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Abstract

Cardiomyocyte hypoxia-reoxygenation (HR) is considered as a major cause of heart failure.
Pinacidil is a classic ATP sensitive potassium channel opener and plays a crucial role in
cardiomyocyte HR injuries. However, the specific mechanism is poorly understood. We estab-
lished HR rat model and introduced 5-Hydroxydecanoate (5-HD), N-(2-Mercaptopropionyl)-
glycine (MPG), and Dimethylethylenediylglycine (DMOG) to investigate the protection of
Pinacidil (P) on cardiomyocyte. HE staining, electron microscopy and JC-1 staining were
used to observe mitochondrial structure and mitochondrial membrane potential (MMP).
Reactive oxygen species (ROS), hypoxia-inducible factor-1a (HIF-1a), vascular endothelial
growth factor A (VEGF-A), heme oxygenase-1 (HO-1), and induced nitric oxide synthase
(INOS) were analyzed in this study. Network pharmacology analysis and auto-docking were
used to predict the possible target of Pinadicil under cardiomyocyte HR condition. The integ-
rity of mitochondrial structure and MMP were effectively promoted in P and MPG+DMOG + P
groups. ROS was significantly increased after HR, treatment with P or MPG+DMOG +P, the
content of ROS was increased. The expressions of HIF-1a, VEGF-A, HO-1 and iNOS were
significantly increased in P and MPG+DMOG +P groups compared with HR group. Docking
results confirmed that prolyl hydroxylase (PHD) was the most possible target for unsaturated
binding with Pinacidil guanidine. Altogether, these data indicate that Pinacidil up-regulated
and activated HIF-1a protein to protect caridomyocytes against HR injuries and the mecha-
nism may be related to Pinacidil guanidine binding to PHD.

Introduction

Ischemia-reperfusion (IR) injury is the most common reason of cardiomyocytes death, which
eventually progresses to heart failure [1]. Cardiac ischemia de-oxygenates the myocardium, and
reperfusion re-introduces oxygen to the myocardium to induce marked hyper-oxygenation injury,
which is characterized by mitochondrial dysfunction, excess reactive oxygen species (ROS)
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production, and cell death [2,3]. Increasing evidences indicate that hypoxia-inducible factor (HIF)
[4] and ATP-sensitive potassium (KATP) channel [5] in mitochondria are the most common
forms of cellular response to oxidative injury during hypoxia-reoxygenation (HR). HIF is a
heterodimer transcription factor in nuclear, which is an essential hypoxia-response protein that
facilitates the transcription of hypoxia-responsive genes under hypoxia condition [6,7].

Structurally, one of three oxygen-regulated a-subunits (HIF-1a, HIF-2a, and HIF-3a) and
a constitutively expressed f-subunit (HIF-1B) compose the dimer transcription factor HIE
Among them, HIF-1a plays an essential role in regulator for oxygen concentration in tumor
proliferation, endothelial cells response, and cardiomyocyte hypoxia [8,9]. The stability of
HIF-1a is dependent on prolyl hydroxylase domain (PHD), which plays an important role in
many ischemic disorders including myocardial infarction, peripheral arterial occlusive disease,
and stroke [10]. The hypoxia-responsive genes including erythropoietin (EPO), vascular endo-
thelial growth factor-A (VEGF-A), and glycolytic enzymes, which are regulated by transcrip-
tion factors HIFE, are induced in hypoxia conditions [11]. HIF binding to hypoxia-responsive
elements (HRE) induce transcription of downstream targets: VEGE heme oxygenase-1 (HO-1),
induced nitric oxide synthase (iNOS) in cardiomyocyte [12]. Previous reports revealed that
amphiregulin participates in the inhibition of myocardial ischemia-reperfusion injury through
HIF-2a dependence pathway [13,14]. However, HIF-1a/HRE pathway has been a largely under
explored domain in HR cardiomyocytes.

Pinacidil has been widely known as an ATP-sensitive potassium channel (KATP) opener
that has notably ability to drive ischemic myocardium protection and exerts profound car-
dioprotective effects through regulation Ca?* related receptors [15-18]. It has been reported
that Pinacidil protected cardiomyocytes via mitochondrial KATP channels in a rat model of
cardiac ischemia/reperfusion [19]. However, the possible mechanisms of Pinacidil protecting
ischemia-reperfusion cardiomyocytes are still unclear. Therefore, we will investigate the cardi-
oprotection of Pinacidil through HR rat model, and further explore the potential mechanism
of Pinacidil through both in vivo and in vitro models of hypoxia or HR damage.

Materials and methods
Animal

The animal experiments of this study were performed in accordance with the Guide for the
Care and Use of Laboratory Animals in China and were supported by Experimental Animal
Care and Use Committee of Zunyi Medical University (No. SCXK 2019-0010). The rats were
anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg) and then were
sacrificed at the experimental endpoint.

Fifteen-week-old male Sprague-Dawley (SD) rats (250-300 g) were acquired from Chang-
sha Tianqin Biotechnology (http://cstqsw.com) and were housed in a temperature-controlled
room with a 12:12-h light-dark cycle. Animals were providing free access to standard labora-

tory chow and clean water.

Isolation of adult rat cardiomyocytes and establishment of ischemia-
reperfusion rat heart model

The rats were intraperitoneally injected with sodium pentobarbital (40 mg/kg) and heparin
(250 g/kg). After the rats were anesthetized, their skin was disinfected with alcohol, and then
the hearts were extracted to isolate rat cardiomyocytes. The ventricular cardiomyocytes were
obtained by enzyme digestion. Briefly, the rat heart was washed in 4 °C to remove the blood.
And then the heart was pumped with fully oxygenated calcium solution (750 uM) at the flow
rate (9 mL/min/g), then successively perfused with calcium-free EGTA solution (100 umol/L)
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for 4min, and type II collagenase for 8 min by Langendorff instrument. After infusion, the
heart was cut into 3-4 pieces and sank in 2mL type II collagenase containing 2% BSA, shook
and oxygenated in 37 °C for 5min. After that, the above tissue solution was filtered by a sterile
200-mesh nylon filter in to a new sterile tube and placed it for precipitation. The above steps
were repeated 5 times. All tubes precipitation was collected. Isolated cells were cultured in the
dish pre-coated with laminin by modified M199 medium (with 2mM carnitine and glutamine,
5mM taurine and creatine, 0.8 mM EGTA). After 4h incubation, the medium was changed to
remove the non-cardiomyocytes, and the surviving cells were determined by Trypan blue. The
schedule of this study is shown in Fig 1A.

The rat heart ischemia-reperfusion model was established according to the reference [20] in
this study. After anesthetized, the rat pericardium was opened to expose the heart. The origin
of left anterior descending coronary artery (LAD) was occluded with a suture (6.0 nylon) for
30 min, and then the ligature was removed to allow reperfusion. The wound was sutured and
the rats were injected with buprenorphine (0.05mg/kg, SQ). During the recovery period, the
animals received supportive post-operative care as needed. The body temperature was main-
tained at 37 °C with a heat pad. After 12-h post-operation, Pinacidil, 5-Hydroxydecanoate
(5-HD, a selective KATP channel blocker), N-2-Mercaptopropionyl-glycine (MPG, a synthetic
aminothiol antioxidant) and Dimethyloxallyl Glycine (DMOG, a hypoxia-inducible factor pro-
lylhydroxylase inhibitor) were injected into tail vein [17]. Another 12h, the rats were anesthe-
tized and decapitated to collect the hearts.

Preparation and treatment of hypoxic cardiomyocytes

As shown in Fig 1B, cardiomyocytes were incubated (95% air + 5% CO,, 37 °C) for 24h and
randomly divided into 6 groups: normal group (N): incubated with 95% air + 5% CO, for
160min at 37 °C in an incubator. Hypoxia group (HR): incubated in a 95% N, + 5% CO,
hypoxia chamber for 40 min at 37 °C, and then incubated in a reoxygenation chamber (95%
air + 5% CO,) for 120 min. Pinacidil treatment group (P): after 40 min hypoxia treatment,
Pinacidil (50 umol/L [12]) was added and the cardiomyocytes were incubated for another
5min. 5-HD + P group, MPG + P group and MPG + DMOG + P group: 5-HD (100 pmol/L
[21]), MPG (2 mmol/L [17]), or MPG + DMOG (100 umol/L [17]) pre-treated the cells for
10min, and then Pinacidil was added at the beginning of reoxygenation.

Detection of cell viability, inflammatory cytokines and ROS level

The cell viability was measured by MTT assay according to the manufacture's instruction. The
ELISA kits were used to test the levels of cytokines interleukin-6 (IL-6) and tumor necrosis
factor a (TNF-a) (Shanghai Hengfei Biotechnology Co., LTD., Shanghai, China), as well as
ROS (R&D Systems) at 25 min and 120 min after reoxygenation.

H&E staining and Electron microscopy analysis

Formalin-fixed, paraffin-embedded tissue slices of 10 um were cut on glass slides for morpho-
logical detection. Hematoxylin and eosin staining (H&E) (Changsha Abiowell Biotechnology
Co., China) was used to define the tissue integrity and myocardial fibrosis.

The cells were fixed in 2.5% glutaraldehyde at 4 °C for 2 h, and then gradient dehydration,
embedding polymerization, ultra-thin slices, double stained with uranyl acetate and lead
citrate, the slices were observed by electron microscopy (Japan, Hitachi H7500). Five fields
were selected in each specimen, and 20 mitochondria were selected from each field, and each
mitochondrion was scored at 10,000 times magnification based on the Flameng scoring crite-
ria [22] (Table 1). Higher scores represent worse injury in mitochondria.

PLOS ONE | https://doi.org/10.1371/journal.pone.0318859 February 24, 2025 3/17




PLOS ONE

Protective effect of Pinacidil on hypoxic-reoxygenated cardiomyocytes

A I
Ca]cmm free EGTA for 4 min
Type 11 collagenase for 8 min ET—
S 0;\ Trypan blue assessment v
l" vitro CaCla°C ) Ventricula Shake & filter, . o, Cultivation o
‘ W Repea( survw % —
in vive
37°C
Ischemia-reperfusion rat heart model
N 160min
37°C 95 % Air +5 % CO2 1
HR ,
40min 120min
P 37°C 950,+ 5% CO, | 37°C 95 % Air +5 % CO2
40min Smin 115min
37°C  950,+ 5% CO, T 3rec 95 % Air +5 % CO2
SHD + P )
40min 10min Smin
371°C  950,+5%CO2 T 37°C 95% Air+5 % CO2
MPG +P ) § .
40min 10min Smin 105min
37°C  950,+5% CO2 T 37°C 95 % Air +5 % CO2
MPG + DMOG + P
40min 10min 10min Smin 95min
3TIC 1950, £S5 C02 T 379C  95% Air +5 % CO2 E
MPG + DMOG + P MPG + DMOG + P
5=
sk
a3 o (] *xkn 7 Hxkn

Flameng Score
- ~N w
1 1 1
%
[ b3
E 3
*
123
A
IL-6 (pg/ml)
8 8
o
o
TNF-a (pg/ml)
£ o o
L
o o

0 T T T T 30 T T
< s s S S S N HR N HR
& & ©
S
&

Fig 1. Schematic of experimental design and Pinacidil improves the HR-induced cardiomyocyte structure injury
in vivo. (A) Experimental design chart; (B) Experimental grouping and interventions; (C) Rat heart tissue stained
with hematoxylin and eosin; (D) Ultrastructure of cardiomyocyte under electron microscopy; (E) Flameng scores;

(F) Levels of IL-6 and TNF-a. (mean + SD), ¥***P<0.001, ****P<0.0001 vs N group; ###P<0.001 vs HR group;
&&&P <0.001 vs P group; $$$P<0.001 vs MPG + P group.

https://doi.org/10.1371/journal.pone.0318859.9g001
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Mitochondrial membrane potential (MMP) measurement

The MMP of cardiomyocyte was determined by JC-1 (mitochondrial membrane potential
dye) method, according to the kit instructions (Shanghai Byotime Bioteh, Shanghai, China),
and observed under confocal laser microscope. JC-1 monomer was detected with excitation
light of 514nm and emission wavelength of 529 nm. For the detection of JC-1 polymer, the
excitation light was 585 nm and the emission wavelength was 590 nm. The ratio of red to green
fluorescence in each cell was determined using the Image Pro Plus system.

Real-time quantitative PCR

Total RNA was collected with TRIzol protocol using TaKaRa RNAiso Kit (TaKaRa, Japan).
RNA concentration and purity were checked using Varioskan Flash spectrophotometer
(Thermo Fisher, Waltham, MA, USA). According to cDNA synthesis kit (TaKaRa, Shiga,
Japan), 500 ng RNA was reverse transcribed into cDNA at 37 °C for 15min and 85 °C for

5s. Real-time quantitative PCR (RT-QPCR) was used to detect the expression of HIF-1a,
HO-1, iNOS and VEGF mRNA using SYBR green PrimScript RT kit (TaKaRa, Shiga, Japan).
GAPDH was selected as the internal reference gene. The primer sequences of these genes
were shown in Table 2. Pre-degeneration (95 °C 305s), cyclic reaction (95 °C 55s; 55 °C 305) for
40 cycles and lysis reactions (55 °C for 30s each time increasing by 0.5 °C to maintain) were
performed on a PCR instrument. The 2744“ value of each group was calculated, which was the
relative expression of genes in each group.

Western blot

Cardiomyocytes were lysed in RIPA buffer containing PMSF and protein phosphatase inhibitors,
and subjected to western blot analysis. Anti-HIF-1a (20960-1-AP), anti-VEGF (19003-1-AP),
anti-HO-1 (10701-1-AP), anti- iNOS (22226-1-AP), and anti- GAPDH (60004-1-Ig) antibodies
were purchased from Proteintech (Wuhan, China). All proteins were separated by SDS-PAGE
and transferred onto PVDF membranes. Finally, ECL was used to color the bands, which were
exposed using a gel imaging system (Bio-Rad Laboratory, Inc.). Bands intensities were quantified
using Image J software (NIH, USA), and GAPDH was used as an internal control.

Table 1. Flameng scoring criteria.

Score Mitochondrial morphology

0 Normal structure, filled with particles

1 Normal structure, loss of matrix particles

2 Mitochondria swollen, matrix hyaline

3 Mitochondrial cristae fracture, matrix hyaline and condensation

4 Mitochondrial cristae split, loss of membrane integrity, vacuolation

https://doi.org/10.1371/journal.pone.0318859.t001

Table 2. The PCR primer sequences.

Gene Forward (5°-3’) Reverse (5°-3%)

HIF-1a GGTGCTAACAGATGATGGTGAC GGCTCATAACCCATCAAC
HO-1 CGGCCCTGGAAGAGGAGATAG GGTGGGGTTGTCGATGCTCGG
iNOS GAGGCCCAGGAGGAGAGAGATTC GTAGCAAAGAGGACTGTGGCT
VEGF CAATGATGAAGCCCTGGAGTG GTCTGCGGATCTTGGACAAAC
GAPDH ACAGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT

https://doi.org/10.1371/journal.pone.0318859.t002
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Molecular docking

Three-dimensional (3 d) structure of Pinacidil, HIF-1 alpha, HO-1, VEGF and iNOS was
downloaded from https://zinc.docking.org/ and https://pubchem.ncbi.nlm.nih.gov/, respec-
tively. The advantageous conformation of Pinacidil was generated by the DS ViewerPro Trial.
Import these files into AutoDockTools-1.5.6 software, add hydrogen atoms and remove water.
After 50 times of automatic docking, the results were displayed and analyzed using PYMOL
software, Discovery studio 3.5 Client software and R 4.0.

Statistical analysis

SPSS (v.22, IBM, USA) was used for the statistical analysis. All data were presented as mean
+ SD, with P<0.05 considered statistically significant. Differences between two groups were
analyzed using Student’s t test, among multiple groups, one-way ANOVA followed by Bonfer-
roni multiple comparison was used in this study.

Results
Pinacidil protects mitochondrial structure injury in vivo and in vitro

HR destroyed the cell structure evidenced by loss of cell integrity and intracellular partial
lysis of myofibrils observed by H&E staining and electric microscope (Fig 1C and 1D). After
Pinacidil treatment, the structure of cells in the P group was basically normal, the myofi-
brils in the matrix were neatly arranged, the Z- and H-lines were clear, and the myonodules
could be distinguished as dark and light, similar to the normal cells in the N group. However,
the effects of Pinacidil on cell structure were weakened by either MPG or 5-HD. DMOG
could reverse the inhibitory effect of MPG on Pinacidil. Flameng score results showed that
the score in HR group was higher than that in N group (t=-15.524, P<0.001); the difference
of Flameng score in the other groups was statistically significant (F[4,10] =116.809, P<0.001)
(Fig 1E). Compared with HR group, Pinacidil treatment significantly decreased the score
(P<0.001), indicating that Pinacidil could protect cardiomyocyte against HR-induced injury.
However, MPG or 5-HD suppressed the protective effect of Pinacidil on HR-induced myocar-
dial injury (P<0.001), and DMOG partially reversed the inhibitory effect of MPG on Pinacidil
(P<0.001).

Considering that IL-6 and TNF-a are often co-produced with ROS under hypoxia con-
ditions, they represent the level of HR-induced cardiomyocytes damage [23]. Therefore, we
tested the level of IL-6 and TNF-q, and the results showed in Fig 1F. The level of IL-6 and
TNF-a were sharply increased in HR-induced cardiomyocytes compared with normal cardio-
myocytes (TNF-a: t=11.23, P<0.001; IL-6: t=7.57, P<0.001), indicating that the HR model
was successfully established.

Mitochondrial membrane potential (MMP) reflects the healthy function of mitochondria
[24]. The loss of MMP and the obstruction of ATP production are manifestations of mito-
chondrial dysfunction [25]. We detected the MMP level by JC-1 dye, and the results showed
that JC-1 was mostly aggregated (red) in group N, by contrast, they had hardly aggregated
and existed as monomer (green) form in HR-induced cardiomyocyte mitochondria (Fig 2A).
Followed Pinacidil treatment, JC-1 aggregates (red) were increased, however, MPG or 5-HD
inhibited the effect of Pinacidil on MMP. DMOG partially reversed the suppressive effect of
MPG on Pinacidil. The ratio of JC-1 aggregator (red) and JC-1 monomer (green) was used
to represent the level of MMP in each groups. Compared with N group, the ratio was sharply
declined in HR (t=19.972, P<0.001). There was significant difference in MMP level between
HR group and treatment groups (F[4,10] =459.085, P<0.001). Pinacidil increased the level
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https://doi.org/10.1371/journal.pone.0318859.9002

of MMP versus HR group (P<0.001), MPG or 5-HD suppressed the level of MMP increased
by Pinacidil (P<0.001), the MMP level in MPG+DMOG + P group was higher than that in
MPG +P group (P<0.001).

Next, we demonstrated the mitochondrial ROS generation after HR 25 min and 120 min,
and the results were showed in Fig 2C that the ROS concentration was highly increased
in HR group compared with N group at both 25min (t=-11.630, P<0.001) and 120 min
(t=-15.656, P<0.001). The different of ROS level was found among the other five groups at
25min (F[4,18] =30.024, P<0.001) and 120 min (F[4,31] =66.481, P<0.001). After Pinacidil
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treatment, the ROS generation was significantly decreased at both HR 25 min and 120 min
(P<0.001); 5-HD counteracted the decreasing effect of Pinacidil on ROS generation at HR
25min (P=0.001) and 120 min (P<0.001); however, MPG enhanced the decreasing effect of
Pinacidil on ROS generation at HR 25 min (P=0.013), but inhibited the effect of Pinacidil

at HR 120 min (P<0.001). DMOG+MPG + P did not show any significant difference at HR
25min versus MPG + P group (P=1.000), but showed the inhibitory effect of MPG at HR
120 min (P=0.008).

Pinacidil treatment activates the HIF-1a/HRE pathway in HR rat
cardiomyocytes

According to that HIF-1a is translocated into mitochondria to defense against oxidative stress
under hypo-oxygen conditions, we tested the mRNA and protein of the key molecules (e.g.,
HIF-1a, HO-1, iNOS, VEGF) in HIF-1a signaling pathway. The mRNA expression of HIF-1a
was no significant difference among the groups (N group vs HR group: t=-2.313, P=0.082;
ANOVA of the other five groups: F[4,10] =1.074, P=0.419) (Fig 3A). While the mRNA
levels of HO-1 (t=-7.800, P=0.001), iNOS (t=-3.946, P=0.017) and VEGF (t=-4.6438,
P=0.010) were increased in HR group compared with N group (Fig 3B-D). The differences
of the mRNA levels of HO-1 (F[4,10] = 115.064, P<0.001), iNOS (F[4,10] = 14.772, P<0.001)
and VEGF (F[4,10] =136.887, P<0.001) among HR, P, SHD + P, MPG + P, MPG+DMOG + P
groups were statistically significant. Compared with HR group, Pinacidil treatment largely
enhanced the mRNA expression of HO-1 (P<0.001), iNOS (P=0.003) and VEGF (P<0.001).
5-HD and MPG had inhibited the effect of Pinacidil on the mRNA expression of HO-1
(P<0.001), iNOS (5-HD: P=0.013; MPG: P=0.002) and VEGF (P<0.001). DMOG partially
reversed the suppressed effect of MPG on Pinacidil (HO-1: P<0.001; iNOS: P=0.004; VEGF:
P<0.001) (Fig 3B-D).

Similarly, the protein expression of HIF-1a (F[5,12] =57.826, P <0.001), HO-1
(F[5,12] =29.456, P<0.001), iNOS (F[5,12] =17.692, P<0.001) and VEGF (F[5,12] =22.348,
P <0.001) were statistically significant among groups (Fig 4). The abovementioned proteins
expressions were increased in HR group compared with N group. Compared with HR group,
the abovementioned molecules were significantly elevated after Pinacidil treatment. Similar
to the aforesaid parameters, 5-HD and MPG had inhibited the effect of Pinacidil, DMOG
partially reversed the suppressed effect of MPG on Pinacidil (Fig 4).

PHD works as the main potential target of Pinacidil

To determine the pharmacological targets of Pinacidil, we introduced the Autodocking
method to predict molecular docking between Pinacidil and HIF-1a/HRE pathway molecules.
Normally, the binding free energy ( < —20.92 KJ/mol) indicates that the docking molecule has
good binding activity with the target [26]. The results of Fig 5A and D showed that the bind-
ing energy of Pinacidil with HIF-1a was —19.93 £ 0.75, iNOS was —16.65 + 2.93, HO-1 was
-16.18 + 1.66, VEGF-A was —20.63 + 1.82. And the binding energy was significantly different
of HIF-1a compared with iNOS (P <0.0001); or HO-1 (P<0.0001).

Under hypoxic conditions, HIFs will bind to ARNT (also known as HIF-1p), acting as the
transcription factor of HRE [27]. In order to explore whether the HIF-1a-ARNT complex
plays a role in Pinacidil pharmacology, we further observed the binding energy of ARNT or
HIF-1a-ARNT complex with Pinacidil (Fig 5B and E). The results showed that the binding
energy of Pinacidil with ARNT was —21.33 + 1.33, with HIF-1a-ARNT complex was —22.72
+ 1.66, and the significant difference was found among them (ARNT vs. HIF-1a, P <0.0001;
HIF-1a-ARNT vs. HIF-1a, P <0.0001; HIF-1a-ARNT vs. ARNT, P < 0.0001). It has been
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Fig 3. Effect of Pincacidil on the mRNA expressions of HIF-1 a, VEGFE, HO-1 and iNOS in vitro. Quantitative analysis of mRNA expression of (A) HIF-1a; (B)
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https://doi.org/10.1371/journal.pone.0318859.9003

reported that HIF-1a can be up-regulated by HIF-1a prolyl hydroxylase (PHD) [28]. As well
Pinacidil is widely known as ATP-sensitive potassium channel (KATP) opener [29]. On this
basis, we observed the binding of Pinacidil and PHD or KATP, the results showed (Fig 5C
and F) that the propensity target potent of PHD to Pinacidil was -28.43 + 1.98, and KATP was
16.31 £ 1.02, (PHD vs. HIF-1a-ARNT, P <0.0001; KATP vs. HIF-1a-ARNT, P <0.0001; PHD
ys. KATP, P <0.0001).

In summary, HIF-1a, iNOS, HO-1, VEGF-A, ARNT, HIF-1a-ARNT, PHD and KATP can
naturally act with Pinacidil. However, among these molecules, only PHD (binding energy dis-
tribution concentrated in —27.5 ~ —28.5 kJ/mol) has the strongest binding energy, suggesting
that PHD may be the most possible target of Pinadicil.

Guanidine is the key pharmacological group of Pinacidil

To further determine the binding site, we analyzed the docking process of Pinacidil with
HIF-1a, HIF-1a-ARNT, PHD, and KATP. The results of Pinacidil binding with HIF-1a (Fig.
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https://doi.org/10.1371/journal.pone.0318859.9004

6A and E) showed that the lowest binding free energy was -21.13 KJ/mol, there were two
conventional hydrophobic bonds and one alkyl hydrophobic bond of HIF-1a as favorable
structures donors interacting with Pinacidil. Among them, one of the active sites interacted
with VAL323 (Valine located in sequence 323); one alkyl hydrophobic bond interacted with
TYP 325 (Tryptophan in sequence 325); and the other Pi-Alkyl hydrophobic bond interacted
with ILE 324 (Isoleucine in sequence 324) (Fig 6E).

Fig 6B and F showed that the lowest binding free energy of Pinacidil with HIF-1a-ARNT
complex was —25.27 KJ/mol, there were two conventional hydrophobic bonds interacted with
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https://doi.org/10.1371/journal.pone.0318859.g005

LEU248 (Leucine in sequence 248); and six alkyl interactions between TYR276 (Tyrosine in
sequence 291), HIS291 (Histidine in sequence 291) and MET250 (Methionine in sequence
250); as well one Carbon hydrogen bond with HIS 292 in the advantageous structure (Fig 6F).
The results from Fig 6C and G indicated that the lowest binding free energy of Pinacidil
with PHD was —31.13 KJ/mol, there were three conventional hydrophobic bonds interacted
between GLN137 (Glutamine in sequence 137), ASP211 (aspartic acid in sequence 211) and
Pinacidil; two active sites in the interaction with GLN137; three alkyl interactions between
TRP154 and ILE152; eight unfavorable positive-positive bonds between GLN137, ARG148
(Arginine in sequence 137) and ARG 218, which contained two active sites (Fig 6G).
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https://doi.org/10.1371/journal.pone.0318859.9006

The results of binding of Pinacidil with KATP indicated that the lowest binding free energy
was —22.67 KJ/mol (Fig 6D), one hydrophobic bond interacted with MET169; three hydro-
phobic bonds interacted with ILE296, MET169 and PHE168; two Pi-Alkyl bonds interacted
with ALA 172 and MET169 were found in the structure (Fig 6H).

Based on the docking results, we speculated these hypotheses: the active sites of Pinacidil
structure were focus on the two positive nitrogen of guanidine; the active sites of the rele-
vant proteins structures could form strong binding bones (hydrogen bonds and unfavorable
positive-positive bonds) with VAL, LEU, GLN, and ARG residues.

It has been reported that DMOG stabilizes and trans-activates HIF-1a, resulting in ele-
vated endogenous levels of HIF-1a, leading to its accumulation in the cytoplasm and even-
tual transfer to the nucleus, where, together with HIF-1p responsible elements (HRE) to
form HIF-1, mediates cardiomyocyte protection and participates in PHD [30]. Therefore,
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we used the molecular docking techniques to compare the pharmacological effects of

Pinacidil and DMOG.

The minimum binding energy of DMOG with HIF-1a prolyl hydroxylase was -12.19 kJ/
mol, and there were five conventional hydrophobic bonds interacted between Pinacidil and
TRP154, ARG148 or GLN137 (Fig 7A). Among them, there were three active sites: two alkyl
interactions between TRP154 and ILE152; one carbon hydrogen bond between Pinacidil and
ALA139 (alanine in sequence 139) (Fig 7B). “Fig 7B left” showed that DMOG tended to be
donor rather than acceptor. The heatmap distribution indicated that there was a great ten-
dency to interact with DMOG and PHD, the binding energy was concentrated in (=15~ —14)

kJ/mol (Fig 7C).

These results suggested that Pinacidil has a lower binding potential and fewer active sites
than DMOG. However, from our previous results, Pinacidil and DMOG have the similar ther-
apeutic effects. These data suggested that Pinacidil has the ability to replace DMOG, exerting
the protective effect on HR through PHD targets.

Discussion

This study demonstrated the protective effect of Pinacidil on cardiomyocytes through in vivo
and in vitro models of hypoxia or HR damage, and the mechanism of Pinacidil may be related
to the protection of mitochondria by activating the HIF-1a/HRE pathway including the
up-regulated expression of HIF-1a, iNOS, HO-1, VEGE And we introduced the auto-docking
and simulation analysis to predict the specific pharmacological mechanism by which Pinacidil
binds to PHD and enhances its activity to up-regulate HIF-1a synthesis. The prediction of
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the guanidine active sites in Pinacidil and the high binding tendency of VAL, LEU, GLN, and
ARG reveal potential targets of Pinacidil and IR damage, providing a new ideal for the design
of cardiac protection studies.

Pinacidil, as a non-selective chemical K* channel openers [29], has a variety of cardiopro-
tective effects [5,31,32]. KATP channel has powerful potential cardioprotective effect, KATP
openers (KCOs) protect cardiomyocytes against ischemia and reperfusion injury by opening
of KATP channels to trigger free radicals production and activate protein kinases. In this
study, we investigated the cardioprotection of Pinacidil on HR cardiomyocytes and explored
the mechanism.

According to that HIF-1a gene is up-regulated and largely bound binding to HRE under
cardiac hypoxia conditions [33,34]. We tested the HIF-1a and others key proteins in the
HIF-1a/HRE pathway, and found that Pinacidil significantly increased HIF-1a expression in
cardiomyocytes after HR injury. The results from auto-docking predicted analysis predicted
that Pinacidil up-regulated the HIF-1a protein expression by high active chemical interaction
with PHD.

To detect the potential involvement targets of Pinacidil in cardiomyocytes HR injury,
5HD, MPG and DMOG were introduced in this study to block MitoKATP channel, scav-
enge ROS, and inhibit HIF prolyl hydroxylase to stabilize HIF-1a. Our results showed that
no statistical difference in the mRNA expression of HIF-1a among the groups, however, the
protein expression of HIF-1a was increased in HR group, and Pinacidil treatment largely
enhanced the protein level of HIF-1a. HIF-1a dimerizes with HIF-1p/ARNT in the nucleus
and then binds to HRE to form a complex that activates transcription of target genes in
response to oxidative stress [35]. VEGF-A, iNOS, and HO-1, as target genes of HIF-1a/
HRE pathway, are highly correlated with HR cardiomyocytes injury. Therefore, we further
studied the mRNA and the protein expressions of VEGF-A, iNOS and HO-1. The results
showed that the mRNA and the protein expression of VEGF, iNOS, HO-1 were significantly
increased in HR cardiomyocytes, Pinacidil greatly enhanced HIF-1a protein expression and
promoted HRE to target VEGE, iNOS and HO-1 in HR model. The results suggested that
Pinacidil may act as a potential modulator of HIF-1a to regulate the downstream targets
expression.

We used auto-docking and Discovery Studio visualizer analysis in this study to pre-
dict the possible pharmacological sites of Pinacidil with HIF-1a, ANRT, HIF-1a-ANRT
complex, VEGEF-A, iNOS, HO-1, PHD and KATP channel protein. And the results
showed that Pinacidil has the highest binding trend with PHD, even higher than DMOG,
indicating that PHD is the most possible target of Pinacidil to up-regulate HIF-1a. The
chemical structure of Pinacidil analysis points out that the active sites concentrated on the
2 positive-nitrogen groups on guanidine are key pharmacological groups for binding to
PHD (Fig 6), and their binding capacity may be superior to that of DMOG (Fig 7). Based
on these results, Pinacidil is a safer clinical drug compared to DMOG. Our study reveals a
new potential drug for the treatment of IR patients and predicts the chemical synthesis of a
meaningful IR drug development.

This founding provides a possible mechanistic explanation for the link between
HIF-1a and the adverse prognosis in IR patients. Considering that Pinacidil can modulate
HIF-1a expression in our study, it is plausible to speculate that the observed effects of
Pinacidil on myocardial ischemia-reperfusion injury may be mediated through a possible
interaction with HIF-1a, and subsequent regulation this signaling pathway. Further stud-
ies are needed to validate and expand upon these findings, paving the way for potential
clinical applications of Pinacidil in the management of myocardial ischemia-reperfusion
injury condition.

PLOS ONE | https://doi.org/10.1371/journal.pone.0318859 February 24, 2025 14 /17




PLOS ONE Protective effect of Pinacidil on hypoxic-reoxygenated cardiomyocytes

Author contributions

Data curation: Jiaqi Wang, Liangen Chen, Wenjing Zhou.
Formal analysis: Wenjing Zhou, Haifeng He, Xiyuan Chen.
Funding acquisition: Ying Wang, Wenjing Zhou, Haiying Wang.
Investigation: Ying Wang, Jiaqi Wang.

Methodology: Ying Wang, Jiaqi Wang.

Supervision: Haiying Wang.

Visualization: Haifeng He, Xiyuan Chen.

Writing - original draft: Ying Wang, Liangen Chen.

Writing - review & editing: Haiying Wang.

References

1. Guo X,YinH, LiL, ChenY, Li J, Doan J, et al. Cardioprotective role of tumor necrosis factor receptor-
associated factor 2 by suppressing apoptosis and necroptosis. Circulation. 2017;136(8):729-42.
https://doi.org/10.1161/CIRCULATIONAHA.116.026240 PMID: 28572508

2. Cadenas S. ROS and redox signaling in myocardial ischemia-reperfusion injury and cardioprotec-
tion. Free radic biol med. 2018;117:76—89. https://doi.org/10.1016/j.freeradbiomed.2018.01.024 PMID:
29373843

3. Chen D, Jin Z, Zhang J, Jiang L, Chen K, He X, et al. HO-1 protects against hypoxia/reoxygenation-
induced mitochondrial dysfunction in H9c2 cardiomyocytes. PLoS One. 2016;11(5):e0153587. https://
doi.org/10.1371/journal.pone.0153587 PMID: 27138700

4. CaiZ, LuoW, Zhan H, Semenza GL. Hypoxia-inducible factor 1 is required for remote ischemic
preconditioning of the heart. Proc Natl Acad Sci USA. 2013;110(43):17462—7. https://doi.org/10.1073/
pnas.1317158110 PMID: 24101519

5. Iguchi K, Saotome M, Yamashita K, Hasan P, Sasaki M, Maekawa Y, et al. Pinacidil, a KATP
channel opener, stimulates cardiac Na(+)/Ca(2+) exchanger function through the NO/cGMP/
PKG signaling pathway in guinea pig cardiac ventricular myocytes. Naunyn Schmiedebergs
Arch Pharmacol. 2019;392(8):949-59. https://doi.org/10.1007/s00210-019-01642-1 PMID:
30919008

6. Ivanova IG, Park CV, Kenneth NS. Translating the hypoxic response-the role of HIF protein transla-
tion in the cellular response to low oxygen. Cells. 2019;8(2):114. https://doi.org/10.3390/cells8020114
PMID: 30717305

7. Greijer AE, van der Groep P, Kemming D, Shvarts A, Semenza GL, Meijer GA, et al. Up-regulation of
gene expression by hypoxia is mediated predominantly by hypoxia-inducible factor 1 (HIF-1). J Pathol.
2005;206(3):291-304. hitps://doi.org/10.1002/path.1778 PMID: 15906272

8. Carmeliet P, DorY, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, et al. Role of
HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation and tumour angiogenesis. Nature.
1998;394(6692):485-90. https://doi.org/10.1038/28867 PMID: 9697772

9. Sato T, Takeda N. The roles of HIF-1a signaling in cardiovascular diseases. J Cardiol.
2023;81(2):202—-8. https://doi.org/10.1016/].jjcc.2022.09.002 PMID: 36127212

10. Sen Banerjee S, Thirunavukkarasu M, Tipu Rishi M, Sanchez JA, Maulik N, Maulik G. HIF-prolyl
hydroxylases and cardiovascular diseases. Toxicol Mech Methods. 2012;22(5):347-58. https://doi.org/
10.3109/15376516.2012.673088 PMID: 22424133

11.  Ziello JE, Jovin IS, Huang Y. Hypoxia-Inducible Factor (HIF)-1 regulatory pathway and its potential
for therapeutic intervention in malignancy and ischemia. Yale J Biol Med. 2007;80(2):51-60PMID:
18160990

12. Kingery JR, Hamid T, Lewis RK, Ismahil MA, Bansal SS, Rokosh G, et al. Leukocyte iNOS is
required for inflammation and pathological remodeling in ischemic heart failure. Basic Res Cardiol.
2017;112(2):19. https://doi.org/10.1007/s00395-017-0609-2 PMID: 28238121

13. Koeppen M, Lee JW, Seo SW, Brodsky KS, Kreth S, Yang 1V, et al. Hypoxia-inducible
factor 2-alpha-dependent induction of amphiregulin dampens myocardial ischemia-
reperfusion injury. Nat Commun. 2018;9(1):816. hitps://doi.org/10.1038/s41467-018-03105-2 PMID:
29483579

PLOS ONE | https://doi.org/10.1371/journal.pone.0318859 February 24, 2025 15/17



https://doi.org/10.1161/CIRCULATIONAHA.116.026240
http://www.ncbi.nlm.nih.gov/pubmed/28572508
https://doi.org/10.1016/j.freeradbiomed.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29373843
https://doi.org/10.1371/journal.pone.0153587
https://doi.org/10.1371/journal.pone.0153587
http://www.ncbi.nlm.nih.gov/pubmed/27138700
https://doi.org/10.1073/pnas.1317158110
https://doi.org/10.1073/pnas.1317158110
http://www.ncbi.nlm.nih.gov/pubmed/24101519
https://doi.org/10.1007/s00210-019-01642-1
http://www.ncbi.nlm.nih.gov/pubmed/30919008
https://doi.org/10.3390/cells8020114
http://www.ncbi.nlm.nih.gov/pubmed/30717305
https://doi.org/10.1002/path.1778
http://www.ncbi.nlm.nih.gov/pubmed/15906272
https://doi.org/10.1038/28867
http://www.ncbi.nlm.nih.gov/pubmed/9697772
https://doi.org/10.1016/j.jjcc.2022.09.002
http://www.ncbi.nlm.nih.gov/pubmed/36127212
https://doi.org/10.3109/15376516.2012.673088
https://doi.org/10.3109/15376516.2012.673088
http://www.ncbi.nlm.nih.gov/pubmed/22424133
http://www.ncbi.nlm.nih.gov/pubmed/18160990
https://doi.org/10.1007/s00395-017-0609-2
http://www.ncbi.nlm.nih.gov/pubmed/28238121
https://doi.org/10.1038/s41467-018-03105-2
http://www.ncbi.nlm.nih.gov/pubmed/29483579

PLOS ONE

Protective effect of Pinacidil on hypoxic-reoxygenated cardiomyocytes

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lee JW, Koeppen M, Seo SW, Bowser JL, Yuan X, Li J, et al. Transcription-independent induction of
ERBB1 through Hypoxia-inducible factor 2A provides cardioprotection during ischemia and reperfu-
sion. Anesthesiology. 2020;132(4):763-80. https://doi.org/10.1097/ALN.0000000000003037 PMID:
31794514

Brayden JE. Functional roles of KATP channels in vascular smooth muscle. Clin exp pharmacol
physiol. 2002;29(4):312—6. https://doi.org/10.1046/j.1440-1681.2002.03650.x PMID: 11985542

Yanagisawa T, Yamagishi T, Okada Y. Hyperpolarization induced by K+ channel openers inhibits Ca2+
influx and Ca2+ release in coronary artery. Cardiovasc Drugs Ther. 1993;7(Suppl 3):565-74. hitps://
doi.org/10.1007/BF00877622 PMID: 8251426

Zhang L, Cao S, Deng S, Yao G, Yu T. Ischemic postconditioning and pinacidil suppress calcium over-
load in anoxia-reoxygenation cardiomyocytes via down-regulation of the calcium-sensing receptor.
Peerd. 2016;4:€2612. https://doi.org/10.7717/peer|.2612 PMID: 27833799

Korotkov SM, Brailovskaya |V, Nesterov VP, Soroko SI. Effects of Pinacidil and calcium on
succinate-energized rat heart mitochondria in the presence of rotenone. Dokl Biochem Biophys.
2019;487(1):277-81. https://doi.org/10.1134/S1607672919040070 PMID: 31559597

YuT, Fu XY, Liu XK, Yu ZH. Protective effects of pinacidil hyperpolarizing cardioplegia on myocardial
ischemia reperfusion injury by mitochondrial KATP channels. Chin Med J (Engl). 2011;124(24):4205—
10PMID: 22340388

Kang PT, Chen CL, Lin P, Chilian WM, Chen YR. Impairment of pH gradient and membrane poten-
tial mediates redox dysfunction in the mitochondria of the post-ischemic heart. Basic Res Cardiol.
2017;112(4):36. https://doi.org/10.1007/s00395-017-0626-1 PMID: 28508960

Cortez-Toledo E, Rose M, Agu E, Dahlenburg H, Yao W, Nolta JA, et al. Enhancing retention of human
bone marrow mesenchymal stem cells with prosurvival factors promotes angiogenesis in a mouse
model of limb ischemia. Stem Cells Dev. 2019;28(2):114-9. https://doi.org/10.1089/scd.2018.0090
PMID: 30398391

Ardehali H, O’'Rourke B. Mitochondrial K(ATP) channels in cell survival and death. J Mol Cell Cardiol.
2005;39(1):7—16. hitps://doi.org/10.1016/j.yjmcc.2004.12.003 PMID: 15978901

LiJ, Xu X, Cai X, Weng Y, Wang Y, Shen Q, et al. Milk fat globule-epidermal growth factor-factor
8 reverses lipopolysaccharide-induced microglial oxidative stress. Oxid Med Cell Longevity.
2019;2019:2601394. https://doi.org/10.1155/2019/2601394 PMID: 31001372

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas SS, et al. Mitochondrial
membrane potential. Anal Biochem. 2018;552:50-9. https://doi.org/10.1016/j.a2b.2017.07.009 PMID:
28711444

Huang R, Zhang L, Jin J, Zhou Y, Zhang H, Lv C, et al. Bruceine D inhibits HIF-1a-mediated glucose
metabolism in hepatocellular carcinoma by blocking ICAT/B-catenin interaction. Acta pharmaceutica
Sinica B. 2021;11(11):3481-92. https://doi.org/10.1016/j.apsb.2021.05.009 PMID: 34900531

Yang P, He H, Xu S, Liu P, Bai X. Potential molecular target prediction and docking verification of hua-
feng-dan in stroke based on network pharmacology. Evid Based Complement Alternat Med: eCAM.
2020;2020:8872593. https://doi.org/10.1155/2020/8872593 PMID: 33193801

Wu D, Potluri N, Lu J, Kim Y, Rastinejad F. Structural integration in hypoxia-inducible factors. Nature.
2015;524(7565):303-8. https://doi.org/10.1038/nature 14883 PMID: 26245371

Cardoso R, Love R, Nilsson CL, Bergqvist S, Nowlin D, Yan J, et al. Identification of Cys255 in
HIF-1a as a novel site for development of covalent inhibitors of HIF-1a/ARNT PasB domain
protein-protein interaction. Protein sci. 2012;21(12):1885-96. https://doi.org/10.1002/pro.2172 PMID:
23033253

Velasco A, Tabernero A, Granda B, Medina JM. ATP-sensitive potassium channel regulates astrocytic
gap junction permeability by a Ca2+-independent mechanism. J Neurochem. 2000;74(3):1249-56.
https://doi.org/10.1046/j.1471-4159.2000.741249.x PMID: 10693958

Sousa Fialho MDL, Abd Jamil AH, Stannard GA, Heather LC. Hypoxia-inducible factor 1 signalling,
metabolism and its therapeutic potential in cardiovascular disease. Biochim Biophys Acta Mol Basis
Dis. 2019;1865(4):831-43. https://doi.org/10.1016/].bbadis.2018.09.024 PMID: 30266651

Chen W, Deng M, Wang H, Wang Y, Zhou W, Yu T. ROS-associated mechanism of different concen-
trations of pinacidil postconditioning in the rat cardiac Nrf2-ARE signaling pathway. Mol Med Rep.
2021;23(6): https://doi.org/10.3892/mmr.2021.12072

Lin R, Zhu X, Zhang Z, Kang M, Xia Q. Myocardial protection of immature rabbits with an ATP-
sensitive K+ channel opener pinacidil. Chin Med J (Engl). 2001;114(11):1184—-8PMID: 11729516

Wang Z, He Z, Xuan Q, Zhang Y, Xu J, Lin J, et al. Analysis of the potential ferroptosis mech-
anism and multitemporal expression change of central ferroptosis-related genes in cardiac

PLOS ONE | https://doi.org/10.1371/journal.pone.0318859 February 24, 2025 16/17



https://doi.org/10.1097/ALN.0000000000003037
http://www.ncbi.nlm.nih.gov/pubmed/31794514
https://doi.org/10.1046/j.1440-1681.2002.03650.x
http://www.ncbi.nlm.nih.gov/pubmed/11985542
https://doi.org/10.1007/BF00877622
https://doi.org/10.1007/BF00877622
http://www.ncbi.nlm.nih.gov/pubmed/8251426
https://doi.org/10.7717/peerj.2612
http://www.ncbi.nlm.nih.gov/pubmed/27833799
https://doi.org/10.1134/S1607672919040070
http://www.ncbi.nlm.nih.gov/pubmed/31559597
http://www.ncbi.nlm.nih.gov/pubmed/22340388
https://doi.org/10.1007/s00395-017-0626-1
http://www.ncbi.nlm.nih.gov/pubmed/28508960
https://doi.org/10.1089/scd.2018.0090
http://www.ncbi.nlm.nih.gov/pubmed/30398391
https://doi.org/10.1016/j.yjmcc.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15978901
https://doi.org/10.1155/2019/2601394
http://www.ncbi.nlm.nih.gov/pubmed/31001372
https://doi.org/10.1016/j.ab.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28711444
https://doi.org/10.1016/j.apsb.2021.05.009
http://www.ncbi.nlm.nih.gov/pubmed/34900531
https://doi.org/10.1155/2020/8872593
http://www.ncbi.nlm.nih.gov/pubmed/33193801
https://doi.org/10.1038/nature14883
http://www.ncbi.nlm.nih.gov/pubmed/26245371
https://doi.org/10.1002/pro.2172
http://www.ncbi.nlm.nih.gov/pubmed/23033253
https://doi.org/10.1046/j.1471-4159.2000.741249.x
http://www.ncbi.nlm.nih.gov/pubmed/10693958
https://doi.org/10.1016/j.bbadis.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30266651
https://doi.org/10.3892/mmr.2021.12072
http://www.ncbi.nlm.nih.gov/pubmed/11729516

PLOS ONE Protective effect of Pinacidil on hypoxic-reoxygenated cardiomyocytes

ischemia-reperfusion injury. Front Physiol. 2022;13:934901. https://doi.org/10.3389/fphys.2022.934901
PMID: 36091399

34. Thamotharan S, Raychaudhuri N, Tomi M, Shin BC, Devaskar SU. Hypoxic adaptation engages the
CBP/CREST-induced coactivator complex of Creb-HIF-1a in transactivating murine neuroblastic
glucose transporter. Am J Physiol Endocrinol Metab. 2013;304(6):E583-98. https://doi.org/10.1152/
ajpendo.00513.2012 PMID: 23321477

35. Semenza GL. Regulation of oxygen homeostasis by hypoxia-inducible factor 1. Physiology
(Bethesda). 2009;24:97—-106. https://doi.org/10.1152/physiol.00045.2008 PMID: 19364912

PLOS ONE | https://doi.org/10.1371/journal.pone.0318859 February 24, 2025 17 /17



https://doi.org/10.3389/fphys.2022.934901
http://www.ncbi.nlm.nih.gov/pubmed/36091399
https://doi.org/10.1152/ajpendo.00513.2012
https://doi.org/10.1152/ajpendo.00513.2012
http://www.ncbi.nlm.nih.gov/pubmed/23321477
https://doi.org/10.1152/physiol.00045.2008
http://www.ncbi.nlm.nih.gov/pubmed/19364912

