
that patchouli alcohol alleviates Adr-induced HF in rats by
activating TRPMS, thereby inhibiting cardiomyocyte apop-
tosis, ameliorating myocardial injury, and restoring cardiac
function. These findings identify TRPMS as a novel molec-
ular target of PA in HF treatment and provide preliminary
experimental evidence for natural product-based therapy
against Adr-induced cardiotoxicity. Based on the current
evidence, we conclude that PA may act via TRPMS to at-
tenuate cardiomyocyte apoptosis and HF progression, with
efficacy comparable to that of the known TRPMS agonist
icilin. Future studies should include direct binding assays
and exploration of downstream signaling pathways to fur-
ther validate the PA-TRPMS interaction. Follow-up stud-
ies will expand the experimental models and investigate
TRPM&8-mediated downstream regulatory mechanisms, as
well as the clinical translational potential of PA.
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