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Abstract: Triptolide, an active compound extracted from the Chinese herb thunder god vine
(Tripterygium wilfordii Hook F.), has potent antitumor activity. Recently, triptolide was found
to have protective effects against acute cerebral ischemia/reperfusion (I/R) injury through
inhibition of cell apoptosis. However, the regulatory mechanism of the effect remains unclear.
We hypothesize that the regulatory mechanisms of triptolide are mediated by nuclear factor kB
(NF-kB) and p53-upregulated-modulator-of-apoptosis signal inhibition. To verify this hypothesis,
we occluded the middle cerebral artery in male rats to establish focal cerebral I/R model. The
rats received triptolide or vehicle at the onset of reperfusion following middle cerebral artery
occlusion. At 24 hours after reperfusion, neurological deficits, infarct volume, and cell apoptosis
were evaluated. The expression levels of NF-kBp65, PUMA, and caspase-3 were determined by
Western blot. Real-time polymerase chain reaction was used to determine the levels of NF-xBp65
mRNA, PUMA mRNA, and caspase-3 mRNA. NF-kB activity was determined by electrophoretic
mobility shift assay. Apoptotic cells were detected using terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) staining. In I/R group, neurological deficit
scores, cerebral infarct volume, expression of NF-kBp65, PUMA, caspase-3, NF-kB activity,
and TUNEL-positive cells were found to be increased at 24 hours after I/R injury. The I/R/trip-
tolide rats showed significantly better neurological deficit scores, decreased neural apoptosis, and
reduced cerebral infarct volume. In addition, the expression of NF-kBp65, PUMA, caspase-3,
and NF-xB activity was suppressed in the I/R/triptolide rats. These results indicate that the
neuroprotective effects of triptolide during acute cerebral I/R injury are possibly related to the
inhibition of apoptosis through suppression of NF-kB/PUMA signaling pathway.
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Introduction

Ischemic stroke, which accounts for 85% of all stroke cases, is associated with high
morbidity and mortality worldwide.'? Following cerebral ischemia/reperfusion (I/R)
injury, cerebral microcirculatory damage and apoptotic death of neurons have been
found to play a vital role in causing subsequent disability and mortality.’

Currently, the mechanisms of neuronal injury and death induced by cerebral I/R
are not completely known. Since it was found that the activation of nuclear factor
kB (NF-xB) induced by transient ischemia is prior to DNA fragmentation, accumu-
lating evidences have demonstrated that NF-xB plays an important role in regulating
transient ischemia-induced neuronal death.**

NF-xB regulates the expression of genes involved in a broad range of biological
processes. In the central nervous system, NF-«xB plays a dual role in neuronal survival
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following nerve injury. It participates in the regulation
of apoptotic and inflammatory genes.” A possible role of
NF-xB genes in ischemia-induced activities was originally
illustrated in clinical studies examining the expression of
NF-kB family members in brain tissues of patients who died
after stroke. Increased expression of RelA and p50 (NF-xB1)
was detected in the ischemic and penumbra regions, impli-
cating a regulatory role of these NF-kB subunit genes after
ischemic stroke.® In animal models of transient and permanent
occlusion of the middle cerebral artery (MCA), the expression
of NF-xkB members p65 and p50 increased after cerebral
ischemia.’ Several neuroprotective reagents showed an effect
of decreasing NF-xB expression and/or activity, suggesting
that NF-kB contributes to ischemic brain damage.'*!!

PUMA is one of the most potent killers among the
BCL-2 homology 3-only subgroup of BCL-2 family
members. It drives apoptosis induced by p53-independent
or -dependent signals, such as growth factor depriva-
tion and exposure to glucocorticoids or phorbol ester.'*!
PUMA was previously shown to be upregulated in neurons
after transient global cerebral ischemia, and inhibition
of PUMA upregulation protected neurons from delayed
ischemic death.'*

It has been recently found that PUMA is a direct target
of NF-xB and mediates TNF-a-induced apoptosis in vitro
and in vivo."” In colon cancer cells, PUMA was directly
activated by p65 through the canonical NF-xB pathway
following AKT inhibition.'® Kupchan et al'” have reported
that astragalus saponin IV provided protection against I/R-
induced renal injury by reducing apoptosis and inflammation
through inhibition of NF-kB activity and PUMA expression.
We therefore suggested that NF-kB/PUMA signal might be
one of the causes to result in I/R injury. Agents that can pre-
vent NF-kxB/PUMA signal are believed to have therapeutic
potentials toward brain I/R.

Triptolide is a diterpene triepoxide antibiotic compound
that can be isolated from the extracts of the medicinal plant,
Tripterygium wilfordii Hook F., which has been used for a
number of years in traditional Chinese medicine.'® T. wilfordii
Hook F. and triptolide have immunosuppressive and anti-
inflammatory properties.!>?® Triptolide causes apoptosis
by inducing the activation of caspases.?! Proliferation of
rheumatoid synovial fibroblasts associated with rheumatoid
arthritis has also been shown to decrease with triptolide
treatment through a mechanism of increasing caspase-3
activity.?? Recently, it has been reported that triptolide
may be a potential neuroprotective agent for I/R-induced
injury in heart transplantation, I/R-induced lung injury, and

I/R-induced hepatic injury.*>* Fewer studies have reported
that triptolide may be a potential neuroprotective agent for
cerebral I/R injury.?¢? However, the mechanisms of possible
protective effects of triptolide against cerebral I/R injury are
not clear.

In the present study, we used a rat middle cerebral artery
occlusion (MCAO) model to investigate the protective effects
of triptolide on cerebral I/R injury and to determine the pos-
sible mechanism for this effect.

Materials and methods

Ethics statement

This study was approved by the research committee of the third
hospital of Changsha, Hunan, People’s Republic of China, and
all animal experiments were conducted in accordance with the
guidelines of the Xiangya Hospital Animal Experimentation
Committee. The Institutional Ethics Committee of Xiangya
Hospital approved the animal study (20130830XY 18).

Animals

Male Sprague Dawley rats weighing 280-300 g were
purchased from Charles River Laboratories International,
Inc. (Wilmington, MA, USA). Animals were housed in
an environmentally controlled room at 22°C+2°C, with a
12/12-hour light/dark cycle and were allowed free access to
food and water throughout the entire study.

Establishing MCAO model

Mice were anesthetized with chloral hydrate (400 mg/kg,
intraperitoneal), and the core temperature (rectum) was
maintained at 36.5°C—37.5°C using a homeothermic heating
pad throughout the surgery. Cerebral focal ischemia was
produced by intraluminal occlusion of the left MCA using
a silicone rubber-coated nylon monofilament. The cerebral
blood flow was reduced by >85% using a laser Doppler
flowmeter (VMS™-LDF1; Moor Instruments, Axminster,
UK). After 2 hours of ischemia, the occlusion was released
for a 24-hour reperfusion period. The arterial blood pressure
and heart rate were monitored through the left femoral artery
using a monitoring system. Arterial blood samples for blood
gas analysis were collected through the left femoral artery
using an i-STAT®1 analyzer (Abbott Laboratories, Abbott
Park, IL, USA) prior to (baseline) and 15 minutes after the
onset of MCAO (ischemia) and reperfusion (reperfusion).

Experimental protocol
A total of 60 rats were randomly divided into four groups
(n=15 in each group). 1) Sham group (sham), 2) I/R,
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3) I/R + dimethyl sulfoxide [DMSO], and 4) I/R + triptolide.
Triptolide (5 mg/kg; Sigma-Aldrich Co., St Louis, MO, USA,
dissolved in pure DMSO) was intraperitoneally injected at the
onset of reperfusion in rats belonging to the triptolide group; a
corresponding volume of vehicle (pure DMSO) was adminis-
tered to the rats in the I/R group. At the conclusion of the reperfu-
sion period, the neurological deficit scores were evaluated. The
rats were then sacrificed for the collection of tissue samples.

Infarct rate

The brains were removed and sliced into four coronal sections,
which were 2 mm thick, 24 hours after MCAO. Sections were
immediately stained with 0.5% 2,3,5-triphenyl tetrazolium
chloride (TTC; Sigma-Aldrich Co.,) at 37°C for 30 minutes.
The staining images were recorded by a digital camera and
then quantified by using Motic Images Plus 2.0ML (Image,
Xiamen, People’s Republic of China). The volume was
calculated using the following equation:

Infarct _ Total infarct volume x Left hemisphere volume
volume

Right hemisphere volume

()

Infarction B Infarct volume

= x100% (2
rate (%)  Bilateral hemisphere volume © @

Assessment of neurological deficit scores
Neurological symptoms were assessed 24 hours after rep-
erfusion using a neurological deficit score as previously
described.'® The neurological evaluation parameters are
described in Table 1.

Real-time polymerase chain reaction

assay

Total RNA was isolated using TriReagent (Molecular
Research Center Inc., Cincinnati, OH, USA), and 3 pg was
primed with random hexamers and reverse transcribed using
Superscript IT (Thermo Fisher Scientific, Waltham, MA, USA)
in a final volume of 50 uL. One microliter of this mixture was

Table | Neurological evaluation parameters

polymerase chain reaction amplified in a 10 pL reaction using
AmpliTaq DNA polymerase (Thermo Fisher Scientific) with
the addition of 5% DMSO. All of the oligonucleotide primers
were designed using PerlPrimer software and synthesized
commercially (Sangon Biotechnology, Shanghai, People’s
Republic of China). NF-kBp65: 5'-GCG AGA GGA GCA
CAG ATA CC-3" and 5-CTG ATA GCC TGC TCC AGG
TC-3’; PUMA: 5-CGACCTCAACGCACAGTACGA-3’
and 5'-AGGCACCTAATTGGGCTCCAT-3". Acti-
vated caspase-3: 5-AAGCTGAGCGAG TGT-
CAG-3’" and 5'-CAAAGTAGAAAAGGGCGAC-3;
GAPDH: 5'-GGTCTCCTCTGACA-3" and
5-AGCCAAATTCGTAC-3’. We performed the reactions
according to standard protocols.

Western blot assay

The frozen tissues were placed in homogenate buffer and
homogenized and then sonicated three times for 10 seconds
at 4°C. The sonicated samples were subjected to centrifuga-
tion (10,000x g). Separate cytosol and nuclear protein lysates
were prepared by using the Active Motif Nuclear Extract Kit
(Active Motif Europe, Rixensart, Belgium), according to the
manufacturer’s protocol. For routine quantitation of proteins,
following the manufacturer’s protocol (Thermo Fisher
Scientific). Equal amounts of protein samples (50 ug protein)
were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis on 10% Tris-glycine gels. After incuba-
tion in blocking buffer and being washed three times with
Tris-buffered saline and Tween 20 (TBST) buffer (10 mM
Tris-base, 100 mM NacCl, and 0.1% Tween 20; pH 7.5),
blots were treated with an anti-NF-kBp65 polyclonal anti-
body (1:1,000), an anti-PUMA monoclonal antibody (mAb;
1:1,000), and an antiactivated caspase-3 pAb (1:250), or an
anti-B-actin mAb (1:2,000) in TBST buffer overnight. Blots
were subsequently washed with TBST and incubated with
a secondary horseradish peroxidase-conjugated goat anti-
mouse mAb for 1 hour. Blots were then washed, and the
immunoreactive protein was detected using film exposed to
enhanced chemiluminescence detection reagents. The bar
graph depicts the ratios of semiquantitative results obtained

Parameter Score

0 1 2
Forelimb flexion No flexion Wrist flexion Wrist and elbow flexion
Floor walking Straight path Curvilinear path Walking in circles only

Response to vibrissae touch Sensitive response

Body rotation No rotation

Weak response No response

Seldom rotation Frequent rotation
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by scanning reactive bands and quantifying the optical
density using video densitometry.

Electrophoretic mobility shift assays
Nuclearproteinextracts were prepared as described previously.*3!
Protein content of the recovered nuclear extracts was determined
using the Bradford assay. The sequence of the NF-kB oligonu-
cleotide probe was 5’-AGTTGAGGGACTTTCCCAGGC-3".
Electrophoretic mobility shift assay was performed as
described previously.3!

TUNEL staining

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining was assessed by the In
Situ Cell Death Detection Kit, POD (Hoffmann-La Roche
Ltd., Basel, Switzerland). After 24-hour reperfusion, the sec-
tions were prepared, and the staining was performed accord-
ing to the protocol provided by the manufacturer. All sections
were counterstained with 4’,6-diamidino-2-phenylindole
(Thermo Fisher Scientific). In each case, ten fields in the
infarcted cortex were randomly selected for apoptotic cell
counting in a blinded manner using an Olympus IX51-
reflected light fluorescence microscope (Olympus Corpora-
tion, Tokyo, Japan). The extent of apoptosis was calculated
and expressed as a ratio of TUNEL-positive neurons versus
total neurons.

Statistical analysis

Data are expressed as mean * standard error of mean.
Differences were evaluated by two-tailed Student’s #-test or
analysis of variance followed by Tukey’s post hoc test with

A
3 30
38 25+
Q =
»w E 20
® W
O v 15+
2
O _ 10
o ®
-
3 5
4

o.

Control

B Control

Figure | (Continued)

GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA,
USA). Statistical significance was set at P<<0.05.

Results

Neurological deficit scores

The neurological deficit scores (total score per group, n=15)
in I/R and I/R + DMSO groups were 22.2+2.8 and 19.612.4,
respectively; however, in the triptolide-treated group, the
neurological deficit score was only 8.4+1.2, which was sig-
nificantly lower than that in the I/R or I/R + DMSO group,
respectively (P<<0.01, Figure 1A).

Triptolide inhibits I/R-induced cerebral
injury

Two hours of MCAO followed by a 24-hour reperfusion
period induced an infarct volume of 41%%3.6% and
39%%3.2% in I/R and I/R + DMSO rats, respectively.
Treatment with 5 mg/kg triptolide reduced the infarct volume
to 19.4%=3.3%. The cerebral infarction rate in I/R and I/R +
DMSO groups was significantly higher than that of triptolide-
treated group (Figure 1B and C, P<<0.01).

Triptolide reduces apoptotic cell death in

the brain

After reperfusion for 24 hours, the number of apoptotic cells
in the penumbral area was observed by TUNEL staining,
which involves identification of DNA fragmentation. As
can be seen from Figure 2, in the I/R and I/R + DMSO
groups, the numbers of TUNEL-positive cells were
significantly increased, as compared to sham rats. In the
triptolide-treated group, the numbers of TUNEL-positive

I/R + DMSO I/R + triptolide

IIR + DMSO

I/R + triptolide
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Infarct volume (%)
N
[&)]

Control IIR I/IR + DMSO I/R + triptolide

Figure | Protective effects of triptolide against cerebral I/R.

Notes: (A) The impact of neurological scores after triptolide treatment. Data are presented as mean + SD (n=1I5). Significant differences were shown between the I/R
or I/R + DMSO group and the triptolide-treated group. *P<<0.01, respectively. (B) TTC-stained brain slices 24 hours following reperfusion. (C) Infarct volume. Data are
presented as mean + SD (n=15), *P<0.01.

Abbreviations: I/R, ischemia/reperfusion; DMSO, dimethyl sulfoxide; TTC, 2,3,5-triphenyl tetrazolium chloride.

cells were significantly decreased, as compared to the I/R NF-KBP65, PUMA, and activated-

group. These results suggested that triptolide treatment caspase-3 expression in rat brain tissue
effectively prevented expansion of apoptotic cell death in  jnfarction side

the I/R model. Data are expressed as mean £ SD vs control,  NF-kBp65 expression from nuclear protein was detected by
*P<0.001; vs I/R, **P<<0.01. Western blot analysis. Total RNA was isolated from brain

A Control IIR + DMSO IIR + triptolide

DAPI

TUNEL

B
(] 25
2
=2 2
[T
S< 15
)
== 1
Z % g5 .
-}
- 0 ——

Control I/R + DMSO ' IR + triptolide

Figure 2 Detection of neuronal apoptosis.

Notes: (A) TUNEL staining was used to identify apoptotic cells. (B) TUNEL-positive cells show the quantitative analysis data. Data are expressed as mean * SD vs control,
*P<<0.001; vs I/R, **P<<0.01.

Abbreviations: TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling; I/R, ischemia/reperfusion; DMSO, dimethyl sulfoxide; DAPI,
4’,6-diamidino-2-phenylindole.
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tissue infarction side using TriReagent. Real-time polymerase
chain reaction was used to detect NF-kBp65 mRNA, PUMA
mRNA, and activated-caspase-3 mRNA. Separate total cyto-
sol and nuclear protein lysates were prepared by using the
Active Motif Nuclear Extract Kit. Western blot was used to
detect the expression of NF-kBp65, PUMA, and activated-
caspase-3 protein. The results showed that higher levels of
mRNA and protein expression of NF-kBp65, PUMA, and

IIR +
triptolide

A Sham IR IIR + DMSO

C Sham

NF-xB-»>

Free probe

activated-caspase-3 were found in the I/R or I/R + DMSO
rats (Figure 3A and B). After treatment with triptolide,
mRNA and protein expression of NF-xBp65, PUMA, and
activated-caspase-3 was inhibited (Figure 3A and B). In addi-
tion, tissues of I/R or I/R + DMSO rats exhibited a strong
NF-xB activity as shown by electrophoretic mobility shift
assay (Figure 3C); however, NF-xB activity was significantly
decreased with triptolide treatment (Figure 3C).

NF-xBp65
!Z
S el S NF-kBp65
— .—.’_.. PUMA

LR e s s Activated-
caspase-3

DMSO
IIR +
triptolide

Sham
IIR +

PUMA

Activated-
caspase-3

GAPDH

————— -\CtIN

IIR + DMSO IIR + triptolide

Figure 3 Effect of triptolide on NF-kBp65, PUMA, and activated-caspase-3 expression in rat brain tissue infarction side.

Notes: (A) RT-PCR was used to detect mRNA of NF-kBp65, PUMA, and activated-caspase-3 in brain tissue infarction side. (B) Western blotting of total cell lysates or
nuclear extracts of brain tissue infarction side was done with indicated antibodies. (C) Nuclear extracts from brain tissues were prepared, and EMSAs for NF-«kB binding
activity were performed. A representative from four independent experiments is shown.

Abbreviations: NF-kB, nuclear factor kB; RT-PCR, real-time polymerase chain reaction; EMSAs, electrophoretic mobility shift assays; I/R, ischemia/reperfusion; DMSO,

dimethyl sulfoxide; PUMA, p53-up-regulated modulator of apoptosis.
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Discussion

In the present study, we provide the first evidence that
NF-xB and PUMA were activated by I/R injury followed
by increased cell apoptosis and brain injury. Treatment
with triptolide improved neurological deficit scores and
successfully reduced brain infarcted volume. In addition,
triptolide treatment decreased neuronal apoptosis and
inhibited NF-xB signaling activation during ischemic
stroke. Furthermore, triptolide treatment inhibited PUMA
signaling pathway.

NF-xB regulates the expression of multiple genes involved
in inflammation, apoptotic cell death, and cell survival.*>*
Several studies have demonstrated that NF-kB is activated
during development of brain injury, but the role of NF-xB
in I/R brain damage is complex, and conflicting results have
been obtained when exploring NF-xB inhibition as a potential
neuroprotective therapy. NF-kB can promote cell survival
through upregulation of the expression of antiapoptotic fac-
tors, including Bcel-xL and Bcl-2. Bel-2 and Bel-xL bind to
Bax and Bak, thereby preventing Bax/Bak pore formation in
the mitochondrial membrane.**** On the other hand, NF-xB
can activate the proapoptotic machinery, eg, via upregula-
tion of the tumor suppressor p53 and its downstream target
PUMA.**3 In our study, NF-xB expression and activity
showed a significant increase in infarct volume in stroke
models, suggesting that NF-xB plays a detrimental role in
the response to cerebral ischemia. Triptolide at the onset of
reperfusion significantly suppressed the NF-xB transloca-
tion and activity following MCAO. The protective effects
of triptolide against cerebral I/R injury are therefore related
to its inhibitory effects on the activation of NF-kB.

Recent study has shown that PUMA is under tran-
scriptional control of NF-xB and consistent with NF-xB-
dependent upregulation.'® In our study, activated NF-xB
increased PUMA expression at 24 hours after MCAO.
Inhibition of NF-kB activity by triptolide decreased PUMA
expression at 24 hours after MCAO. NF-xB activity may
promote apoptosis by PUMA upregulation, and reduced
NF-xB activation may lead to lower expression of PUMA, by
which cell apoptosis is inhibited. This study provides novel
insights into the role of NF-kB during MCAO and sheds new
light on the complex controversial results obtained in the past
when studying inhibition of NF-xB as a potential therapeutic
intervention in models of cerebral damage.

Conclusion
We conclude that the effects of triptolide could be brought
about by the attenuation of NF-kB and PUMA cellular

signaling processes. We suggest that triptolide could be
further developed as a potential therapeutic agent for the
treatment of cerebral I/R injury.

Study limitation

In the present study, although triptolide inhibited NF-xB
activation and PUMA expression, we did not know whether
knockdown of NF-kB or PUMA has the same results as
triptolide. Further studies are needed to fully elucidate the
biological activity of triptolide on cerebral I/R injury.
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