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Zonisamide alleviates cardiac hypertrophy in rats by increasing
Hrdl expression and inhibiting endoplasmic reticulum stress

Qian Wu', Jia-hui Tian", Yong-xiang He', Yong-yin Huang', Yu-qing Huang', Gui-ping Zhang', Jian-dong Luo', Qin Xue',

Xi-yong Yu' and Ying-hua Liu’

Antiepileptic drug zonisamide has been shown to be curative for Parkinson’s disease (PD) through increasing HMG-CoA reductase
degradation protein 1 (Hrd1) level and mitigating endoplasmic reticulum (ER) stress. Hrd1 is an ER-transmembrane E3 ubiquitin
ligase, which is involved in cardiac dysfunction and cardiac hypertrophy in a mouse model of pressure overload. In this study, we
investigated whether zonisamide alleviated cardiac hypertrophy in rats by increasing Hrd1 expression and inhibiting ER stress. The
beneficial effects of zonisamide were assessed in two experimental models of cardiac hypertrophy: in rats subjected to abdominal
aorta constriction (AAC) and treated with zonisamide (14, 28, 56 mg-kg '-d ™', i.g) for 6 weeks as well as in neonatal rat
cardiomyocytes (NRCMs) co-treated with Ang Il (10 pM) and zonisamide (0.3 pM). Echocardiography analysis revealed that
zonsiamide treatment significantly improved cardiac function in AAC rats. We found that zonsiamide treatment significantly
attenuated cardiac hypertrophy and fibrosis, and suppressed apoptosis and ER stress in the hearts of AAC rats and in Ang Il-treated
NRCMs. Importantly, zonisamide markedly increased the expression of Hrd1 in the hearts of AAC rats and in Ang lI-treated NRCMs.
Furthermore, we demonstrated that zonisamide accelerated ER-associated protein degradation (ERAD) in Ang ll-treated NRCMs;
knockdown of Hrd1 abrogated the inhibitory effects of zonisamide on ER stress and cardiac hypertrophy. Taken together,

our results demonstrate that zonisamide is effective in preserving heart structure and function in the experimental models of
pathological cardiac hypertrophy. Zonisamide increases Hrd1 expression, thus preventing cardiac hypertrophy and improving the
cardiac function of AAC rats.
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INTRODUCTION

In mammals, physiological hypertrophy occurs in the heart under
demanding conditions during normal daily living, such as
repetitive exercise, while pathological hypertrophy is generally
accepted to contribute to adverse ventricular events [1].
Pathological cardiac hypertrophy is typically characterized by
systolic/diastolic dysfunction and interstitial fibrosis, resulting in
irreversible cardiac remodeling and heart failure due to sustained
stimulation of the heart associated with disease conditions, such
as hypertension, valvular diseases, myocardial infarction, or
excessive neurohormonal activation [2, 3]. Proteostasis is a cellular
network that ensures proteome integrity [4]. The endoplasmic
reticulum (ER) is an important multifunctional intracellular
organelle that plays an important role in the synthesis, modifica-
tion, folding, and translocation of proteins through reactions
catalyzed by ER-resident factors at steady state in eukaryotic cells.
These proteins include calcium-handling proteins, transmembrane
receptors, growth factors, and hormones. When misfolded or
unfolded proteins accumulate in the ER, an intracellular signaling
network termed the unfolded protein response (UPR) is

stimulated. The UPR involves several signaling pathways that
ameliorate the accumulation of unfolded proteins by inhibiting
protein translation, accumulating ER-resident chaperones and
promoting the degradation of unfolded or misfolded proteins by
ER-associated protein degradation (ERAD). During ERAD, unfolded
or misfolded ER-transmembrane and luminal proteins are
transported to the cytosol and then ubiquitylated by ER-
transmembrane E3 ubiquitin ligases for degradation by the 26S
proteasome [5-7]. Challenges related to ER protein-folding
capacity, which impair cardiac development and function, have
been documented in many diseases. If the adaptive response fails,
cardiomyocytes undergo apoptosis [8-12].

One of the genes induced by activating transcription factor 6
(ATF6) in the heart is the ER-transmembrane E3 ubiquitin ligase
Hrd1 [13]. Hrd1 was discovered in yeast and named for its ability
to ubiquitylate the ER-transmembrane protein hydroxymethyl
glutaryl-coenzyme A reductase [14]. Hrd1 overexpression
improved cardiac function and attenuated cardiac hypertrophy
in a mouse model of pressure overload by accelerating
the degradation of aberrant proteins in the ER [13]. Zonisamide
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Table 1. Primary antibodies used in this study.
Antibody Specificity Type Dilution Source Cat. no.
ATF4 ATF4 pAb 1:1000 for WB Proteintech 10835-1-AP
ATF6 ATF6 pAb 1:1000 for WB Abcam ab203119
a-tubulin o-tubulin mAb 1:3000 for WB Abcam ab52866
Bax Bax pAb 1:1000 for WB Affinity AF0120
Bcl-2 Bcl-2 pAb 1:1000 for WB Affinity AF6139
CHOP CHOP pAb 1:1000 for WB Affinity AF0629
Caspase12 Caspasel12 pAb 1:1000 for WB Affinity AF5199
GRP78 GRP78 pAb 1:1000 for WB Affinity AF5366
GRP94 GRP94 mAb 1:3000 for WB Abcam ab2791
GAPDH GAPDH pAb 1:1000 for WB ZSGB-BIO TA08
Hrd1 Hrd1 mAb 1:3000 for WB 1:150 for IF Abcam ab170901
KDEL KDEL mAb 1:250 for IF Abcam ab176333
Phospho-PERK (Thr982) Phospho-PERK (Thr982) pAb 1:1000 for WB Affinity DF7576
PERK Total-PERK pAb 1:1000 for WB Affinity AF5304
TCR-a TCR-a pAb 1:1000 for WB BioVison 5648-30T
XBP1 XBP1 pAb 1:1000 for WB Proteintech 25997-1-AP
WB Western blotting, IF immunofluorescence, mAb monoclonal antibody, pAb polyclonal antibody.

(1,2-benzisoxazole-3-methanesulfonamide), an antiepileptic agent,
has beneficial effects on Parkinson’s disease at a dose that is 1/10
lower than that used to treat epilepsy in Japan [15]. Zonisamide
prevented ER stress-induced cell death and activation of Caspase3
(an apoptosis-related cysteine peptidase) by increasing the Hrd1
level in SH-SY5Y cells [16], and our previous study also found that
zonisamide attenuates diabetic cardiomyopathy in a mouse
model of type 2 diabetes mellitus [17]. However, the effect of
zonisamide on cardiac hypertrophy in rats remains unclear.

Therefore, we hypothesized that zonisamide attenuates cardiac
hypertrophy by inhibiting ER stress and increasing Hrd1 expres-
sion in the hearts of rats subjected to pressure overload.

MATERIALS AND METHODS

Reagents and antibodies

Zonisamide was purchased from Target Molecule Corp. (Boston,
MA, USA). Angiotensin Il was purchased from Sigma Chemical
Co. (St. Louis, MO, USA). The primary antibodies used in this study
are listed in Table 1. Horseradish peroxidase (HRP)-conjugated
goat anti-rat IgG secondary antibodies, horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG secondary antibodies, Alexa
488-conjugated goat anti-rabbit IgG and Alexa 647-conjugated
goat anti-mouse IgG were purchased from Abcam (Cambridge,
MA, USA). The enhanced chemiluminescence (ECL) kit was
obtained from Pierce (Rockford, IL, USA).

Animals
Neonatal (1-3 days old) and adult male Sprague-Dawley rats (SD
rats) (100-120g) were purchased from the Medical Laboratory
Animal Center of Guangzhou University of Chinese Medicine
(Guangzhou, China). The animal use protocol was approved by the
Committee on the Ethics of Animal Experiments of Guangzhou
Medical University under approval reference number SYXK 2016-
0168.

Rats were housed under controlled temperature (25 + 2 °C) with
a 12/12 h light/dark cycle and had free access to food and water.
The rats were randomly divided into five groups (n = 7 per group):
sham-operated group (sham), abdominal aortic constriction (AAC)
group, AAC+zonisamide group (14mg-kg™'-d™', A+Z 14), AAC
+zonisamide group (28mg-kg~'-d”', A+Z 28), and AAC
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+zonisamide group (56 mg-kg~'-d~', A+Z 56). Zonisamide
was dissolved in 1% dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
MO, USA). Rats in the sham and AAC groups were administered
1% DMSO intragastrically 2 days after AAC surgery, and the other
three groups were treated with different doses of zonisamide.

Induction of AAC

Rats (100-120 g) were anesthetized by intraperitoneal injection of
sodium pentobarbital (50 mg-kg™"). The rats were subjected to
AAC as described previously [18, 19]. In the sham group, the same
surgery was performed without constriction of the aorta. All
animals were housed in facilities with a constant temperature and
had free access to water as well as standard rodent chow.

Neonatal rat cardiomyocytes (NRCMs)

NRCMs and cardiac fibroblasts were isolated as previously
described [20]. NRCMs and cardiac fibroblasts were randomized
into five groups: (i) control (Con), (ii) angiotensin Il 10 uM (Ang ),
(iii) angiotensin Il 10 uM + zonisamide 0.1 uM (Ang II4-Z 0.1), (iv)
angiotensin Il 10 uM + zonisamide 0.3 uM (Ang Il+Z 0.3), and (v)
angiotensin Il 10 uM + zonisamide 1 uM (Ang lI+Z 1). After 24 h of
treatment, cells were harvested for analysis. Ang Il and zonisamide
were dissolved in ddH,O and 0.1% DMSO, respectively.

Echocardiography

Transthoracic echocardiography was performed noninvasively
with Visual Sonics (Vevo 2100; Visual Sonics Inc, ON, Canada)
equipped with a 25MHz transducer as previously described
[21, 22]. To minimize the influence of differences in heart rate (HR)
among the rats on left ventricular (LV) function, HR was
maintained at 350-400 beats per minute by adequately adjusting
the flow of inhalational isoflurane (kept under 2% at an inflow rate
of 0.5-1.5mL-min™") to anaesthetize the rats. LV function was
evaluated noninvasively via parasternal long-axis and short-axis
views at the platform of the papillary muscles with M-mode
scanning reflecting LV systolic and diastolic function, LV internal
diameters (LVID) at end-diastole and end-systole (LVID,D and LVID,
S, respectively), and wall thicknesses. LV ejection fraction (EF) and
fractional shorting (FS), early and late transmitral peak diastolic
flow velocity (E; A waves), and the ratio of E wave velocity to A
wave velocity were measured.
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Table 2. DNA sequences of the primers used for RT-PCR.
cDNA Primer sequences
GAPDH F: 5-GCTGATGCCCCCATGTTTG-3’
R: 5'-ACCAGTGGATGCAGGGATG-3’
ANF F: 5-CTTCGGGGGTAGGATTGAC-3/
R: 5'-CTTGGGATCTTTTGCGATCT-3’
B-MHC F: 5-CATCCCCAATGAGACGAAG-3’
R: 5’-AGGCTCTTTCTGCTGGACA-3’
a-MHC F: 5-CGAGTCCCAGGTCAACAAG-3’
R: 5’-AGGCTCTTTCTGCTGGACC-3/
Collagen 1A1 F: 5-CACTCAGCCCTCTGTGCCT-3’
R: 5’-ACCTTCGCTTCCATACTCG-3’
RT-PCR reverse transcription polymerase chain reaction, GAPDH glycer-
aldehydes 3-phosphate dehydrogenase, F forward sequence, R reverse
sequence, ANF atrial natriuretic factor, MHC myosin heavy chain.

Real-time RT-PCR

Total RNA was extracted using TRIzol reagent (Life Technologies,
Grand Island, NY, USA) according to the product specifications.
cDNA was synthesized from 1 ug of RNA with a Prime Script RT
reagent kit with gDNA Eraser (Takara Bio Inc., Kusatsu, Shiga,
Japan). Real-time PCR amplification reactions were performed in
triplicate using a SYBR Premix Ex Taqg kit with ROX (Takara Bio
Inc., Kusatsu, Shiga, Japan) and the ABI Step One Plus Real-Time
PCR system. Gene expression was obtained via the 2724
calculation and quantified by normalization to the GAPDH
mMRNA level. The data are presented as the fold change in the
expression of the gene of interest relative to that of the control
groups. The primer sequences (Life Technologies) are shown in
Table 2.

Histological examination and immunohistochemical staining
Hearts were quickly removed and perfused with 10% KCI to arrest
the hearts in diastole. After being photographed, the hearts (left
ventricle) (n = 3) were cut into three transverse blocks parallel to
the atrioventricular groove. Transverse sections were fixed with
10% formalin, embedded in paraffin, cut into 5-um sections, and
then stained with hematoxylin and eosin (H&E) or Masson’s
trichrome for histological examination. For immunohistochemical
staining, paraffin-embedded sections were incubated with a
primary antibody against Hrd1 (1:200 dilution) and then with a
biotinylated secondary antibody. The sections were then visua-
lized with diamino benzidine. The sections were examined by light
microscopy (Leica, Germany). The percentages of fibrosis and
positive expression of Hrd1 were calculated using ImagelJ software
(NIH, Bethesda, USA).

Cell surface area measurement

The cell surface area was measured using phalloidin-
tetramethylrhodamine isothiocyanate to stain F-actin as
described previously [23]. Briefly, after Ang Il and zonisamide
exposure for 24 h, NRCMs were fixed with 4% paraformaldehyde
for 10 min at room temperature. Then, the cells were incubated
with 1% Triton X-100 in PBS for 20 min. After being blocked with
10% normal goat serum for 1 h, the slides were incubated with
50 pug/mL phalloidin-TRITC (Sigma-Aldrich, MO, USA) to stain F-
actin for 40 min at room temperature. Cell nuclei were counter-
stained with DAPI (Sigma-Aldrich, MO, USA). After the cells were
washed with PBS three times, images were captured by laser
scanning confocal microscopy (A1 si, Nikon, Japan), and the cell
surface area was analyzed with Image) software (NIH,
Bethesda, USA).
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Immunofluorescence

For immunofluorescence, NRCMs were fixed in 4% paraformalde-
hyde at room temperature and permeabilized with 0.1% Triton X-
100. The cells were blocked with 1% BSA for 1 h at 37 °C. Hrd1 and
KDEL (KDEL (Lys-Asp-Glu-Leu) ER protein retention receptor) were
applied at 4°C overnight, and Alexa 488-conjugated goat anti-
rabbit IgG (1:200 dilution) and Alexa 647-conjugated goat anti-
mouse IgG (1:150 dilution) were added to the cells and incubated
for 1 h at 37 °C. The cells were then stained with DAPI for 1 h and
washed with PBS. Images were obtained via laser scanning
confocal microscopy (A1 si, Nikon, Japan) and analyzed by Image)J
software (NIH, Bethesda, USA).

TUNEL staining

A terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay was performed using commercial apopto-
sis detection kits (No. 11684817910; Roche, IN, USA). Briefly,
NRCMs were fixed with 4% paraformaldehyde for 1 h, permeabi-
lized with 0.1% Triton X-100 and stained. The samples were
treated with 20 ug/mL proteinase K for 15 min and incubated with
3% H,0, for 15min after washing with PBS. After adding
equilibration buffer, the samples were stained with TUNEL
reaction mixture for 1 h in a humidified chamber in the dark at
37 °C. DAPI staining was used to label nuclei. Apoptotic cells were
analyzed using a laser scanning confocal microscope (A1si, Nikon,
Japan). TUNEL-positive cells were quantitatively assessed using
ImageJ software (NIH, Bethesda, USA).

Western blotting

Frozen heart tissues (n=7 per group) and NRCM lysates were
prepared by homogenization in lysis buffer as described
previously [23]. Proteins were separated on SDS-polyacrylamide
gels (8%-12%) and transferred to polyvinylidene difluoride
membranes. The membranes were then blocked with 5% non-
fat milk for 1 h and incubated with primary antibodies overnight
(Table 1). After washing, the membranes were incubated with
appropriate secondary antibodies for 1h at room temperature.
The protein-antibody complex was detected by ECL.

Statistical analysis

All data were analyzed using GraphPad Prism 7.0 statistical
software (GraphPad Software, Inc, La Jolla, CA). All data are
expressed as the mean + SEM. One-way ANOVA was performed to
determine the significance of differences between groups. P < 0.05
was considered statistically significant.

RESULTS

Zonisamide alleviated cardiac hypertrophy and improved cardiac
function in rats subjected to AAC

To investigate the effects of zonisamide on cardiac hypertrophy,
we established a cardiac hypertrophy model by performing AAC in
rats. Fig. 1a shows that vehicle or zonisamide was administered to
the rats by intragastric administration for 6 weeks after sham
surgery or AAC. Fig. 1b, c show representative images of the M-
mode ECHO recordings of the LV and the mitral flow Doppler
profile with E wave and A wave. The ventricular wall thickness
(LVAW,S; LVAW,D; LVPW,S; LVPW,D) was increased, and the LVID
were decreased after AAC, and these changes were significantly
reversed by different doses of zonisamide (Fig. 1d-f). LV ejection
fraction (EF) and fractional shortening (FS) were increased in the
AAC group compared with the sham group, and zonisamide
decreased EF and FS (Fig. 1g). In addition, the E/A ratio was
decreased in the AAC group, and this change was reversed by
zonisamide (Fig. Th). There was no significant difference in HR in
all groups (Fig. 1i). These results suggest that zonisamide
treatment ameliorated cardiac hypertrophy and improved cardiac
function in rats subjected to AAC.

SPRINGER NATURE
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Fig. 1 Zonisamide alleviated cardiac hypertrophy and improved cardiac function in rats subjected to AAC. a Experimental protocol for

AAC and termination of the experiment. b, ¢ Representative M- mode images (left panel) and the transmltral filling pattern (right panel) in the
sham (vehicle), AAC (vehicle), A+Z 14 (AACH+Z 14mg-kg™'-d "), A+Z 28 (AACH+Z 28 mg-kg~ ' -d™ ") and A+Z 56 (AAC+Z 56 mg-kg~'-d™")
groups. d-i Quantitative analysis of LVAW,S; LVAW,D; LVPW,S; LVPW,D; LVID,S; LVID,D; EF%; FS%; MV E/A; and HR in five groups in the 6th week
after treatment with zonisamide or vehicle (n = 7). Data were analyzed by one-way ANOVA as the mean + SEM. **P < 0.01 vs. sham; #P < 0. 05
#P <0.01 vs. AAC. AAC(A) abdominal aorta constriction, Z Zonisamide, A+Z 14 AAC+Z 14mg - kg~'-d7', A+Z 28 AAC+Z 28 mg- kg’1 d-

A+Z 56 AACH+Z 56 mg-kg~'-d~", LVAW,S the left ventricular end-systolic anterior wall thickness, LVAWD the left ventricular end- dlastollc
anterior wall thickness, LVPW,S the left ventricular end-systolic posterior wall thickness, LVPW,D the left ventricular end-diastolic posterior wall
thickness, LVID,S the left ventricular end-systolic internal dimension, LVID,D the left ventricular end-diastolic internal dimension, EF ejection

fraction, FS fractional shortening, MV E/A the ratio of E-wave velocity to A-wave velocity, HR heart rate.

Zonisamide reduced myocardial fibrosis in rats subjected to AAC
Myocardial fibrosis often accompanies pathological cardiac
hypertrophy, leading to loss of function of the myocardium due
to abnormal diastolic stiffness [24]. Heart size was increased in the
AAC group, and this change was reversed by different doses of
zonisamide (Fig. 2a). The increased heart weight-to-body weight
ratio (HW/BW) in the AAC group was attenuated by zonisamide
(Fig. 2b). In addition, H&E staining of cross sections revealed a
decreased cardiomyocyte surface area in the zonisamide group
compared with the AAC group (Fig. 2c, d). Masson trichrome
staining showed that zonisamide reduced the accompanying
interstitial fibrosis in the hearts from the AAC group (Fig. 2e, f).
These data indicate that zonisamide administration dramatically
attenuated the increase in cardiomyocyte surface area and cardiac
remodeling in rats with pressure overload.

Zonisamide alleviated cardiac hypertrophy and fibrosis in vitro

Cardiomyocyte hypertrophy and fibrosis were established in vitro
by exposing NRCMs and cardiac fibroblasts to Ang Il (10 uM) for
24 h, respectively. Compared to the Ang Il treatment, zonisamide
(0.1, 0.3, 1uM for 24h) decreased the expression of atrial
natriuretic factor (ANF) and cardiomyosin heavy chain 3 (3-MHC)
but increased the expression of cardiac myosin heavy chain a (a-
MHC) in NRCMs. Zonisamide also decreased cardiac expression of
the fibrosis-related gene Collagen 1A1 (Col1A1) in cardiac
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fibroblasts (Fig. 3a). The cardiomyocyte surface area was
significantly increased in the Ang Il group, and this change was
reversed by zonisamide treatment (0.3 uM) (Fig. 3b, c). According
to the above results, 0.3 UM zonisamide was chosen for further
studies.

Zonisamide attenuated apoptosis in rats subjected to AAC and
hypertrophic primary cardiomyocytes

Once apoptosis is initiated, the transcription factors C/EBP
homologous protein (CHOP) and B-cell CLL/lymphoma 2 (Bcl-2)
family proteins are recruited, eliciting organellar cross-talk with
the mitochondria [25]. We investigated the effects of zonisamide
on apoptotic cell death in the heart. TUNEL analysis showed
that apoptosis of NRCMs was initiated in Ang Il group, which
was reversed by zonisamide treatment (Fig. 4a, b). Among the
three concentrations of zonisamide used in the in vivo assay,
14mg-kg '-d~" was the most effective and was chosen for
further studies. CHOP, a key mediator of ER stress, was
upregulated in the AAC group and reversed by zonisamide
treatment. Bcl-2-associated X protein (Bax) and Caspase12 (an
inducer of apoptosis and a marker of maladaptive ER stress) were
significantly activated, but Bcl-2 was decreased in the AAC group,
and this change was reversed by zonisamide treatment (Fig. 4c, d).
These findings obtained in NRCMs were in agreement with those
obtained in rats (Fig. 4e, f).

Acta Pharmacologica Sinica (2021) 42:1587 - 1597
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Fig.2 Zonisamide reduced myocardial fibrosis and the heart weight-to-body weight ratio (HW/BW) in AAC rats. Rats in the sham (vehicle),
AAC (vehicle), A+Z 14, A+Z 28, and A+Z 56 groups were treated with vehicle or zonisamide for 6 weeks. a Original heart images from
different groups. b Quantitative analysis of the HW/BW (n = 7). ¢ Representative H&E staining from hearts in different groups (n = 3) (scale bar
=50 pm). d Quantitative analysis of cardiomyocyte cell surface area (n =3). e Representative Masson trichrome staining from hearts in
different groups (n = 3) (scale bar =50 um). f Statistical results for fibrotic area in different groups (n = 3). Data were analyzed by one-way
ANOVA as the mean + SEM. **P < 0.01 vs. sham; *P < 0.05, **P < 0.01 vs. AAC.

Zonisamide alleviated ER stress in rats subjected to AAC and
hypertrophic primary cardiomyocytes

The protein levels of phosphorylation of eukaryotic translation
initiation factor 2-alpha kinase 3 (p-PERK), activating transcription
factor 4 (ATF4), ATF6, X-box binding protein 1 (XBP1), heat shock
70 kDa protein 5 (GRP78) and heat shock protein 90 kDa beta
(GRP94) were dramatically increased in the AAC group, and these
changes were abrogated by zonisamide treatment (Fig. 5a, b). In
addition, consistent with the findings in rats, the protein levels of
p-PERK, ATF4, ATF6, and XBP1, along with the levels of GRP78 and
GRP94, were increased in the NRCMs in Ang Il group and were
reduced by zonisamide treatment (Fig. 5¢, d). These data suggest
that zonisamide alleviated ER stress in hearts subjected to AAC
and hypertrophic primary cardiomyocytes.

Zonisamide upregulated Hrd1 expression and accelerated ERAD in
the hearts

Immunohistochemical analysis (Fig. 6a, b) and Western blotting
(Fig. 6¢c—f) showed that zonisamide increased Hrd1 expression
compared to that in the hearts from the AAC group and the

Acta Pharmacologica Sinica (2021) 42:1587 - 1597

NRCM:s in the Ang Il group. To further examine whether there was
increased accumulation of Hrd1 in the ER of NRCMs, we examined
the colocalization of Hrd1 (green) with KDEL (red, an ER stress
marker). Double-labeling immunofluorescence analyses for Hrd1
and KDEL were performed in NRCMs. Zonisamide treatment
increased Hrd1 but inhibited KDEL expression (Fig. 6g, h). T-cell
antigen receptor alpha-chain (TCR-a), an ER transmembrane
protein, misfolds and is degraded by the ERAD process [26].
ERAD was assessed by examining the rate of TCR-a degradation
after inhibiting protein synthesis via cycloheximide (CHX) treat-
ment. Since the role of Hrd1 in ERAD is well known and a previous
study showed that knockdown of Hrd1 dramatically decreased
ERAD in ER stress-stimulated NRCMs [13], we then examined the
effects of zonisamide on ERAD in NRCMs by using TCR-a as a
model misfolded ER protein. The TCR-a level was decreased from
1 to 0h, and the rate of ERAD (ratio of TCR-a at 0 to 1h) was
increased after CHX treatment for 1h in the Ang Il group
compared with the Con group, while zonisamide accelerated
ERAD (Fig. 6i-k). These findings demonstrate that zonisamide
increased Hrd1 and the rate of degradation of misfolded proteins.

SPRINGER NATURE
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Fig. 4 Zonisamide reduced apoptosis in the rats hearts and NRCMs. Rats in the sham (vehicle), AAC (vehicle), and A+Z 14 groups were
treated with vehicle or zonisamide for 6 weeks. NRCMs were incubated with zonisamide and Ang Il for 24 h, cell apoptosis was measured by
TUNEL staining (green, TUNEL staining; blue, DAPI staining), and the protein levels of CHOP, Bax, Bcl-2, and Caspase12 were measured by
Western blotting. a, b NRCMs were analyzed for apoptosis by TUNEL analysis and then quantified to determine the percentage of TUNEL-
positive nuclei (n = 4) (scale = 50 um). ¢, d Western blotting results and quantitative analysis of CHOP, Bax, Bcl-2, and Caspase12 expression in
rats hearts (n = 7). e, f Western blot results and quantitative analysis of CHOP, Bax, Bcl-2, and Caspase12 expression in NRCMs (n = 7). Data
were analyzed by one-way ANOVA. Values are presented as the mean + SEM. For b, f, *P < 0.05, **P < 0.01 vs. Con; *P < 0.05, **P < 0.01 vs. Ang Il.
For d, *P < 0.05, **P < 0.01 vs. sham; *P < 0.05, *P <0.01 vs. AAC.
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Fig. 5 Zonisamide alleviated ER stress in the rats hearts and NRCMs. Rats in the sham (vehicle), AAC (vehicle), and A+Z 14 groups were
treated with vehicle or zonisamide for 6 weeks. NRCMs were incubated with zonisamide and Ang Il for 24 h. a, b Protein levels of
phosphorylation of PERK (p-PERK), PERK, ATF4, ATF6, XBP1, GRP78, and GRP94 in rats hearts were measured by Western blotting and
densitometric quantification after normalization to the GAPDH level (n=7). ¢, d Protein levels of phosphorylation of PERK (p-PERK), PERK,
ATF4, ATF6, XBP1, GRP78, and GRP94 in NRCMs were measured by Western blotting and densitometric quantification after normalization to
the GAPDH level (n = 7). Data were analyzed by one-way ANOVA. Values are presented as the mean + SEM. For b, *P < 0.05, **P < 0.01 vs. sham;

#*P < 0.05 vs. AAC. For d, *P < 0.05 vs. Con; P <0.05, #P < 0.01 vs. Ang II.

Zonisamide ameliorated ER stress and cardiac hypertrophy by
increasing Hrd1 levels in hypertrophic primary cardiomyocytes
To determine whether zonisamide improves Ang Il-induced
cardiomyocyte hypertrophy by upregulating Hrd1, NRCMs were
transiently transfected with siRNA (siCon or siHrd1). As a result,
there was no difference in Hrd1 expression between the Con
group and the siCon group (Fig. 7a, b). The protein level of Hrd1
was reduced significantly in the siHrd1 group (Fig. 7¢, d).
Zonisamide upregulated Hrd1 expression, which was inhibited
by siHrd1 in NRCMs. In addition, zonisamide decreased GRP78 (an
ER stress marker) in NRCMs incubated with Ang Il, and this change
was abrogated by Hrd1 knockdown (Fig. 7e, f). Moreover, Hrd1
knockdown led to increased KDEL (Fig. 7g, h) and cardiomyocyte
surface area (Fig. 7i, j).

DISCUSSION

Zonisamide which was originally synthesized in Japan, has been
used since 1989 and was approved by the Food and Drug
Administration (FDA) in 2000, was developed as an adjunctive
treatment for partial seizures in the United States [27-29].
Zonisamide has neuroprotective effects on PD and was approved
for PD adjunctive treatment in Japan. The underlying molecular
mechanisms of zonisamide are related to the upregulation of Hrd1
and the inhibition of ER stress and cell death [16, 30, 31]. The
present study aimed to determine whether zonisamide improves
cardiac hypertrophy by inhibiting ER stress and increasing
Hrd1 level.

We established a model of cardiac hypertrophy by using Ang II-
stimulated cardiomyocytes and rats subjected to AAC. We found
that treatment with zonisamide relieved cardiac hypertrophy
and improved cardiac function in the AAC group. This anti-
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hypertrophic effect was indicated by reductions in LV wall
thickness, EF, and FS and increases in LVID and E wave to A wave
ratios (E/A) in the hearts of pressure-overloaded rats. These well-
documented beneficial cardiovascular effects were accompanied
by reductions in the cell surface area, interstitial collagen, and
heart weight-to-body weight ratio in the zonisamide-treated
groups. Pathological cardiac hypertrophy of the adult heart is
correlated with downregulation of a-MHC and upregulation of -
MHC [32]. The process of cardiac hypertrophy is usually
characterized by an increase in the re-expression of embryonic
genes such as PB-MHC and ANF [33]. After treatment with
zonisamide, the mRNA expression of ANF, B-MHC, and Collagen
1A1 and the cell surface area were decreased, but the mRNA
expression of a-MHC was increased in the in vitro assay.

It has been shown previously that cardiomyocyte apoptosis
plays a crucial role during the transition of hypertrophy to heart
failure in Ang lI-treated cardiomyocytes and pressure-overloaded
rats [34-36]. Proteins in the Bcl-2 family, which have been
suggested to be involved in apoptosis and determine the
commitment of cells to apoptosis, can be divided into two
categories based on their biological effects [37, 38]. The anti-
apoptotic proteins include Bcl-2, Bcl-XL, and Bcl-W. The proapop-
totic proteins include Bax, Bak, and Bcl-XS. Previous studies have
shown that ER stress serves as one of the factors that triggers cell
apoptosis; in addition, CHOP is often associated with maladaptive
ER stress and cell death and directly regulates death effectors such
as Bcl-2 [39]. ER stress-mediated activation of Caspasel2 is a
marker of maladaptive ER stress and an inducer of apoptosis [13].
The present study demonstrated that the expression of the
proapoptotic protein Bax was decreased, and that of the anti-
apoptotic protein Bcl-2 was increased in zonisamide-treated rats
hearts and NRCMs. Zonisamide alleviated ER stress-related cell
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Fig.6 Zonisamide upregulated Hrd1 expression and increased ERAD. a, b The expression of Hrd1 was measured by immunohistochemistry,
and the relative protein expression of Hrd1 was analyzed with ImageJ software (n = 3) (scale bar = 50 um). ¢, d The protein level of Hrd1 in rats
hearts was measured by Western blotting and densitometric quantification after normalization to the GAPDH level (n =7). e, f The protein
level of Hrd1 in NRCMs was measured by Western blotting and densitometric quantification after normalization to the GAPDH level (n =7).
g, h Hrd1 and KDEL in NRCMs were assessed by double immunofluorescence staining and quantitative analysis with ImageJ software (n = 4)
(scale bar =20 pm). i, j NRCMs were incubated with zonisamide and Ang Il for 24 h. The cells were then treated with CHX for 1 h. Western
blotting of TCR-a and densitometric quantification were performed (n = 6). k ERAD is displayed here as the ratio of TCR-a at 1 to 0 h after CHX
treatment (n = 6). Data were analyzed by one-way ANOVA. Values are presented as the mean = SEM. For b, d, *P < 0.05, **P < 0.01 vs. sham;
#P < 0.01 vs. AAC. For f, h, j, k, *P <0.05 vs. Con; *P < 0.05, P < 0.01 vs. Ang II.

apoptosis, as indicated by decreased protein levels of CHOP and
Caspase12 in rats subjected to AAC and Ang Il-treated NRCMs. This
was also confirmed by TUNEL assay results in NRCMs, which
showed a low ratio of positive cells in zonisamide-treated NRCMs
compared with the Ang Il group.

The UPR is mediated by three major ER-spanning transmem-
brane proteins, inositol requiring enzyme 1 (IRE1), PERK, and
ATF6, which activate IRE1-mediated splicing of XBP1, the
PERK-elF2a (eukaryotic translation initiation factor 2 subunit 1
alpha)-ATF4-CHOP signaling pathway, and cleavage of pro-ATF6

SPRINGERNATURE

to ATF6, respectively [40, 41]. Each sensor’s luminal domains bind
to a chaperone, GRP78, which locks them in an inactive state
under “stress-free” conditions while rendering them active by
permitting their oligomerization and release to correct ER
homeostasis. If the ER stress is prolonged or unresolved,
insufficient clearance results in apoptosis [42, 43]. Pressure
overload induces upregulation of the genes for ER chaperones
and apoptosis of cardiomyocytes during the development of
pathological cardiac hypertrophy [44]. ER chaperones are
markedly induced in  pressure-overloaded mice with
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hypertrophic hearts induced by TAC [44]. In the present study,
we evaluated ER stress changes, and our data demonstrated the
upregulation of GRP78 in the AAC group and Ang Il group.
Zonisamide treatment decreased the protein levels of p-PERK,
ATF4, ATF6, XBP1, GRP78, and GRP94.

It has been reported that adequate level of Hrd1, an ER-
transmembrane E3 ubiquitin ligase that has been studied in
pressure overload-induced cardiac hypertrophy, contribute to ER
protein quality control via ERAD of misfolded proteins that
induce ER stress [13]. Our findings showed that increased Hrd1
expression was observed in both zonisamide-treated rats and
NRCMs, while zonisamide increased Hrd1 but decreased KDEL
expression in NRCMs. KDEL represents the LysAsp-Glu-Leu (KDEL)
ER retrieval sequence and suggests an accumulation of ER
chaperones due to misfolded proteins [45]. KDEL is an important
marker of ER stress that was found to be increased in NRCMs
treated with Ang Il and the hearts of mice subjected to TAC and
recognizes both GRP78 and GRP94 [44]. Intracellularly accumu-
lated Hrd1 colocalizes with KDEL, further suggesting intracellular
accumulation of Hrd1 in the ER [13]. Here, we also observed that
KDEL colocalized with Hrd1. Quantitative analysis revealed that
compared with no treatment, Ang Il increased the number of
KDEL-positive cells, and compared with Ang Il treatment,
zonisamide decreased the number of KDEL-positive cells. The
prevalence of Hrd1-positive cells in the zonisamide group was
significantly higher than that in the Ang Il group. ERAD was
measured using a version of the model substrate, T-cell antigen
receptor a-chain (TCR-a), essentially as described previously [26].
A high level of Hrd1 was accompanied by accelerated degrada-
tion of misfolded proteins, as evidenced by the increased rate of
ERAD. All of these findings suggest that the cardiac effects of
zonisamide may arise from inhibition of ER stress and upregula-
tion of Hrd1.

We also confirmed that a decrease in ER stress was correlated
with the upregulation of Hrd1 during Ang ll-induced cardiac
hypertrophy in NRCMs. To verify whether zonisamide inhibits ER
stress by triggering Hrd1 expression, we performed small
interfering  RNA-mediated Hrd1 knockdown in NRCMs. After
Hrd1 was knocked down, an augmented cell surface area and
exacerbated cardiac hypertrophy were observed. In addition, ER
stress (increased GRP78 and KDEL levels) dramatically increased.
We also found that zonisamide decreased the number of GRP78
and KDEL-positive cells, and this effect was inhibited when Hrd1
was knocked down. These results suggest that the antihyper-
trophic and anti-ER stress effects of zonisamide were abrogated in
the absence of Hrd1. These findings suggest that zonisamide may
emerge as an effective therapeutic strategy to prevent ER stress
and ER-related cell apoptosis in the hypertrophic cardiomyocytes
by increasing Hrd1 level.

In summary, the present study provides a novel evidence that
zonisamide improved cardiac hypertrophy by inhibiting ER stress
and increasing Hrd1. Therefore, zonisamide may become a new
agent to prevent ER stress associated with cardiac hypertrophy.
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