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zoxane, while it may reduce the sensitivity of cancer cells to chemotherapy and is restricted for use. There is
an urgent need for the development of safe and effective medicines to alleviate Dox-induced cardiotoxicity.
Objectives: The objective of this study was to determine whether Paeonol (Pae) has the ability to protect
against Dox-induced cardiotoxicity and if so, what are the underlying mechanisms involved.

Iéc(e);;\«(\)/?;dbsi;in Methods: Sprague-Dawley rats and primary cardiomyocytes were used to create Dox-induced cardiotoxicity
Paeonol models. Pae’s effects on myocardial damage, mitochondrial function, mitochondrial dynamics and signaling
Mitochondrial fusion pathways were studied using a range of experimental methods.

PKCe Results: Pae enhanced Mfn2-mediated mitochondrial fusion, restored mitochondrial function and cardiac
Stat3 performance both in vivo and in vitro under the Dox conditions. The protective properties of Pae were blunted
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when Mfn2 was knocked down or knocked out in Dox-induced cardiomyocytes and hearts respectively.

Mechanistically, Pae promoted Mfn2-mediated mitochondria fusion by activating the transcription factor
Stat3, which bound to the Mfn2 promoter in a direct manner and up-regulated its transcriptional expression.
Furthermore, molecular docking, surface plasmon resonance and co-immunoprecipitation studies showed
that Pae’s direct target was PKCe, which interacted with Stat3 and enabled its phosphorylation and activa-
tion. Pae-induced Stat3 phosphorylation and Mfn2-mediated mitochondrial fusion were inhibited when
PKCe was knocked down. Furthermore, Pae did not interfere with Dox’s antitumor efficacy in several tumor

cells.

Conclusion: Pae protects the heart against Dox-induced damage by stimulating mitochondrial fusion via the

PKCe-Stat3-Mfn2 pathway, indicating that Pae might be a promising therapeutic therapy for Dox-induced

cardiotoxicity while maintaining Dox’s anticancer activity.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Doxorubicin (Dox) is a representative drug of anthracycline
antibiotics, which has significant efficacy and has been widely uti-
lized to treat a wide range of tumor diseases, such as breast and
ovarian cancer [1,2]. Although Dox possesses significant broad-
spectrum anticancer action, the cardiotoxic reactions caused by
Dox therapy have become increasingly prominent. When Dox
reaches a certain cumulative amount in vivo, it is easy to impair
myocardial cells and eventually cause severe cardiotoxicity. The
clinical manifestations can be irreversible cardiomyopathy and
eventually heart failure, and the outcome could be fatal, which lim-
its the clinical application of Dox [3,4]. Currently, the only FDA-
approved compound for Dox-induced cardiotoxicity is dexrazox-
ane. Nevertheless, studies in chemotherapy-reveiving patients
showed that dexrazoxane may reduce the sensitivity of cancer cells
to chemotherapy and exacerbate myelosuppression, and was
restricted by the FDA and EMA for use [5-7]. Hence, there is an
urgent need for the development of safe and effective medicines
to alleviate Dox-induced cardiotoxicity.

The heart is an organ that requires a lot of energy and is heavily
reliant on mitochondrial function. Mitochondria provide most
energy for the cardiomyocytes but also produce large amounts of
reactive oxygen species (ROS) [8]. During the development of
Dox-induced cardiomyopathy, increased mitochondrial ROS gener-
ation and subsequent mitochondrial dysfunction have been identi-
fied as key factors [9,10]. NADH or NADPH functions as an electron
donor for Dox, leading to the production of a semiquinone radical.
Semiquinone is re-oxidized in the presence of molecular oxygen to
produce superoxide anion-free radicals, which can be transformed
to other reactive oxygen species [11]. Moreover, studies have
shown that an event that raises mitochondrial ROS generation
and promotes mitochondrial dysfunction is abnormal morphology
of mitochondria caused by unbalanced mitochondrial fusion/fis-
sion dynamics [12,13]. Mitochondrial fusion and fission are two
opposing processes in regulating morphological alteration. Mito-
chondrial fusion refers to the joining of two or more healthy mito-
chondrial fragments to form a new enlarged mitochondrion, while
mitochondrial fission refers to the fragmentation of the mitochon-
drion into tiny organelles [14]. According to the previous in vitro
and in vivo evidences, Dox disrupts mitochondrial dynamics by
suppressing mitochondrial fusion and accelerating mitochondrial
fission in the hearts [15]. Balancing the mitochondrial dynamics
attenuates ROS production and apoptosis. In contrast, mitochon-
drial fusion promotion has no effect on mitochondrial function in
the hearts, while mitochondrial fission inhibition over a long per-
iod of time may compromise mitochondrial quality [16,17]. Pro-
moting mitochondrial fusion appears to be a safer technique than
inhibiting mitochondrial fission to preserve mitochondrial function
in the hearts. Therefore, safe and efficient drugs that target the pro-
motion of mitochondrial fusion may be of great therapeutic inter-
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est for Dox-induced cardiotoxicity. Currently, few studies have
evaluated the effect of pharmacological therapies on Dox-
induced cardiotoxicity from the aspect of promoting mitochondrial
fusion.

Paeonol (Pae, chemically known as 2’-Hydroxy-4'-methoxyace
topheone) is a natural phenol antioxidant extracted from Paeonia
suffruticosa’s root bark. Pae has been authorized for the treatment
of inflammation and pain-related diseases by the FDA in China.
Moreover, Pae has been demonstrated to inhibit ischemia-
induced cardiomyocytes apoptosis via suppressing ROS [18,19]
and protect mitochondria against glutamate-induced damage via
maintaining mitochondrial membrane potential and inhibiting
cytochrome c release [20], making it a potential pharmaceutical
agent for cardiac and mitochondrial protection. Importantly, our
previous study has found that Pae is a mitochondrial fusion pro-
moter that prevents the development of diabetic cardiomyopathy
[21]. Given the potential importance of mitochondrial fusion in
Dox-treated hearts, we hypothesized that Pae might be effective
in reducing Dox-induced cardiotoxicity via the promotion of mito-
chondrial fusion. Our findings show that Pae promotes Mfn2-
mediated mitochondrial fusion and reduces Dox-induced myocar-
dial damage through the PKCe-Stat3 signaling pathway. Moreover,
Pae did not interfere the anticancer activity of Dox in several tumor
cells.

Materials and methods

The Supplementary Materials and Methods section includes an
expanded “Materials and Methods.”.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the ethics commit-
tee of the Xi’an Jiaotong University (Approval no. 2019-505, Xi'an,
Shaanxi, China). All the studies in our experiments are conducted
in compliance with the National Institutes of Health Guidelines
for Use of Laboratory Animals (8th Edition, 2011).

Cardiomyocytes isolation and culture

Pimary cardiomyocytes were isolated from 1 to 2 day old new-
born Sprague-Dawley rats and incubated in DMEM with 10% FBS
(Gibco, USA) [22]. Pae (MB1762; Dalian Meilun Biology Technol-
ogy, China) was administrated to cardiomyocytes with or without
Dox for 24 h [23].
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Animals and treatment

Male 6-8-week-old Sprague-Dawley rats (weighing 220-250 g)
in a specific pathogen-free (SPF) grade were obtained from Xi’an
Jiaotong University and kept in standard temperature, humidity,
and light conditions. A dosage of 5 mg/kg Dox (HY-15142; MCE,
Shanghai, China) was administered intraperitoneally to the rats
on days 1, 6 and 11 (3 times/2 weeks) [24,25]. The control animals
received an equivalent amount of normal saline injection. Accord-
ing to the previous studies [26,27], Pae was mixed with the vehicle
(0.5% sodium carboxymethyl cellulose) and then given to the ani-
mals through oral gastric gavage at 75, 150, or 300 mg/kg each
day after the last Dox injection.

Molecular docking

The binding affinity between Pae and PKCe was investigated
using Autodock Vina Version 1.1.2. In brief, Pae’s Mol2 file was
downloaded from PubChem. AutoDock Tools was used to convert
Mol2 file to PDBQT formant. The Protein Data Bank (PDB) provided
the 3D crystal structure of the PKC C2 domain (PDB ID: 1GMI). The
PKCe C2 domain’s search grid was established with dimensions
size_x: 30, size_y: 30, and size_z: 30. The docking process was per-
formed as described previously [28,29]. Moreover, PKCe activity
was determined using the Promega PKCe Kinase Assay kit accord-
ing to the manufacturer’s instructions.

Binding analysis by surface plasmon resonance (SPR)

SPR analysis was carried out using a Biacore T200 instrument
equipped with a CM5 sensor chip (BR-1005-30; Cytiva) to deter-
minate protein-molecular interactions as previously described
[30]. In brief, recombinant human PKCe protein was immobilized
in CM5 sensor chip channels amine-coupling kit (BR100050;
Cytiva). Dox or Pae was dissolved in PBS-P (28995084; Cytiva).
Dox or Pae was delivered into the flow system in a series of con-
centrations for 120 s and followed by 120 s dissociation. The Bia-
core T200 Evaluation software was used to analyze the data.
Based on the 1:1 Langmuir binding model, the equilibrium dissoci-
ation constant (Kd) was determined.

Statistical analysis

All the data in the experiment are measurement data. The data
fit into a normal distribution and are presented as the mean = SEM.
GraphPad Prism 8.0 software was used for all statistical analyses.
For more than two experimental groups at different time-points
in Supplementary Figure S9 A-B, two-way repeated ANOVA with
post-hoc Bonferroni’s multiple comparison test was applied. For
the data from more than two groups in the other Figures, one-
way ANOVA with post-hoc Tukey’s multiple comparison tests were
used. P values 0f<0.05 (P < 0.05) were deemed statistically
significant.

Results

Pae restored mitochondrial fusion and enhanced mitochondrial
function in the Dox-treated cardiomyocytes

According to the previous study [31], the cardiomyocytes were
administrated with various concentrations of Pae (12.5, 25, 50,
100 pmol/L) in the absence or presence of Dox (3 pmol/L) for
24 h. The CCK8 assay showed that Pae alone had no obvious cyto-
toxicity effect on the cardiomyocytes, and the most effective con-
centration of Pae regarding cell viability in the Dox-treated
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cardiomyocytes was 50 pmol/L (Supplementary Fig. S1). Therefore,
the concentration of Pae at 50 pmol/L was chosen in the following
experiments. As shown in Fig. 1A and B, Pae (50 umol/L) not only
increased cell viability but also inhibited lactic dehydrogenase
(LDH) release in the Dox-treated cardiomyocytes. A reduction in
mitochondrial membrane potential is an early indicator of cell
apoptosis [32]. TUNEL and ]JC-1 staining showed that increased cell
apoptosis and decreased mitochondrial membrane potential
(Aym) were observed in Dox-treated cardiomyocytes compared
to control cells (Fig. 1C-E and G). Both cellular ROS (green fluores-
cence) and mitochondria-derived ROS (red fluorescence) were sig-
nificantly enhanced in Dox-treated cardiomyocytes (Fig. 1F, H and
I). The overlapping staining (merged yellow fluorescence) of ROS
indicated that most cellular ROS originated from mitochondria
(Fig. 1F). Pae administration resulted in substantial reductions in
the apoptosis and oxidative stress, as well as a considerable
increase in mitochondrial membrane potential (A\ym) (Fig. 1C-I).

In addition, Dox insult inhibited the mitochondrial respiratory
capacities including basal respiratory, ATP-related respiratory
and maximal respiration (Fig. 1] and K). Pae partly recovered basal
respiratory and maximal respiration capacities in the Dox-treated
cardiomyocytes (Fig. 1] and K). Different from highly intercon-
nected (elongated) mitochondria in control cardiomyocytes, mito-
chondria in the Dox-treated cardiomyocytes presented as round
and smaller fragments. The mitochondrial size was reduced while
the mitochondrial number per cell was elevated. Pae increased
mitochondrial size while reducing mitochondrial number, indicat-
ing that Pae restored mitochondrial fusion in Dox-treated car-
diomyocytes (Fig. 1L-N). Subsequently, the levels of key proteins
involved in mitochondrial fission/fusion dynamics were deter-
mined. The protein expressions of Drp1, Fis1, Mfn1 and Opal did
not alter significantly, only Mfn2 was downregulated following
Dox stimulation (Fig. 10 and P), indicating that Dox inhibited
Mfn2-mediated mitochondrial fusion in the cardiomyocytes. A
downregulation of Mfn2 mRNA and pre-mRNA expressions were
synchronously observed (Fig. 1Q and Supplementary Fig. S2A).
Pae reversed the decrease in the protein and mRNA as well as
pre-mRNA expressions of Mfn2 under the Dox conditions (Fig. 1-
0-Q and Supplementary Fig. S2A). Moreover, Dox (3 pmol/L) signif-
icantly inhibited the luciferase activity of the Mfn2 promoter
reporter, while Pae (50 wmol/L) enhanced the luciferase activity
of the Mfn2 promoter reporter under the Dox conditions (Supple-
mentary Fig. S2B). These data imply that Mfn2 expression may be
modulated at the level of transcription. All the results collectively
demonstrated that Pae administration elevated Mfn2 transcription
and restored mitochondrial fusion and function in the Dox-treated
cardiomyocytes.

Pae administration alleviated Dox-induced cardiotoxicity in the
rats

After demonstrating that Pae protected the cardiomyocytes
against Dox-induced injury in vitro, Pae’s protective properties
were subsequently verified in vivo. The left ventricular ejection
fraction (LVEF) and fractional shortening (LVFS) were both consid-
erably decreased, while the LV end-systolic diameter (LVESD) was
enlarged in the hearts of Dox-injected rats compared with those of
control rats (Fig. 2A-D). Pae supplementation at the dose of
150 mg/kg/d or 300 mg/kg/d but not 75 mg/kg/d enhanced LVEF
and LVFS while lowering LVESD in the Dox-treated rats (Fig. 2A-
D). The left ventricular end-diastolic diameter (LVEDD) did not dif-
fer significantly across all the groups (Fig. 2A and E). Since the
greatest efficacy was observed in the dose of 150 mg/kg/d Pae, this
dose was deemed optimal and used in the subsequent animal stud-
ies, which was indicated as Con + Pae or Dox + Pae group. The car-
dioprotective effects of Pae at the dose of 150 mg/kg/d were further
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validated by hemodynamic measurements and myocardial injury-
related serum enzymes including lactic dehydrogenase (LDH) and
creatine kinase isotype MB (CK-MB). It was shown in Fig. 2F-K that
left ventricular systolic pressure (LVSP) and + LV dp/dt max were
significantly lowered, while left ventricular end diastolic pressure
(LVEDP) and myocardial injury-related serum enzymes (LDH and
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CK-MB) was elevated in Dox-treated rats compared with control
animals. Pae administration elevated LVSP and + LV dp/dt max
while lowering LVEDP and myocardial injury-related serum
enzymes in Dox-treated rats (Fig. 2F-K). All of these findings
showed that Pae preserved cardiac function and effectively pro-
tected against Dox-induced cardiotoxicity.
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Fig. 2. Pae administration alleviated Dox-induced cardiotoxicity in the rats. (A) Representative images of M—mode echocardiography (Quantitative data are presented in
B-E). (B) LVEF, left ventricular ejection fraction. (C) LVFS, left ventricular fractional shortening. (D) LVESD, left ventricular end-systolic diameter. (E) LVEDD, left ventricular
end-diastolic diameter. (F) LVSP, left ventricular systolic pressure. (G) LVEDP, left ventricular end-diastolic pressure. (H-I) the maximal and minimal first derivative of LV
pressure (+LV dP/dtax). (J) Plasma LDH level. (K) Plasma CK-MB level. n = 8 per group. *P < 0.05, **P < 0.01.

Pae administration improved cardiac structure and inhibited
cardiomyocyte apoptosis as well as oxidative stress in the Dox-treated
heart

Myocardial fibrosis and cardiac atrophy are significant features
of Dox-induced myocardial injury [25,33]. Compared with control
rats, Dox-treated rats had a higher collagen volume fraction and
a lower heart weight (HW)/body weight (BW) ratio as well as a

<

Fig. 1. Pae restored mitochondrial fusion and enhanced mitochondrial function
in the Dox-treated cardiomyocytes. (A) Relative cell viability. (B) Lactate
dehydrogenase (LDH) release determined in cell supernatant. (C) Representative
images of TUNEL and DAPI staining. (Quantitative data are presented in D). Original
magnification x 200. (D) Quantitative data of the apoptotic index. (E) Represen-
tative images of mitochondrial membrane potential stained by JC-1. (Quantitative
data are presented in G). Original magnification x 200. (F) Representative images of
MitoSOX-stained mitochondrial ROS (red fluorescence) and DCFH-DA-stained
cellular ROS production (green fluorescence). Original magnification x 600. (G)
Quantification of mitochondrial membrane potential. (H) Quantitative data of
relative mitochondrial ROS fluorescence density. (I) Quantitative data of relative
whole-cell ROS fluorescence density. (J-K) Oxygen consumption rate (OCR) and
quantitative data of OCR. (L) Representative MitoTracker Red-stained mitochondrial
morphology images. Original magnification x 600. (M) Quantitative data of
mitochondrial number per cell. (N) Quantitative data of mean mitochondrial size.
(0-P) The mitochondrial fission/fusion-related proteins’ representative blots and
quantitative data. (Q) Quantitative data of Mfn2 mRNA expression. Dox, doxoru-
bicin (3 pmol/L); Pae, paeonol (50 pmol/L). n = 6 per group. *P < 0.05, **P < 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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lower heart weight (HW)/tibia length (TL) ratio (Supplementary
Fig. S3A-C). Pae administration effectively reduced the structural
abnormalities in the hearts caused by Dox (Supplementary
Fig. S3A-C). The pathophysiology of Dox-induced cardiotoxicity
has been associated with cardiomyocyte apoptosis and oxidative
stress [34]. As expected, compared with the control hearts, Dox-
treated hearts exhibited elevated myocardial apoptosis and oxida-
tive stress (Supplementary Fig. S3D-L: apoptosis index, Bax expres-
sion, cleaved caspase 3 expression, DHE staining and MDA content
were increased, while Bcl2 expression, GPx content, MnSOD
expression were decreased.). Pae administration substantially
reduced myocardial apoptosis and oxidative stress in the hearts
upon Dox insult (Supplementary Fig. S3D-L).

Pae restored mitochondrial fusion and enhanced mitochondrial
function in the Dox-treated hearts

The effects of Pae on mitochondrial fusion were further verified
in vivo. Compared with the control hearts, Dox-treated hearts had
smaller mitochondrial size (Fig. 3A and C). Moreover, Dox-treated
hearts showed a higher percentage of mitochondria with a
size < 0.6 um?, and a low percentage of mitochondria with a size
between 0.6 um?-1 um? or > 1 um? (Fig. 3D). Consistent with
the results in vitro, the protein and mRNA/pre-mRNA expressions
of Mfn2 were similarly reduced in Dox-treated hearts compared
to control hearts. (Fig. 3E-H). Pae restored mitochondrial fusion
and the protein and mRNA/pre-mRNA levels of Mfn2 in the Dox-
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Fig. 3. Pae restored mitochondrial fusion and enhanced mitochondrial function in the Dox-treated hearts. (A) Representative mitochondrial images obtained by
transmission electron microscope (Quantitative data are presented in B-D). Original magnification x 15000. Mitochondria were marked with light green. (B) Quantitative
data of mitochondrial number per pm?. (C) Quantitative data of mean mitochondrial size. (D) The proportion of mitochondria in a specific area categorized into three size
groups (<0.6 pm?, within 0.6-1.0 pm?, > 1.0 um?) was counted. (E-F) The mitochondrial fission/fusion-related proteins’ representative blots and quantitative data. (G)
Quantitative data of Mfn2 mRNA expression. (H) Quantitative data of Mfn2 pre-mRNA expression. (I-J) Representative blots and quantitative data of mitochondrial
respiratory chain complex I-1V (CI-IV). (K) Quantitative data of mitochondrial complex I to IV (CI to CIV) activity. n = 8 per group for Fig. A-D and J and n = 6 per group for
Fig. E-I. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

treated hearts (Fig. 3A-H). The abnormal changes in mitochondrial
morphology are often associated with mitochondrial dysfunction
[35]. The expression of Complex I was unchanged but its activity
was significantly reduced after Dox insult (Fig. 3I-K). Both the
expression and activity of Complex III were reduced in the Dox-
treated hearts (Fig. 3I-K). Pae reversed the reduction in the expres-
sion of Complex III and the activity of complexes I, IIl in the Dox-
treated hearts (Fig. 3I-K). These results demonstrated that Pae
restored Mfn2-mediated mitochondrial fusion and alleviated mito-
chondrial dysfunction in the Dox-treated hearts.

Knockdown or knockout of Mfn2 blunted the cardioprotective
properties of Pae under the Dox conditions

Whether the elevation of Mfn2 expression was essential for
Pae’s mitochondrial and cardiac protective effects was subse-
quently explored. Knockdown of Mfn2 with adenovirus encoding
Mfn2 shRNA diminished the ability of Pae to enhance mitochon-
drial fusion and cell viability in the Dox-treated cardiomyocytes
(Fig. 4A-E). Meanwhile, Pae’s inhibitory effects on mitochondrial
oxidative stress (Fig. 4B and F), apoptosis (Fig. 4G and H) and
LDH release (Fig. 41) were blunted in the Dox-treated cardiomy-
ocytes when Mfn2 was knocked down. Cardiac-specific Mfn2
knockout mice (Mfn27") were generated by crossing the mice
homozygous for the floxed Mfn2 alleles (Mfn2™") with Myh6-
Mer-Cre-Mer (tamoxifen-inducible heart-specific Cre) mice (Sup-
plementary Fig. S4A). Mfn2 protein expression was specifically
absent in cardiac tissues of Mfn2~/~ mice (Supplementary
Fig. S4B). Pae administration restored the decreased expression
of Mfn2, alleviated cardiac dysfunction, inhibited oxidative stress
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and reduced myocardial apoptosis in the Dox-treated Mfn2%/® mice
but not in Mfn2~/~ mice (Supplementary Fig. S5A-G). Moreover,
Pae administration enhanced the activity of complexes I, IIl in
the Dox-treated Mfn2"" mice but not in Mfn2~/~ mice (Supple-
mentary Fig. S5H). These findings suggested that Pae provided
mitochondrial and cardiac protection in the Dox-treated hearts
via an Mfn2-dependent way.

Pae increased Mfn2 expression via Stat3-mediated transcription

To further elucidate the signaling mechanism that mediates the
upregulation effect of Pae on Mfn2, several specific inhibitors were
used to block the potential signaling pathway. The most common
pathways related to cardioprotection include MEK/ERK, PI3K/Akt,
JAK, Stat3 and PKC signaling [36,37]. Thus, we choose to use the
inhibitors of these signaling pathways based on their cardioprotec-
tive characteristics. The following inhibitors were used to incubate
the cardiomyocytes in the Dox + Pae group: PD98059 (a MEK/ERK
inhibitor, 10 pM; MedChem Express) [38]; Wortmannin (a PI3K/
Akt inhibitor, 0.1 pM; MedChem Express) [38,39]; Ruxolitinib
(Ruxo, a JAK inhibitor, 1 uM; MedChem Express) [40,41]; Stattic
(a Stat3 inhibitor, 10 uM; MedChem Express) [42] and Bisindolyl-
maleimide XI hydrochloride (Bis XI, a PKC inhibitor targeting iso-
form o, B, v, €, 2 uM; MedChem Express) [43]. Pretreatment with
Bis XI or Stattic largely blunted Pae-induced elevation of Mfn2 in
Dox-treated cardiomyocytes, while Pae-induced elevation of
Mfn2 was unaffected by Wortmannin, PD98059, or Ruxo
(Fig. 5A). Pretreatment with bisindolylmaleimide I (Bis I, a PKC
inhibitor targeting isoform a, B, v, 10 uM [44], MedChem Express)
had no significant effect on Pae-induced elevation of Mfn2 (Supple-
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mentary Fig S6A). Mfn2 expression was unaffected by these inhibi-
tors in the Dox-treated cardiomyocytes without Pae (Supplemen-
tary Fig S6B). Since the distinguishing feature between Bis I and
Bis XI is that PKCe isoform could be inhibited by Bis XI but not
Bis I, these results indicated that Pae-induced elevation of Mfn2
may require the activation of PKCe. €V1-2 (a PKCe inhibitor pep-
tide) or Stattic (a Stat3 inhibitor) was further utilized to investigate
the relationship between PKCe and Stat3 involved in the effects of
Pae. It was shown that the upregulation of Pae on phosphorylated
Stat3 at Tyr705 (the active form of Stat3) was inhibited by €V1-2,
whereas Stattic did not affect the upregulating effects of Pae on
PKCg, indicating that PKCe was the upstream of Stat3 in the path-
way activated by Pae (Supplementary Fig. S6C-F).

Stat3 was knocked down using siRNA to see whether it was
essential for regulating Mfn2-mediated mitochondrial fusion. As
indicated in Fig. 5, Stat3 knockdown lowered Stat3 phosphoryla-
tion (Fig. 5B) and inhibited Mfn2-mediated mitochondrial fusion
(Fig. 5B-I) and cell viability (Fig. 5]) in the Dox-treated cardiomy-
ocytes. Subsequently, Stat3 siRNA augmented mitochondrial
oxidative stress (Fig. 5K) and increased cardiomyocyte apoptosis
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as well as LDH release under Dox conditions. Moreover, knock-
down of Stat3 not only blocked Pae’s promoting effects on Mfn2-
mediated mitochondrial fusion (Fig. 5B-I) and cell viability
(Fig. 5]), but also blunted Pae’s inhibition on mitochondrial oxida-
tive stress (Fig. 5K), apoptosis (Fig. 5L and M) and LDH release
(Fig. 5N) in the Dox-treated cardiomyocytes. Stat3 was found to
be directly bound to the promoter of Mfn2 using chromatin
immunoprecipitation (ChIP)-PCR. Treatment with Dox decreased
the binding of Stat3 to the Mfn2 promoter, which was rescued by
Pae treatment (Fig. 50). These data indicated that Stat3 was
directly involved in Pae’s promoting effects on Mfn2-mediated
mitochondrial fusion.

Pae activated Stat3-Mfn2 signaling pathway via upregulating PKCe

Since Pae is a liposoluble compound with a low molecular
weight that is easily transported to the brain [45], we supposed
that Pae may be able to pass across cell membranes and directly
interact with some adaptor molecules. The PKCe C2 domain is a
vital player in PKCe activation [46]. We try to use computation
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docking to investigate the interaction between Pae and PKCe C2
domain. Supplementary Fig. S7A illustrated the 2D and 3D struc-
tures of Pae. Computation docking found that the maximum bind-
ing affinity between Pae and the PKCe C2 domain was predicted to
be —4.1 kcal/mol, which suggested that Pae may bind to PKCe
(Supplementary Fig. S7B). The physical binding of Pae to PKC was
further detected using the SPR-based Biacore assay. The data of
response units, a parameter used to assess Pae’s binding to the
PKCe protein, showed a dose-dependent pattern. The equilibrium
dissociation constant (KD) was calculated to be around
38.25 mol/L, indicating a relatively high affinity between Pae and
PKCe (Supplementary Fig. S7C). Meanwhile, Dox dose-
dependently bound to PKCe protein with an equilibrium dissocia-
tion constant (KD) value of 44.79 pmol/L (Supplementary
Fig. S7D). The cellular experiment revealed that Dox-induced
reduction of PKC expression and activity was restored by Pae (Sup-
plementary Fig. S7E and S7F). Nevertheless, Dox or Pae did not sig-
nificantly change the pre-mRNA and mRNA levels of PKCe
(Supplementary Fig. S7G and S7H). Treatment with the proteasome
inhibitor MG132 (10 pM, 30 min prior to Dox) significantly
restored the protein expression of PKCe in the Dox-treated car-
diomyocytes (Supplementary Fig. S7I). Pae did not further increase
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the expression of PKCe under the Dox conditions following treat-
ment with MG132 (Supplementary Fig. S71). These results suggest
that PKCe expression may be regulated via the proteasome path-
way. Co-immunoprecipitation experiments indicated that Stat3
was precipitated with PKCe antibody (Supplementary Fig. S7J),
suggesting that PKCe may interact with Stat3 directly and induce
Stat3 activation through phosphorylation.

PKCe siRNA was further used to determine whether PKCe was
responsible for Pae-induced promotion of Stat3 phosphorylation
and Mfn2-mediated mitochondrial fusion. It was shown that
knockdown of PKCe reduced the phosphorylation of Stat3 (Fig. 6-
A-D) and inhibited Mfn2-mediated mitochondrial fusion (Fig. 6E-
H) as well as cell viability (Fig. 61) in the Dox-treated cardiomy-
ocytes. Subsequently, PKCe siRNA augmented mitochondrial
oxidative stress (Fig. 6]J) and increased cardiomyocyte apoptosis
as well as LDH release (Fig. 6K-M) under the Dox conditions.
Importantly, knockdown of PKCe not only diminished Pae-
induced activation in Stat3-Mfn2 signaling pathway and promo-
tion of mitochondrial fusion (Fig. 6A-H) and cell viability (Fig. 61),
but also blunted Pae-induced inhibition in mitochondrial oxidative
stress (Fig. 6]) and cardiomyocyte apoptosis (Fig. 6K and L) as well
as LDH release (Fig. 6M) in the Dox-treated cardiomyocytes. The
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enhancing effects of Pae on PKCe expression and Stat3 phosphory-
lation were verified in vivo in the Dox-treated hearts (Supplemen-
tary Fig. S8A-D). These findings indicated that PKCe might act as a
phytochemical ligand of Pae to activate Stat3-Mfn2 signaling path-
way and promote mitochondrial fusion.

Pae did not interfered with the antitumor activity of Dox

Finally, to assess the prospective use of Pae as a cardioprotec-
tive medicine in the setting of Dox treatment, we explored whether
the antitumor effect of Dox was affected by Pae. CCK8 assay was
used to determine the survival curve of B16 cells exposed to vari-
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ous concentrations of Dox (0.3, 1, 3 pmol/L) for 24 h with or with-
out Pae (50 pmol/L). As shown in Supplementary Fig. S9A, Dox or
Pae alone could inhibit cell viability in the Dox-sensitive B16
tumor cells. The effect of Dox was dose-dependent. Pae enhanced
the inhibitory effects of low-concentration Dox (0.3 and 1 puM)
on cell viability, although it did not affect the action of high-
concentration Dox (3 pM). Tumor-bearing mice were constructed
to further validate the combined effects of Dox and Pae in vivo
(Supplementary Fig. S9B). Dox also exerted a dose-dependent anti-
tumor effect on B16 melanoma in tumor-bearing mice. Pae not
only attenuated tumor growth alone but also further delayed
tumor growth in the presence of low-dose Dox (5 mg/kg), resulting
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in considerably smaller tumors in Dox (5 mg/kg) + Pae group than
in Dox (5 mg/kg) group (Supplementary Fig. S9B-C). Dox-induced
myocardial injury (serum cTnT levels) was reduced at the low dose
(5 mg/kg) compared with the high dose (15 mg/kg). Pae further
reduced myocardial injury induced by low-dose Dox (Supplemen-
tary Fig. S9D). These data indicated that Pae may help to reduce the
dose of Dox and alleviate myocardial injury in Dox-based
chemotherapy against B16 melanoma. Moreover, the effects of
Pae on Dox’s anticancer action was explored in some other models
of Dox-sensitive tumors including SNU-368 (human Hepatocarci-
noma Cells), Hepa 1-6 (Mouse Hepatocarcinoma Cells) and 4 T1
(Mouse Breast Carcinoma Cells). As shown in Supplementary
Fig. S10, Pae did not enhance the inhibitory effects of Dox in these
tumor cells. These results demonstrated that Pae did not interfere
with the anti-tumor efficacy of Dox in some other tumors.

Discussion

Pae has been proven to offer therapeutic promise for a range of
diseases, including osteoarthritis, rheumatoid arthritis, cardiovas-
cular diseases and cancer [47]. Its wide therapeutic benefits are
due to a variety of biological activities such as anti-cytokine,
anti-inflammatory, and anti-oxidative actions [47]. In the cardio-
vascular system, recent reports show that Pae attenuates trans-
verse aortic constriction-induced cardiac dysfunction through
ERK1/2 signaling [48] and reduces cytotoxic drug-induced myocar-
dial injury via PI3K/Akt signaling [49]. Dox accumulates predomi-
nantly in nuclei and mitochondria, with the latter accounting for
Dox’s cardio-selective toxicity [11,50]. Few research has explored
Pae’s beneficial effects on mitochondria, especially under the Dox
conditions. Our study was the first to present that Pae improves
mitochondrial function and cardiac performance via promoting
Mfn2-mediated mitochondrial fusion in the Dox-treated hearts.
Moreover, the promoting effect of Pae is mediated through Stat3
but not ERK1/2 or PI3K/Akt signaling that has been reported previ-
ously. Mechanistically, Pae binds to and upregulates PKCe, which
then interacts with Stat3 and facilitates the phosphorylation and
activation of the Stat3 that binds to the Mfn2 promoter to enhance
mitochondrial fusion (Supplementary Fig. S11). To summarize, our
study identifies Pae as a prospective therapeutic drug against Dox-
induced cardiac injury while maintaining Dox’s anticancer activity.

Mitochondrial dysfunction is characterized by increased ROS
production that is the primary mechanism through which Dox
causes myocardial damage [51,52]. Previous research has linked
mitochondrial fusion with lower mitochondrial ROS generation
and apoptosis [53]. Therefore, promoting mitochondrial fusion
might be a useful therapeutic strategy for preventing Dox-
induced cardiac injury. In this study, a medium dose of Pae
(150 mg/kg/d) was found to be the most effective for protective
effects in the rats. Pae concentrations in plasma were shown to
be about 1 pg/ml (6 pmol/L) after the rats were given 20 mg/kg
Pae orally [54]. Therefore, after oral administration of Pae at
150 mg/kg, the blood concentration approximately reached
45 pmol/L. Interestingly, this concentration is consistent with the
most effective concentration (50 pmol/L) in our cellular study, sug-
gesting that a moderate dose or concentration of Pae may produce
the best therapeutic effects against Dox-induced cardiotoxicity.

Mitochondrial fusion is regulated by Mfn1/Mfn2 localized in the
mitochondrial outer membrane, and Opal localized in the mito-
chondrial inner membrane [55]. Previous studies have reported
that the level of fusion-related proteins Mfn1, Mfn2 and Opal pro-
teins were lower after seven weeks of continuous Dox injections in
rats [56]. In this research, we noticed that only Mfn2 expression
was reduced in Dox-treated hearts after three weeks of continuous
Dox injections, while other mitochondrial fusion proteins, such as
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Mfn1 and Opal, exhibited no significant change in expression. It
seems that the downregulation of Mfn2 is an early change upon
Dox insult. How Dox suppressed Mfn2-mediated mitochondrial
fusion in the hearts have not been well understood. One novelty
of our research is that we have found that the downregulated
PKCe-Stat3 signaling pathway is responsible for the lower tran-
scriptional expression of Mfn2 as well as the inhibition of mito-
chondrial fusion in Dox-treated hearts.

Stat3 is a transcription factor that is activated when it is phos-
phorylated at Tyr705, leading to its translocation from the cyto-
plasm to the nucleus to induce specific gene expression [57].
Zhao et al. have demonstrated that the expression of p-Stat3
Tyr705 was significantly reduced after Dox treatment in mice
and in Dox-induced H9c2 cardiomyocytes in vitro [58]. This down-
regulation of phosphorylated Stat3 level was also observed in Dox-
induced neonatal rat cardiomyocytes [59,60] These findings indi-
cated that decreased cardiac Stat3 phosphorylation and activation
are common features in Dox-induced myocardial injury models.
Consistent with the previous reports, we also found that Stat3
phosphorylation at Tyr705 was reduced in both Dox-treated hearts
and cardiomyocytes. Furthermore, our study found that Dox
repressed the binding of Stat3 to Mfn2 promoter and the binding
was largely recovered after Pae therapy. This qualitative study
sheds light on the detailed downstream mechanisms by which
Pae enhances Mfn2-mediated mitochondrial fusion.

Despite the fact that Dox has been shown to have cardiotoxic
effects [24,25,61], the direct molecular target of Dox remains
unclear. We are the first to show that Dox has the ability to bind
to and downregulate PKCeg, while the binding of Pae to PKCe
restores the PKCe-Stat3-Mfn2 signaling pathway. PKCe is a protein
kinase that has anti-inflammatory properties [62] and cardiac pro-
tection [63,64]. Xiong et al. have found that norepinephrine-
induced ROS production significantly reduces PKCe transcription
activity and protein expression in vitro and in vivo [65]. In our
study, proteasome pathway plays a key role in the decrease of
PKCe expression caused by Dox. The binding of Pae to PKCe may
help PKCe resist proteasomal degration and restore its expression
and activity.

In addition, Pae has been demonstrated to act as an anti-tumor
agent. Ou’s study has found that Pae has the inhibitory effects on
tumor cell growth in mice bearing breast carcinoma [66]. Although
previous studies have reported the antitumor action of Pae alone in
several tumor models such as gastric cancer [67] and liver cancer
[68], the effects of Pae on Dox’s antitumor activity remain largely
unclear. We have revealed that Pae increases the antitumor activ-
ity of low-dose Dox in the B16 melanoma and does not interfere
with Dox’s antitumor efficacy in some other tumor cells, suggest-
ing Pae could be used in combination with Dox during the process
of chemotherapy. Moreover, Pae further reduced myocardial injury
even under the condition of low-dose Dox, which make the myo-
cardium nearly free of injury. This work indicates that Pae is an
ideal therapeutic agent during Dox-based chemotherapy
treatment.

Notably, our study still has several limitations. First, the PKCe-
Stat3-Mfn2 signaling pathway may not be the only pathway by
which Pae exerts the protective effect on mitochondrial. It is also
possible that Pae acts in other signaling pathways, which needs
further investigation. Second, we explored the role of PKCe-Stat3
signaling in the protective effects of Pae primarily at the cellular
level using PKCe or Stat3 inhibitor/siRNA, and the use of cardiac-
specific PKCe or Stat3 knockout animals will be very useful in fur-
ther elucidating the role of PKCe-Stat3 in Mfn2-mediated mito-
chondrial fusion. Third, the impacts of Pae on Dox’s antitumor
efficacy were mainly investigated in several tumor cells. Given
the variability and complexity of tumors, assessing the impact of
Pae in all Dox-sensitive tumor models is difficult. Since Pae is
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widely regarded as a possible tumor suppressor drug [47], we
assume that Pae at least does not interfere with Dox’s anticancer
efficacy. Despite these limitations, we consider that our findings
have revealed potential therapeutic strategies for Dox-induced
cardiotoxicity.

Conclusion

In conclusion, our findings demonstrate that Pae defends
against Dox-induced myocardial injury via activating the PKCe-
Stat3-Mfn2 pathway without interfering with Dox’s anticancer
properties. It is proved that Pae binds to and upregulates PKCe to
increase Stat3 phosphorylation, which subsequently binds to the
Mfn2 promoter to enhance Mfn2-mediated mitochondrial fusion.
These findings may favor Pae as a promising new therapeutic med-
ication candidate for preventing Dox-induced cardiotoxicity in the
clinic.
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