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Sappanone A Protects Against Inflammation, Oxidative
Stress and Apoptosis in Cerebral Ischemia-Reperfusion
Injury by Alleviating Endoplasmic Reticulum Stress
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Abstract—Endoplasmic reticulum stress is an important contributor to the cerebral ischemic
injury. Sappanone A (SA), a kind of natural homoisoflavanone extracted from Caesalpinia
sappan L, has been evidenced to exhibit anti-inflammatory and antioxidative properties. The
present study aimed to investigate the potential neuroprotective effects of SA in cerebral
ischemia-reperfusion injury. The potential neuroprotective effect of SA was tested in a rat
model of middle cerebral artery occlusion (MCAO) allowing reperfusion and PC12 cell
model of oxygen-glucose deprivation and reperfusion (OGD/R). Post-ischemic neuronal
injury was evaluated by 2, 3, 5-triphenyltetrazolium chloride (TTC) and hematoxylin-eosin
(H&E) staining. The levels of inflammatory factors and oxidative stress-related markers were
detected using corresponding kits. Cell apoptosis was evaluated by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) or flow cytometry, and the expression of
apoptosis-associated proteins was determined using western blot analysis. Subsequently,
endoplasmic reticulum stress-related proteins were detected through western blot analysis,
and CCAAT/enhancer binding protein (C/EBP) homologous protein (CHOP) was
overexpressed to confirm the contribution of endoplasmic reticulum stress inhibition by SA
to the neuroprotective effects post OGD/R. Results revealed that SA was effective in
ameliorating cerebral infarction and pathological injuries post-reperfusion following MCAO,
which is associated with reduced inflammation, oxidative stress, and cell apoptosis by SA in
the brain. Consistently, these neuroprotective effects of SA post ischemia-reperfusion were
also observed in a PC12 cell model of OGD/R. Importantly, endoplasmic reticulum stressors,
including the CHOP, the 78 kDa glucose-regulated protein 78 (GRP78), and phosphorylated
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eukaryotic initiation factors 2o (EIF-2c), were significantly downregulated by SA, while
CHOP overexpression attenuated the beneficial effects of SA on inflammation, oxidative
stress, and apoptosis in OGD/R-induced PC12 cells. These results demonstrated that SA
alleviates endoplasmic reticulum stress, ameliorating inflammation, oxidative stress, and
apoptosis, and thereby serves as therapeutic potential for protection against cerebral

ischemia-reperfusion injury in ischemic stroke.

KEY WORDS: sappanone A; cerebral ischemia-reperfusion injury; endoplasmic reticulum stress; inflammation; o-

xidative stress.

INTRODUCTION

Ischemia, the most common form of stroke, is of high
morbidity and mortality, bringing great burden to families and
the society. Cerebral ischemia-reperfusion generally and irre-
versibly impairs brain functions by partly interrupting blood
supply to the brain and resulting in thrombosis, embolism, or
hypoperfusion, causing millions of deaths or disabilities every
year [1, 2]. However, there has been, to date, an unfortunate
lack of effective treatments for cerebral ischemic stroke.

Neuroinflammation and oxidative stress, generally oc-
curring during ischemic stroke, are two well-known factors
which induce neuronal injury and apoptosis [3]. Chinese
herbs hold great potential for treating neurobiological dis-
orders, including ischemic stroke. Sappanone A (SA) is a
homoisoflavanone and a major extract from Caesalpinia
sappan L, which has been evidenced to exert anti-inflam-
matory, antioxidative and anti-apoptotic effects against
myocardial ischemia-reperfusion injury [4]. Accumulating
evidence shows that inflammation, oxidative stress, and cell
apoptosis are common features of endoplasmic reticulum
(ER) stress, which is also a major pathology in the cerebral
ischemia-reperfusion injury [5, 6]. It remains to be eluci-
dated whether and how SA is effective in ameliorating the
ER stress in the cerebral ischemic stroke.

It has been reported that the CCAAT/enhancer bind-
ing protein (C/EBP) homologous protein (CHOP), 78 kDa
glucose-regulated protein 78 (GRP78), a multifunctional
protein belonging to the huge HSP70 family of molecular
chaperones, eukaryotic initiation factor 2 alpha (EIF-2«),
and the downstream target of the elF2« phosphorylation
are marker proteins of ER stress [7-9]. Furthermore, these
proteins have been evidenced to be regulated by nuclear
erythroid 2-related factor 2 (Nrf2), a master regulator of the
body’s antioxidant response which can be modulated by
SA via the PKC or PI3K pathway [10]. In the present
study, we sought to examine the potential protective effects
of SA on middle cerebral artery occlusion (MCAO)-reper-
fusion rats and oxygen-glucose deprivation and

reperfusion (OGD/R)-induced PC12 cells, as well as their
underlying mechanisms. Our findings may identify a novel
pharmaceutical approach to the treatment of cerebral
ischemia-reperfusion injury.

MATERIALS AND METHODS

Animals

A total of 50 SPF-grade male Sprague-Dawley (SD)
rats (200-250 g) were provided by Shanghai Slac Animal
Laboratory (Shanghai, China). All rats were housed under
standard conditions with 12-h light/dark cycle, food and
water ad libitum. All animal experiments were approved
by the Animal Care and Use Committee of Huashan Hos-
pital Affiliated to Fudan University.

Grouping and Drug Treatment

Animals were randomly assigned into five groups (n
= 10 in each group): control, MCAO, MCAO plus SA-10
(MCAO+SA 10 mg/kg), MCAO plus SA-20 (MCAO+SA
20 mg/kg), and MCAO plus SA-40 (MCAO+SA 10
mg/kg). SA (CAS No. 102067-84-5) was purchased from
ChemFaces (Wuhan, China) and dissolved in DMSO (Sig-
ma-Aldrich, St. Louis, MO, USA). SA was injected intra-
peritoneally every day, consecutively for 3 days. Rats in
the control group received the same volume of saline
(containing 0.1% DMSO). At 2 h after the last administra-
tion of drugs, the MCAO surgery was performed.

Establishment of MCAO-Reperfusion Rat Model

Reversible MCAO surgery was performed using an
improved Longa-Zea method [11] 2 h after the administra-
tion of SA or vehicle. In brief, rats were anesthetized with
1% pentobarbital sodium and fixed in a supine position.
Both the proximal ends of common carotid artery and
external carotid artery were ligated, and the internal carotid
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artery was clamped temporarily. A V-shaped oblique inci-
sion was made at the bifurcation of external carotid and
internal carotid arteries with vascular scissors. Then, the
artery clamp was reopened while inserting a paraffin bolt
through the external carotid artery stump into the internal
carotid artery until a slight resistance was felt. The time
was set as the beginning of embolism. The upper end of the
common carotid artery was then ligated. Finally, the par-
affin bolt was gently pulled back to the incision of external
carotid artery 90 min after embolism to get the reperfusion,
and ischemia-reperfusion injuries were evaluated 24 h
later.

2, 3, 5-Triphenyltetrazolium Chloride Staining

Rats were anesthetized with overdose of 1% sodium
pentobarbitone. Brains were removed, washed with saline
24-h post ischemia-reperfusion and then frozen under — 20
°C. Coronal slices of 2-mm intervals were obtained; brain
sections were immersed in 1% TTC in PBS at 37 °C for 20
min, and then fixed in 4% paraformaldehyde for 6 h at 4
°C. The presence of infarction was determined by examin-
ing the areas stained without TTC. The area of cerebral
infarction was qualified using the Image J software (Na-
tional Institutes of Health, Bethesda, MA, USA).

Hematoxylin-Eosin Staining

Appropriate weight brain tissues were immersed in
4% paraformaldehyde for 24 h and embedded in paraffin.
Subsequently, the sections were deparaffinized with grad-
ed ethanol together with xylene, and 4-pum sections were
prepared for hematoxylin-eosin staining. After being
dehydrated with graded ethanol and xylene, the histologi-
cal structure of brain tract was observed under a light
microscope (Olympus Corporation).

Measurement of Inflammatory Factors

Blood was harvested on ice and then centrifuged at
12,000g for 10 min to obtain the serum. The supernatants
were collected for the detection of inflammatory factors,
including the tumor necrosis factor-a (TNF-«),
interleukin-1 beta (IL-1f3), and interleukin-6 (IL-6) using
enzyme-linked immunosorbent assay (ELISA) kits based
on the manufacturer’s protocols. Abovementioned Kkits
were purchased from Shanghai Xitang Biotechnology
Co., Ltd. (Shanghai, China).

Wang, Chen, Yang, and Ding

Evaluation of Oxidative Stress-Related Markers

The brain tissues were obtained at the end of reperfu-
sion, which were then cut into small pieces. These pieces
were homogenized with RIPA lysis buffer, centrifuged at
12,000g for 10 min, and the supernatant was collected. The
contents of reactive oxygen species (ROS) and
malondialdehyde (MDA) as well as the activity of super-
oxide dismutase (SOD) in tissue homogenate supernatant
or culture supernatant were detected using corresponding
commercial kits (Nanjing Jiancheng Bioengineering Insti-
tute; Nanjing, China) in accordance with the specification
provided by the supplier.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling Staining

The TUNEL staining was performed to evaluate cell
apoptosis post ischemia-reperfusion in the hippocampus
using a commercial kit labeling DNA strand breaks with
FITC (Beyotime, China) according to the manufacturer’s
instruction. Each section was observed under a light mi-
croscope and images were captured. The nuclei of healthy
cells were stained blue, whereas those in apoptotic cells
presented green staining which were identified as TUNEL-
positive cells.

Cell Culture

PC12 cell line was obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco) supplemented with 10% FBS (Gibco)
under environmental conditions of 37 °C and 5% CO,.

OGD/R and Treatment

For OGD/R, PC12 cells were washed with PBS and
then transferred into a hypoxia chamber (Thermo Scientif-
ic) with 1% oxygen, 94% N,. and 5% CO, for 2 h, after
which the cells were transferred back to the standard cul-
turing system and maintained for 24 h [12]. In the control
group, cells were incubated under normoxic conditions all
the time. For cultured PC12 cells, SA was employed to
pretreat cells at 10 uM, 20 uM, and 30 uM for 24 h before
OGD/R or normoxic manipulations.

Cell Transfection

Prior to transfection, 1 x 10° of PC12 cells were
seeded into a 6-well plate. The cell monolayer was ~
80% confluent at the time of transfection. Plasmids used
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for CHOP overexpression was constructed by
GenePharma (Shanghai, China), and empty plasmid carry-
ing no CHOP pcDNA was used as control. Transfection
experiments were conducted using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the standard protocol. The transfection efficiency was eval-
uated by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) and western blot analysis at
24-h post-transfection.

Cell Counting Kit-8 (CCK-8) Assay

Cell suspension was dispensed into 5000 cells/well. A
total of 10 uL. CCK-8 solution was added into each well,
and the cell plate was then incubated for 2 h. The absor-
bance at 450 nm was measured using a microplate reader
(BioTek-Synergy?2).

Flow Cytometry

Cultured cells were harvested, digested with 0.05%
trypsin in the PBS, and then collected for centrifugation at
4 °C. The bullets were collected and re-suspended in a
binding buffer containing 1% Annexin V-FITC and 1%
propidium iodide. Cells were then incubated in the dark.
Lastly, fluorescent intensity was measured using flow cy-
tometry (Accuri C6, BD).

RT-qPCR Analysis

Total RNA was extracted from rat brains or cultured
cells using TRIzol reagent (Life Technologies, Carlsbad,
CA). Subsequently, the total RNA was reversely tran-
scribed into cDNA using a reverse transcription kit (Bei-
jing TransGen Biotech, Beijing, China). qPCR was per-
formed using iTaq™ Universal SYBR® Green Supermix
(Bio-Rad Laboratories, Inc.) on an ABI 7500 instrument
(Applied Biosystems; Foster City, CA, USA). Data was
normalized by the expression level of GAPDH, a house-

keeping gene. Gene expression was analyzed using the
27

Western Blotting

Rat brains were removed, and the hippocampus and
cortex tissues were isolated on ice for experiments. Cul-
tured cells were harvested 1 h after OGD/R. Samples were
homogenized with RIPA lysis buffer and then centrifuged
at 4 °C, 12,000 rpm for 30 min. The supernatant was
collected and mixed with the loading buffer. Proteins were
separated in SDS-PAGE and then transferred onto nitro-
cellulose membranes (Merck Millipore). The membranes

were then blocked with 5% non-fat milk for 1.5 h, and then
incubated with primaries and secondary antibodies. The
immunoreactive protein bands were visualized by the Od-
yssey Infrared Imaging System (LI-COR Biosciences) and
analyzed using the ImagelJ software.

Statistical Analysis

Data were presented as means + standard deviation,
analyzed or plotted using GraphPad Prism 8.0. Quantita-
tive, and were compared using the Student’s # test or one-
way analysis of variance (ANOVA) followed by Turkey’s
post hoc test. A value of p less than 0.05 was considered
statistically significant.

RESULTS

SA Decrease Cerebral Ischemic Area and Relieves
Brain Injury in Rats Post MCAO-Reperfusion

To test the potential neuroprotective effect of SA
in vivo on cerebral ischemic stroke, different doses of SA,
i.e., 10 mg/kg, 20 mg/kg, and 40 mg/kg, respectively, were
administrated intraperitoneally 1 h prior to MCAO. It was
found that MCAO prominently induced cerebral ischemia
compared with the control group, while SA significantly
decreased the ischemic area and brain tissue injury in a
dose-dependent way in comparison with the model group,
as revealed by TTC staining (Fig. la and b) and H&E
staining (Fig. 1¢). These data indicated a neuroprotective
role of SA in MCAO-reperfusion injury.

SA Alleviates Neuroinflammation, Oxidative Stress,
and Cell Apoptosis Induced by MCAO-Reperfusion

Subsequently, we examined whether SA is effective in
regulating inflammation and oxidative stress in rats with
MCAO. As displayed in Fig. 2a—c, the levels of inflammatory
factors, including the TNF-«, IL-1(3, and IL-6, were notably
elevated compared with the control group, which were dose-
dependently reduced following SA treatment in contrast to
rats in the model group. Consistently, SA ameliorated oxida-
tive stress in rats with cerebral ischemia-reperfusion injury, as
indicated by decreased levels of both ROS and MDA and
increased activity of SOD antioxidant enzyme in dose-
dependent ways (Fig. 2d—f). To study the effects of SA on
cell apoptosis post MCAO-reperfusion, TUNEL staining was
employed to evaluate the rat brain slices. As shown in Fig. 3a,
a large number of neurons underwent apoptosis following
MCAO-reperfusion compared to the control. Noticeably, SA
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Fig. 1. SA decreased cerebral ischemic area and relieved brain injury in rats post MCAO-reperfusion. a TTC staining was used to evaluate the volume of the
cerebral infarction. b The percentage of infarct volume was calculated. ~p < 0.001 vs. control; *#p < 0.001 vs. MCAO. ¢ The pathologic changes of brain

tissues were assessed using H&E staining.

administration dose-dependently rescued the number of apo-
ptotic cells in brain tissues of rats with MCAO-reperfusion
injury. Meanwhile, the expression of anti-apoptotic protein
Bcl-2 was markedly downregulated, accompanied by upreg-
ulated expression of apoptotic proteins including Bax and
cleaved caspase-3 in the MCAO group in comparison with
the control group, which was reversed by SA intervention
(Fig. 3b). Taken together, these results evidenced that SA
significantly ameliorated the neuroinflammation, oxidative
stress, and cell apoptosis in rat following cerebral ischemic
stroke.

SA Attenuates ER Stress in Rat Following MCAO-
Reperfusion Injury

ER stress is a major cause of neuronal injury in the
ischemia-reperfusion process. Since inflammation and ox-
idative stress are general characters of ER stress, we next
explored how SA regulated ER stress post MCAO-reper-
fusion. The expression of two ER stress markers CHOP
and GRP87 was remarkably increased in the MCAO
group, which was dose-dependently reversed by SA treat-
ment (Fig. 4). Besides, though the total level of another ER
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Fig. 2. SA alleviates neuroinflammation and oxidative stress in rat induced by MCAO-reperfusion. a, b, ¢ The contents of TNF-«, IL-1f3, and IL-6 in serum
were determined by ELISA kits. d, e, f ROS and MDA levels as well as SOD activity in brain tissues were examined by commercially available kits. *p <

0.001 vs. control; *p < 0.05, 5 < 0.001 vs. MCAO.

stress marker EIF-2« was not changed by neither MCAO
nor SA, its phosphorylation was prominently upregulated
by MCAO but downregulated following SA administra-
tion (Fig. 4). These data together suggest that SA is effec-
tive in alleviating ER stress post MCAO-reperfusion.

CHOP Overexpression Abolishes the Neuroprotective
Effect of SA in OGD/R-Induced PC12 cells

To test whether the neuroprotective effect of SA
against cerebral ischemic stroke is dependent on its anti-
ER stress function, we upregulated ER stress by overex-
pressing CHOP in an in vitro model of ischemia-
reperfusion injury in PC12 cells. It was found that OGD/
R induction decreased the viability of PC12 cells compared
with the control group, which was partly and dose-
dependently rescued by SA administration 2 h prior to
OGD/R (Fig. 5a). Consistent with in vivo results, OGD/R
enhanced the expression levels of CHOP, GRP78, and
phospho-EIF 1 &, while prior administration of SA dose-
dependently downregulated those proteins (Fig. 5b), indi-
cating the alleviation of ER stress by SA in OGD/R.
Importantly, with the overexpression of CHOP with

plasmid (Fig. 5c and d), the effects of SA in decreasing
inflammatory factors, including TNF-«, IL-1f3, and IL-6,
in OGD/R were abolished compared to the empty vector
group (Fig. Se—g). Similarly, the antioxidative effect of SA
in OGD/R was also hindered by CHOP overexpression, as
indicated by increased levels of ROS and MDA, and
decreased activity of SOD antioxidant enzyme in OGD/R
cells compared with the vector control group (Fig. Sh—j).
Moreover, prominent cell apoptosis resulting from OGR/R
was significantly ameliorated by SA in a dose-dependently
manner, as shown by decreased apoptotic cells measured
by flow cytometry (Fig. 6a and b) and downregulated
expression of pro-apoptosis proteins, Bax and cleaved
caspase-3, as well as upregulated expression of anti-
apoptotic protein Bcel-2 (Fig. 6¢). However, CHOP over-
expression significantly inhibited the effect of SA on
OGD/R-induced cell apoptosis. To sum up, these findings
suggest that the beneficial effect of SA in ameliorating
inflammation, oxidative stress, and apoptosis in ischemic
stroke was at least partly dependent on its function of
alleviating ER stress.
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DISCUSSION

The treatment for neuronal injuries induced by cerebral
ischemia-reperfusion remains a challenge in clinic, to date.
Blood vessel recanalization is not effective in restoring brain
function since the process of ischemia-reperfusion has been
evidenced to induce prominent neuroinflammation and ox-
idative stress [13, 14], both of which are unfavorable for
neuronal survival and neural circuits repairing in ischemic
stroke [3]. In recent years, natural extracts from herbs have

MCAO+SA-10

Wang, Chen, Yang, and Ding

MCAO+SA-20 MCAO+SA-40

Bcl-2

Relative expression of protein

Relative expression of protein

gained increasing interest for their therapeutic potentials in
protecting the neuronal injury against the cerebral ischemic
stroke [5, 15—17]. Here, we demonstrated that SA, a major
extract from Caesalpinia sappan L, is effective in amelio-
rating neuronal damages in the process of cerebral ischemic-
reperfusion by inhibiting ER stress.

In fact, neuroinflammation is a common feature in
cerebral ischemic stroke [3, 18]. Calming inflammation has
long been selected as an effective strategy for the prevention
and treatment of neuronal injury in stroke [19, 20]. SA has
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Fig. 4. SA attenuates ER stress in rat following MCAO-reperfusion injury. The expression of ER stress-associated proteins was determined western blot

analysis. "p < 0.001 vs. control; *p < 0.05, "5 < 0.001 vs. MCAO.

been evidenced to inhibit the production of nitric oxide and
pro-inflammatory factors in lipopolysaccharide-induced in-
flammation and mortality, via modulation of Nrf2 and NF-
kB signaling [21]. Similarly, SA was also reported to prevent
the inflammation-mediated bone loss and inhibit RANKL-
induced osteoclastogenesis in mouse bone marrow macro-
phages [22]. In the present study, we found an anti-
inflammation role of SA in cerebral ischemia and reperfusion.

Moreover, we also observed an effect of SA on an-
other feature causing neuronal injury in the process cere-
bral ischemia-reperfusion, i.e., oxidative stress. In combi-
nation with neuroinflammation, ROS is generated during
the oxidative stress, leading to neuronal damages in ische-
mic stroke [23]. Antioxidative agents have been tested in
preclinical and clinical studies for their potential in treating
neuronal injuries caused by ischemia-reperfusion [24]. SA
was recently reported to be effective in preventing oxida-
tive responses in myocardial ischemia-reperfusion injury,
thus protecting brain functions, via coordinating cellular

antioxidant defenses and maintaining redox balance by
modulating Nrf2 signaling through the PKC or PI3K path-
way [10]. Another study also found an antioxidative role of
SA in the hypoxia/reoxygenation-induced cardiomyocyte
injury by suppressing mitochondrial apoptosis and
inhibiting the PI3K signaling pathway [4]. Consistent with
these findings, we found here that SA reduced the produc-
tion of ROS and MDA, while increasing SOD in the
cerebral ischemia-reperfusion.

Both neuroinflammation and oxidative stress are induc-
ing factors of cell apoptosis, which results in brain damage
and eventually leads to disability or mortality. An anti-
apoptotic benefit of SA has been reported against hypoxia,
via downregulating miR-15a and activating the Wnt-f3-
catenin and PI3K-AKT pathways [25]. Indeed, we found that
SA dose-dependently facilitated cell survival both in vivo and
in vitro in ischemic stroke.

Inflammation, oxidative stress, and cell apoptosis are
common features of ER stress [26], which are well-known
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ROS and MDA as well as the activity of SOD were determined using commercially available kits. “p < 0.001 vs. control; *p < 0.05, #p < 0.01, **p < 0.001

vs. OGD/R; “*“p < 0.001 vs. OGD/R + SA-30 uM + Oe-NC.
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to be associated with neuronal damages in the process of
ischemic-reperfusion injury [27, 28]. We found in the
present study that the neuroprotective effect of SA on
ischemic stroke was dependent on its action of alleviating
the ER stress. Interestingly, SA inhibited the elevation of
inflammatory factors through modulating Nrf2 signaling
[10, 217, while Nrf2 has been evidenced to further regulate
the expression and functions of both CHOP and GRP8&7
[29, 30], two key effectors and maker proteins indicating
the ER stress [31]. Although whether and how Nrf2 regu-
lates the phosphorylation of EIF-2«, another ER stressor
[8], remain to be elucidated, we did find that prior admin-
istration of SA downregulated the level of CHOP, GRP7S,
and phospho-EIF-2c. Importantly, enhancing ER stress by
overexpression of CHOP significantly abolished the neu-
roprotective efficiency against ischemic stroke, suggesting
that SA inhibits inflammation, oxidative stress, and cell
apoptosis via inhibiting ER stress.

In conclusion, findings in the present study demon-
strate that SA exerts anti-neuroinflammatory, antioxida-
tive, and anti-apoptotic effects during cerebral ischemia-
reperfusion injury through ameliorating ER stress. These
data indicate a therapeutic potential of SA in cerebral
ischemic stroke.
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