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Abstract

Penehyclidine hydrochloride (PHC) is an anticholinergic drug with cardioprotective effects. Ferroptosis is closely related to
myocardial ischaemia-reperfusion injury (MIRI). In the present study, MIRI was induced in rats by left anterior descending
coronary artery ligation. PHC pretreatment increased haemodynamic parameters and histopathological damage and reduced
myocardial infarction size in the MIRI model. PHC pretreatment also inhibited ferroptosis, which was characterized by the
decreased levels of Fe?™, 4-hydroxynonenal and ACSL4, and increased levels of GPX4, GSH-Px and GST. In response to 6 h
of oxygen-glucose deprivation and 18 h of reoxygenation, PHC pretreatment had the same effects on these factors in H9c2
cells and reduced lipid ROS levels. Furthermore, ACSL4 overexpression reversed the protective effects of PHC on H9c2
cells. These results indicated that PHC inhibited MIRI through ACSL4-mediated ferroptosis. This study demonstrated that
PHC could inhibit ferroptosis in MIRI and the relationship among PHC, ACSL4, ferroptosis and MIRI.

Keywords Penehyclidine hydrochloride - Ferroptosis - ACSL4 - Myocardial ischaemia-reperfusion injury

Introduction

Myocardial infarction is one of the main causes of death asso-
ciated with cardiovascular diseases, which have high mortality
rates worldwide. Early restoration of blood supply is the most
important treatment for myocardial ischaemia. Reperfusion
therapy after myocardial infarction, such as thrombolysis,
percutaneous coronary intervention, and bypass surgery, can
effectively improve blood supply [1]. However, when the
blood supply is restored to the ischaemic myocardium, it can
further damage energy metabolism, electrophysiology and tis-
sue structure of the myocardium and heart function, and some
of the damage may even be irreversible. This phenomenon is
called myocardial ischaemia-reperfusion injury (MIRI) [2].
The pathogenesis of MIRI is complex, and involves oxygen
free radicals, platelet activation, inflammatory mediators,
and myocardial cell death [3, 4]. It is critical to clarify the
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molecular regulatory mechanism of MIRI so that it can be
treated.

Ferroptosis, which was discovered in recent years, is a
new form of cell death caused by an iron-dependent increase
in lipid peroxides [5]. Ferroptosis cannot be regulated by
inhibitors of apoptosis, pyroptosis and autophagy, but it
can be effectively inhibited by lipophilic antioxidants and
iron chelators [6]. The mechanism of ferroptosis is not well
defined. Current studies mainly suggest that excessive iron
ions in cells catalyse the production of hydroxyl free radi-
cals through the Fenton reaction. Moreover, unsaturated
fatty acids are further hydroxylated, which promotes the
massive production of lipid peroxides and hydroperoxides.
As a result, the structure and function of the cell membrane
is severely damaged, causing an intracellular oxidative
imbalance and iron-dependent lipid peroxidative death [7].
Acyl-CoA synthetase long-chain family member 4 (ACSL4)
encodes a protein that is a key enzyme in fatty acid catabo-
lism. ACSL4 is involved in the synthesis of oxidized mem-
brane phospholipids and has been shown to be a key mol-
ecule that initiates ferroptosis in cells [8]. It was reported
that ACSL4 knockout mitigated ferroptosis-mediated acute
kidney injury in mice [9]. Ischaemia-induced ACSL4 acti-
vation exacerbates ferroptosis-mediated tissue damage dur-
ing intestinal ischaemia-reperfusion [10]. Ferroptosis was
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induced in neurons during cerebral ischaemia-reperfusion
by thrombin via ACSL4 activation [11]. Inhibiting ACSL4
attenuated ferroptosis after lung ischaemia-reperfusion
injury [12]. Baicalin prevented MIRI by inhibiting ACSL4-
mediated ferroptosis [13]. Another study reported that fer-
roptosis occurred in the reperfusion phase rather than the
ischaemia phase, and the expression of ACSL4 increased
with prolonged perfusion time [14]. This evidence suggests
that inhibiting ACSL4-mediated ferroptosis is important for
the treatment of MIRI.

Penehyclidine hydrochloride (PHC) is an anticholiner-
gic drug with anti-muscarinic and anti-nicotinic activities
[15]. PHC has been shown to reduce lung [16], kidney [17],
small intestine [18], brain [19], and myocardial injury [20]
caused by I/R. Possible mechanisms by which PHC reduces
MIRI include the regulation of mitochondrial dynamics [21],
inflammation [22], and apoptosis [23]. However, whether
PHC reduces myocardial ischaemia-reperfusion injury by
alleviating myocardial ferroptosis remains unclear. This
study aimed to examine whether PHC is involved in MIRI
through ACSL4-mediated ferroptosis.

Materials and Methods
Induction of MIRI

A total of 78 male Wistar rats weighing 250-300 g were
kept in a temperature-controlled environment with a 12 h
light/dark cycle and a relative humidity of 45-55%. Food
and water were provided ad libitum. The rats were ran-
domly divided into three groups: the Sham, MIRI and
MIRI +PHC groups. Rats in the MIRI+PHC group were
administered PHC (1 mg/kg) via tail vein injection. Rats
in the Sham group and MIRI group were given the same
amount of solvent in the same way. After 30 min, MIRI
was induced by ligation of the left anterior descending
coronary artery (LAD) for 45 min in the MIRI group and
MIRI+PHC group. Rats in the Sham group were subjected
to the same operation without ligation. After 3 h of rep-
erfusion, a catheter was inserted from the right common
carotid artery into the left ventricle. After the pressure sen-
sor and the physiological signal collection system (BL420S,
Chengdu Techman Instrument) were connected, haemody-
namic parameters, including left ventricular end-diastolic
pressure (LVEDP), left ventricular end-systolic pressure
(LVESP) and the maximal ascending and descending rate
of left ventricular pressure over time (+ dp/dt max), were
monitored. The haemodynamic data of rats in each group
were collected, and then heart tissue samples were collected
from the sacrificed rats. Three rats in the MIRI group and
2 rats in the PHC group died after surgery. One rat in the
PHC group died during the haemodynamic examination. The
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animal experiments were performed in accordance with the
ARRIVE guidelines and were approved by Capital Medical
University (Ethics code: AEEI-2022-214).

Cell culture and Treatments

The rat cardiomyocyte H9c2 cell line was purchased from
iCell Bioscience Inc and cultured in DMEM supplemented
with 10% FBS at 37°C with 5% CO,. Subsequent cell treat-
ments were performed when the cells reached 90% conflu-
ence. H9c2 cells were first treated with 1, 2.5 or 5 pg/mL
PHC for 4 h, and then cultured under oxygen-glucose dep-
rivation and reoxygenation (OGD/R) conditions. In brief,
the cells were incubated in glucose-free DMEM at 37°C
with 95% N, and 5% CO, for 6 h for OGD. Subsequently,
the cells were cultured in normal medium for another 18 h
culture under normal oxygen conditions. To assess whether
ACSLA4 is involved in PHC-mediated regulation of ferrop-
tosis, H9¢c2 cells were transfected with a rat ACSL4 cDNA
clone plasmid (G127995, YouBio) using Liposome 3000
reagent (Invitrogen). Briefly, the plasmid (2.5 pg) solution
was mixed with diluted Liposome 3000 solution and then
incubated at room temperature for 20 min. The transfection
mixture was added dropwise to the cells. After 24 h of trans-
fection, the cells were treated with PHC for 4 h, and cultured
under OGD/R conditions.

Myocardial Histopathology

Haematoxylin-eosin (HE) staining was used to histopatho-
logically evaluate the heart. Following dehydration and
clearing, the myocardial tissue was prepared into 5 pm
paraffin sections, and dewaxed with anhydrous ethanol and
xylene. The sections were soaked in distilled water for 2 min.
Next, the sections were stained with haematoxylin (Solarbio)
for 5 min and then stained with eosin (Sangon) for 3 min.
Finally, staining was observed under a BX53 microscope.

Immunohistochemical (IHC) Evaluation of ACSL4
Expression

The tissue sections were placed into boiling antigen-repair
solution and heated continuously at a low temperature for
10 min. To eliminate the activity of endogenous peroxidase,
we incubated the slides with 3% hydrogen peroxide at room
temperature for 15 min. Next, the sections were blocked with
1% BSA and then subjected to primary antibody incubation
at 4°C overnight. Secondary antibody incubation was per-
formed at 37°C for 60 min. The ACSL4 antibody (A6826,
Abclonal) was diluted with PBS at a ratio of 1:50, and HRP-
labelled goat anti-rabbit IgG (31460, Thermo Fisher) was
diluted 1:500. After antibody incubation, DAB (Maxim) and
haematoxylin (Solarbio) were used for colour development.
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Finally, the sections were dehydrated with graded ethanol,
rendered transparent with xylene and mounted and sealed
with neutral gum.

Immunofluorescence Staining of 4-hydroxynonenal

Paraffin-embedded myocardial tissue was cut into 5 pm
sections and then treated with xylene and alcohol. After
being washed 3 times with PBS, the tissue sections were
treated with antigen retrieval solution for 10 min. The
HOc?2 cell slides were fixed with 4% paraformaldehyde for
15 min. PBS was used to wash away the paraformaldehyde.
The cell slides were incubated in 0.1% Triton X-100 for
30 min and blocked with 1% bovine Serum albumin (BSA).
Next, the tissue sections and cell slides were incubated
with primary antibodies (4-hydroxynonenal, NBP2-59353,
NOVUS) (1:50) at 4°C overnight. The samples were incu-
bated with secondary antibodies (Cy3-labeled goat anti-
mouse IgG, A-21424, Invitrogen) (1:200) at room tempera-
ture for 60 min and stained with DAPI. Finally, staining
was observed under a microscope.

Cell Viability Analysis

H9c2 cells were inoculated in 96-well culture plates at
5% 103 cells per well. After PHC and OGD/R treatment,
10 pl of CCK-8 solution was added to each well and incu-
bated for an additional 2 h. A microplate reader (800TS,
Biotek) was used to measure the optical density at 450 nm.

Lipid Reactive Oxygen Species (ROS) Analysis

H9c2 cells were incubated with C11-BODIPY581/591
(Maokang Biotechnology) for 20 min. After being washed
twice with PBS, the cells were subjected to flow cytometric
analysis using a NovoCyte flow cytometer (Aceabio). The
data were analysed with NovoExpress software (Aceabio).

Analysis of GSH-Px, GST and Ferrous lons

We used a glutathione peroxidase (GSH-Px) assay kit
(Nanjing Jiancheng), glutathione S-transferase (GST)
activity assay kit (Solarbio) and ferrous iron colori-
metric assay kit (Elabscience) to detect GSH-Px activ-
ity, GST activity and ferrous ion levels, respectively.
Briefly, proteins were extracted from tissues or cells
and subjected to concentration determination. GSH-Px
activity was detected by enzymatic and chromogenic
reactions. We used 0.1 g of myocardial tissue to detect
ferrous ions, made a standard curve according to the
kit instructions, and then measured the absorbance of
the samples at 593 nm. To analyse GST activity, the
absorbance at 340 nm was measured using a UV-vis

spectrophotometer (Yoke Instrument), and enzyme
activities were calculated according to the instructions
provided by the kit manufacturer.

Western Blot (WB) Analysis

Cell lysis buffer for Western and IP (Beyotime) and PMSF
were used for protein extraction. The protein concentration
was estimated by a BCA Protein Assay Kit (Beyotime) and
microplate reader (ELX-800, Biotek). Polyacrylamide gels
were prepared consisting of 5% stacking gel, and 10% and
14% separating gel. The protein samples were diluted with
5 xloading buffer and PBS. The protein samples (20 pl) were
separated by SDS-PAGE. The separated proteins were trans-
ferred to PVDF membranes (Millipore), which were blocked
with 5% skim milk. Primary antibodies including ACSL4
(1:500, A6826, Abclonal), GPX4 (1:1000, A1933, Abclonal)
and p-actin (1:1000, sc-47778, Santa Cruz) were added and
incubated at 4°C overnight, and secondary antibody incuba-
tion with HRP-labelled goat anti-rabbit IgG (1:5000, A0208,
Beyotime) and HRP-labelled goat anti-mouse IgG (1:5000,
A0216, Beyotime) was conducted at 37°C for 45 min. A Bey-
oECL Plus kit (Beyotime) and Gel-Pro-Analyser were used
to determine protein expression.

Real-time PCR

RNA extraction was performed using TRIpure reagent
(BioTeke). RNA concentration was determined with a Nano
2000 spectrophotometer (Thermo Fisher). Reverse transcrip-
tion of RNA into cDNA was conducted using BeyoRT™ II
M-MLV reverse transcriptase (Beyotime) according to the
manufacturer’s instructions. The reaction system was com-
posed of 1 pl of cDNA, 0.5 pl of primer working solution
(10 pM), 0.5 pl of SYBR Green (Solarbio), 10 pl of 2x Taq
PCR MasterMix (Solarbio) and 7.5 pl of ddH,O. The primer
sequences for ACSL4 were as follows: sense sequence: 5’-TCC
GCTTGTGACTTTAT-3’, anti-sense sequence: 5’-ACTTGG
AGGAATGCTTG-3’. The program of the ExicyclerTM 96
Fluorometric quantitative instrument was as follows: 1) 95°C
for 5 min, 2) 95°C for 10's, 3) 60°C for 10 s, 4) 72°C for 15 s,
5) Go to step 2, Cycle 40, 6) 72°C for 1 min 30 s, 7) 40°C for
1 min, 8) Melting 60°C to 94°C, 1°C/1 s, and 9) 25°C for 1 min.
The PCR data was analysed with the 2~24¢T method.

Results

PHC Treatment Alleviates Myocardial Injury Caused
by Ischaemia Reperfusion

In rats with LAD ligation, PHC administration reduced
LVEDP and increased LVESP and + dp/dt max (Fig. la).
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To further evaluate the effects of PHC on myocardial
injury, we performed TTC staining of myocardial tis-
sues, and found that pretreatment with PHC decreased
the infarction size (Fig. 1b). MIRI rats exhibited obvious
myocardial histopathological damage, including increased
inflammatory cell infiltration. As expected, myocardial
histopathological damage was significantly reduced by
PHC treatment (Fig. 1c). These results indicated that
PHC pretreatment alleviated myocardial injury caused by
ischaemia reperfusion in rats. In addition, IHC staining
showed that PHC pretreatment inhibited the expression
of ACSL4 in myocardial tissues (Fig. 1d).

PHC Inhibits Ferroptosis in Cardiomyocytes
Analysis of the relationship between PHC and the levels

of ferroptosis-related factors showed that PHC reduced the
level of ferrous iron (Fig. 2a) and increased the levels of
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ACSL4

GSH-Px (Fig. 2b) and GST (Fig. 2¢) in cardiomyocytes.
4-Hydroxynonenal is a toxic by-product of lipid peroxida-
tion. 4-Hydroxynonenal levels were analysed by immu-
nofluorescence, and PHC suppressed the production of
4-hydroxynonenal (Fig. 2d). GPX4 is a ferroptosis suppres-
sor, while ACSL4 is a ferroptosis promotor. The protein lev-
els of GPX4 were increased by PHC pretreatment, while the
protein levels of ACSL4 were decreased in rats treated with
PHC (Fig. 2e). Therefore, we concluded that PHC inhibited
ferroptosis in rat cardiomyocytes.

PHC Attenuates OGD/R-induced Injury
and Ferroptosis in H9¢2 Cells

HO9c2 cells were treated with 1, 2.5 or 5 pg/mL PHC
for 4 h, and cultured under OGD/R conditions for 24 h.
As a result, H9¢c2 cell viability improved in response to
PHC treatment and showed a positive correlation with
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Fig.2 PHC inhibits ferroptosis
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PHC concentrations (Fig. 3a). We selected 5 pg/mL PHC,
which significantly improved cell viability, to evaluate
its effects on ferroptosis in H9c2 cells. The levels of
lipid ROS were assessed by flow cytometry, and statisti-
cal analysis showed that PHC reduced the production
of lipid ROS (Fig. 3b). PHC pretreatment increased the
protein levels of GST (Fig. 3c) and GSH-Px (Fig. 3d).
The production of 4-hydroxynonenal and the protein lev-
els of GPX4 and ACSL4 were measured in H9c2 cells,
and PHC inhibited the production of 4-hydroxynonenal,
decreased the level of ACSL4, and promoted the expres-
sion of GPX4 (Fig. 3e and f). These results were consist-
ent with the in vivo results.

PHC Alleviates OGD/R-induced H9¢2 Cell Damage
by Inhibiting ACSL4-Mediated Ferroptosis

Overexpression of ACSL4 was performed in H9¢2 cells, and
the efficiency was determined by WB analysis (Fig. 4a) and
real-time PCR (Fig. 4b). H9c2 cells overexpressing ACSL4
were treated with 5 pg/mL PHC and cultured under OGD/R
conditions. ACSL4 overexpression inhibited H9c2 cell via-
bility (Fig. 4c). Interestingly, the production of 4-hydrox-
ynonenal was increased in cells overexpressing ACSL4
(Fig. 4d). In addition, ACSL4 overexpression increased the
level of lipid ROS (Fig. 4e) and decreased the levels of GST
(Fig. 4f) and GSH-Px (Fig. 4g). The protein expression of
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GPX4 was inhibited by ACSL4 overexpression in H9¢c2 cells
that were pretreated with PHC and subjected to OGD/R
injury (Fig. 4h). These results revealed that ACSL4 over-
expression reversed the effects of PHC on OGD/R injury.

Discussion

During MIRI, PHC has been reported to regulate a vari-
ety of physiological processes except ferroptosis. Our study
revealed that PHC alleviated myocardial reperfusion injury
and improved cardiac function. We also found that PHC
affected the levels of ferroptosis-related markers including
Fe?*, ROS, GPX4, GSH-Px, 4-hydroxynonenal and ACSL4,
and inhibited ferroptosis. This was the first time that PHC
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was shown to suppress ferroptosis in cardiomyocytes dur-
ing MIRL

In 2018, the Cell Death Nomenclature Committee reclas-
sified cell death into two types: accidental cell death (ACD)
and regulated cell death (RCD) [24]. ACD is uncontrolled.
RCD which can be regulated, includes two forms. One is
apoptotic, and the other is nonapoptotic. Nonapoptotic death
includes autophagy, necroptosis, pyroptosis and ferropto-
sis [25]. Ferroptosis has different characteristics from other
nonapoptotic forms of cell death, and is mainly characterized
by mitochondrial changes including increasing membrane
density, mitochondrial atrophy and mitochondrial outer
membrane rupture [26]. Ferroptosis critically contributes
to the progression of MIRI. It is worth mentioning that
ferroptosis is important in not only MIRI, but also other
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Fig.4 PHC alleviates OGD/R-induced H9c2 cell damage by inhibit-
ing ACSL4-mediated ferroptosis. Western blotting (a) and real-time
PCR (b) verified the overexpression of ACSL4 in H9c2 cells. ¢ The
viability of H9c2 cells overexpressing ACSL4. d Immunofluores-
cence analysis of 4-hydroxynonenal in H9c2 cells overexpressing

cardiovascular diseases such as myocardial infarction [27],
abdominal aortic aneurysm [28] and atherosclerosis [29].
Ischaemia-reperfusion is accompanied by increased pro-
duction of ROS and reactive nitrogen species [30]. In addi-
tion, increase in free iron in cardiomyocytes occurs during
the ischaemia-reperfusion [31]. The normal function of
cardiomyocytes is based on iron-containing mitochondrial
enzymes, and so iron homeostasis is critical for cardiomyo-
cytes [32]. Lipid ROS generation is one of the main features
of ferroptosis, and ferroptosis is an iron-dependent form of

ACSL4; bar=50 pm. e Lipid ROS levels in H9c2 cells overexpress-
ing ACSL4. GST (f) and GSH-Px (g) levels in H9c2 cells overex-
pressing ACSLA4. (h) Protein levels of GPX4 and ACSL4 in H9c2
cells overexpressing ACSL4. ns: no significance, # p<0.05, ###
p<0.001, n=3 in each group. OP: OGD/R + PHC

RCD. The common factors reflect the complex regulatory
relationship among these processes. Currently, some reviews
have discussed ferrotopsis as a novel therapeutic target for
MIRI, which has received much attention. On the one hand,
the induction of ferroptosis can be achieved through differ-
ent targets, including system Xc~, GPX-4, GSH, ROS, iron
and voltage-dependent anion channels. On the other hand,
effective ways to inhibit ferroptosis include inhibiting lipid
peroxidation, reducing iron concentrations, regulating iron
transport, reducing iron intake, increasing GPX4 expression,
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reducing ROS, removing free radicals and preventing mito-
chondrial lipid peroxidation [26]. Therefore, finding drugs
that exert these effects is a good strategy. In addition, drug
studies are urgently needed for the treatment of MIRI.

In the current study, we found that PHC inhibited the
expression of ACSL4, and ACSL4 overexpression reversed
the effects of PHC on the molecular markers of ferroptosis.
It was concluded that PHC inhibited ferroptosis by decreas-
ing the expression of ACSL4 and ultimately suppressing
MIRI. This conclusion confirmed our hypothesis.

ACSLA is closely related to lipid ROS production through
PUFAs [33]. Therefore, by inhibiting ACSL4, PHC can
reduce the production of lipid ROS and subsequently inhibit
ferroptosis. In this study, PHC reduced the levels of ferrous
ions cardiomyocytes during MIRI, and promoted the expres-
sion of GPX4. These effects play important roles in inhibit-
ing ferroptosis. Although we illustrated the role of PHC in
ACSL4-mediated ferroptosis, whether GPX4 is involved in
the PHC-mediated inhibition of ferroptosis is still unknown.
Furthermore, how PHC affects iron levels in cardiomyocytes
is another question. Unfortunately, these questions were not
addressed in this study. In several studies, PHC could acti-
vate the Nrf2/HO-1 signalling pathway [16, 34], and Nrf2
has been reported to be implicated in the regulation of fer-
roptosis [25]. HO-1, a downstream target of Nrf2, catalyses
the degradation of haem to produce ferrous iron, leading
to mitochondrial iron overload, which increases ferroptosis
[35, 36]. Therefore, it is possible that PHC alters iron levels
through Nrf2/HO-1. In addition, Nrf2 was shown to regulate
the expression of GPX4 in a previous study [37]. PHC may
also affect GPX through Nrf2. This study showed a decrease
in iron and GPX4 levels after PHC treatment. Thus, it is
possible that PHC can affect the progression of ferroptosis
via Nrf2. However, this is just a matter of speculation and
needs to be verified experimentally. In follow-up studies, we
will further study PHC to clarify its mechanism of action.

Based on this study and other PHC and MIRI studies, it is
clear that PHC inhibits MIRI and can be used as a candidate
drug to treat MIRI. This study revealed the inhibitory effect
of PHC pretreatment on MIRI, and previous studies revealed
that PHC pre/posttreatment alleviated MIRI through differ-
ent pathways [23, 38]. This proved the consistency of PHC
treatment on MIRI inhibition. It is regrettable that the effects
of PHC on MIRI or ferroptosis were not validated in a clini-
cal population in our study. Certainly, there is a long way to
go before PHC becomes a clinical drug for treating MIRI.
However, it is important to highlight some benefits of PHC,
which lend support to its potential use as a candidate drug.
PHC is a selective anticholinergic drug that mainly acts
on muscarinic 1 and muscarinic 3 subtype receptors in the
heart, and has little effect on muscarinic 2 subtype recep-
tors. Therefore, PHC does not have the cardiovascular side
effect of increasing heart rate [39]. In addition, the half-life

@ Springer

of PHC is 10.35 h, and so it has a longer duration of action
[40]. Most importantly, PHC has a palliative effect on many
diseases and may have the potential to be applied to them.

Our study has several limitations. We were unable to
clarify whether GPX4 is involved in PHC-mediated ferrop-
tosis inhibition and the mechanism by which PHC changes
iron levels. We also failed to verify the effects of PHC on
MIRI and ferroptosis in clinical populations.

In conclusion, this study clarified the role of PHC in
ferroptosis, and preliminarily demonstrated that ACSL4
participates in PHC-mediated inhibition of ferroptosis in
the cardiomyocytes of MIRI rats. This study is the first to
reveal the relationship among PHC, ACSL4, ferroptosis
and MIRI. This study also provided a theoretical basis
for elucidating the pharmacodynamic mechanism of PHC.
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