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Abstract: Inflammation plays critical roles in the acute progression of the pathology of ischemic
injury. Previous studies have shown that triptolide interferes with a number of pro-inflammatory
mechanisms. In this study, we investigated whether triptolide has protective effects during
acute cerebral ischemia/reperfusion (I/R) injury. Male Sprague Dawley rats received triptolide
or vehicle at the onset of reperfusion following middle cerebral artery occlusion. Twenty-four
hours after reperfusion, we evaluated neurological injuries, the expression of pro-inflammatory
markers, and NF-kB activation. I/R rats treated with triptolide showed significantly better neu-
rological deficit scores, decreased neural apoptosis, and reduced cerebral infarct volume and
brain edema, and triptolide treatment suppressed the activation of NF-xB following I/R injury.
Furthermore, the expression levels of pro-inflammatory cytokines at both the mRNA and protein
levels were significantly decreased in rats receiving triptolide. These results indicate that the
neuroprotective effects of triptolide during acute cerebral I/R injury are possibly related to the
inhibition of both the NF-kB signaling pathway and inflammation.
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Introduction

Stroke is one of the most common causes of death and long-term disability in the adult
population worldwide.! Ischemic stroke, which is caused by a reduction in cerebral
blood flow and can result in fatal brain damage, accounts for approximately 80% of
all strokes.> Thrombolysis and interventional recanalization are regularly applied
approaches for the management of acute ischemic stroke.>* Although reperfusion
leads to the temporary survival of cerebral cells in the ischemic region through the
restoration of blood flow, these therapies have achieved limited clinical success
because of their narrow therapeutic time window and the occurrence of reperfusion
injury following recovery from ischemia. Ischemia reperfusion injury (IRI) is a
complex disorder caused by oxidative damage, inflammation, and cerebral edema.>
In addition, both experimental and clinical evidence has indicated that inflammation
is essential for the progression of cerebral IRL.™® Previous studies have suggested
that treatment with anti-inflammatory agents could reduce tissue edema and improve
outcome in stroke models.’

Triptolide, a bioactive ingredient extracted from Chinese medicinal plants, has
been reported to exhibit anti-inflammatory activities in several disorders including
arthritis,'” pulmonary hypertension,'! and traumatic brain injury.'? In vitro studies have
also shown that triptolide is able to suppress the production of inflammatory cytokines
in various cell lines."!* Those previous findings lend support to the possibility that
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triptolide might have anti-inflammatory and neuroprotective
abilities when used to treat cerebral IRI. To date, no studies
have investigated the possible protective effects of triptolide
against cerebral IRI. In the present study, we used a rat middle
cerebral artery occlusion (MCAO) model to investigate the
protective effects of triptolide on cerebral IRI and to deter-
mine the possible mechanism for this effect.

Materials and methods

Animals and experimental protocol

This study was performed using specific pathogen-free (SPF)
7-week-old male Sprague-Dawley rats weighing 250-300 g.
The animals were purchased from the Center for Animal
Experiments, Zhongnan Hospital, Wuhan University (Wuhan,
People’s Republic of China). This study was approved by
the research committee of Wuhan University, and all animal
experiments were conducted in accordance with the guidelines
of the Wuhan University Animal Experimentation Committee.
Animal experiments were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals of
Wuhan University (Wuhan, Hubei, China). The Institutional
Ethic Committee approved the animal study (20140210ZN11).
A total of 100 rats were randomly divided into five groups
(n=20 in each group): 1) sham group (SHAM); 2) ischemia
and reperfusion group (IRI + Vehicle); and 3) three triptolide
groups (IRT+TL, 3 subgroups, n=20 in each group). A single
dose of triptolide (Figure 1A) (Sigma, Saint Louis, MO, USA,
dissolved in pure dimethyl sulfoxide [DMSO]) was intraperi-
toneally (ip) injected at the onset of reperfusion in rats belong-
ing to the three TL groups; a corresponding volume of vehicle
(pure DMSO) was administered to the rats in the IRI group.
The dosages used for triptolide administration (0.1 mg/kg,
0.5 mg/kg, and 5 mg/kg) were selected based upon our pilot
study. At the conclusion of the reperfusion period, the neu-
rological deficit scores were evaluated. The rats were then
sacrificed for the collection of tissue samples.

Animal model

The rat MCAO model has been established previously.'
Briefly, animals were anesthetized with an ip injection of pen-
tobarbital sodium (50 mg/kg; Amresco, Cleveland, OH, USA)
and were fixed in a supine position on a warming blanket to
maintain their body temperature at 37°C-38°C. A 4/0 surgi-
cal nylon filament with a silicone-beaded tip was introduced
into the right internal carotid artery (ICA) through the external
carotid artery (ECA) to occlude the origin of the middle cerebral
artery (MCA). After 2 hours of ischemia, the occlusion was
released for a 24-hour reperfusion period. The arterial blood

pressure (BP) and heart rate (HR) were monitored through
the left femoral artery using a monitoring system (BL-420F;
TaiMeng, Chengdu, People’s Republic of China). Arterial
blood samples for blood gas analysis were collected through
the left femoral artery using an i-STAT®1 analyzer (Abbott,
Kyoto, Japan) prior to (baseline) and 15 minutes after the onset
of MCAO (ischemia) and reperfusion (reperfusion).

Measurement of cerebral infarct volume
At the end of the observation period, the rats were sacrificed,
and their brains were collected. The assessment of infarct
volume was carried out as previously described.'® In brief,
brains were sectioned at 2 mm intervals and stained with
2% 2,3,5-triphenyltetrazolium chloride (TTC, Amresco) for
15 minutes at 37°C. Images were digitalized, and the infarct
areas were analyzed. The infarct volume is expressed as the
percentage of the contralateral hemisphere.

Measurement of cerebral edema

Cerebral edema was evaluated by determining the water
content of the brain 24 hours following reperfusion, as pre-
viously described!” with modifications (n=5 in each group).
Briefly, the brains were immediately weighed to obtain the wet
weight (WW) after removal and dried at 110°C overnight in an
electric oven. The dried brains were weighed again to obtain
the dry weight (DW). Brain water content was calculated as
follows: water content (%) = [(WW — DW)/WW] x100%.

TUNEL staining

Neuronal apoptosis was assessed by TUNEL staining using a
commercial in situ cell death detection kit (Nanjing KeyGEN
Biotech Co. Ltd, Nanjing, People’s Republic of China)
according to the manufacturer's instructions. All sections
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI; Invitrogen, Carlsbad, CA, USA). 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,
Japan), and the percentage of TUNEL positive cells (TUNEL/
DAPI) was calculated.

Assessment of neurological deficit score

Neurological symptoms were assessed 24 hours after rep-
erfusion using a neurological deficit score as previously
described.'® The neurological deficit score ranges from
0 to 4 (0, forelimb flexion and body twisting when rats were
suspended by the tail [no observable neurological deficit];
1, rats failed to extend left forepaw; 2, rats circled to the
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left; 3, rats failed to move the left forepaw; and 4, rats could
not walk).

Real-time PCR analysis

The expression of pro-inflammatory cytokines, including
tumor necrosis factor alpha (TNF-av), interleukin beta (IL-B),
and IL-6, in the peri-infarct cortical tissue was detected
using real-time polymerase chain reaction (PCR). Tissue
collection and preparation for the extraction of total RNA
were carried out as previously described.!” Total RNA was
extracted using TRI Reagent (Molecular Research Center,
Inc., Cincinnati, OH, USA) and reverse-transcribed into
cDNA according to the manufacturer’s instructions. The
levels of TNF-c, IL-1p, and IL-6 mRNA expression were
measured with SYBR green, and RT-PCR was performed
using an ABI prism 7000 sequence detection system (ABI,
Foster City, CA, USA). Expression values are shown as fold
change relative to the control group. The following pairs of
primers were used for PCR amplification: TNF-o primer
(forward): ATCATCTTCTCAAAACTCGAGTGACAA,;
TNF-o. primer (reverse): CTGCTCCTCTGCTTGGT; IL-1P
primer (forward): GAAACAGCAATGGTCGGGAC; IL-1f3
primer (reverse): GAGACCTGACTTGGCAGAGG; IL-6
primer (forward): AACGAAAGTCAACTCCATCTG; IL-6
primer (reverse): GGTATCCTCTGTGAAGTCTCC.

Enzyme-linked immunosorbent assay
Cortical tissue was collected and homogenized 24 hours after
reperfusion. The homogenate was centrifuged for 30 minutes
at 10,000x g at 4°C. The protein concentration of the super-
natant was detected with a BCA kit (Pierce, Rockford, IL,
USA), and the levels of cytokines, including TNF-o, IL-1j3,
and IL-6, were determined using commercial Enzyme-linked
immunosorbent assay kits (Abcam, Shanghai, People’s
Republic of China).

Western blot analysis

Brain tissues were collected at the indicated time points
for western blot assay. Cytosolic and nuclear extracts were
prepared by the Meldrum method as previously described.?
Equal amounts of protein (50 pg) were resolved on 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gels followed by electrophoresis and protein transfer to an
Immobilon-P membrane (Millipore, Billerica, MA, USA).
Membranes were incubated overnight with primary antibodies
at4°C, including anti-rat NF-xB p65 (#8242), [xB-o. (#4814),
phosphorylated IxB-o (#9246), Bel-2 (#2870), and Bax
(#2772) (Cell Signaling Technology, Beverly, MA, USA).

After washing with TBS containing 0.05% Tween-20, the
membranes were probed with horseradish peroxidase (HRP)-
labeled secondary antibodies (Boster, Wuhan, People’s
Republic of China), and the densities of the protein bands were
analyzed using Quantity One software (Bio-Rad, Hercules,
CA, USA). Protein levels were normalized to 3-actin.

Statistical analysis

The data are expressed as the mean + SD and were processed
by the statistical analysis software SPSS version 18.0 (SPSS
Inc., Chicago, IL, USA). The comparison of several means
was performed using one-way and repeated-measure two-way
analysis of variance followed by the Tukey—Kramer test to
identify significant differences between groups. The Kruskal—
Wallis test was used for the neurological deficit scores.
A P-value <0.05 was considered significant.

Results
Physiological parameters during MCAO

and reperfusion

Physiological parameters, including mean arterial pressure
(MAP), HR, rectal temperature, arterial blood pH, PaO, and
PaCO,, during MCAO and reperfusion, are shown in Table 1.
We observed no significant differences in MAP, HR, pH,
Pa0,, and PaCO, at any time point before or during MCAO
or during reperfusion.

Triptolide ameliorates MCAO-induced

cerebral injury

Two hours of MCAO followed by a 24-hour reperfusion
period induced an infarct volume of 21%%3% and a brain
water content of 83%22% in vehicle-treated (IRT + DMSO)
rats. Treatment with triptolide significantly reduced the infarct
volume in a dose-dependent manner (P<<0.05) (Figure 1B and
C). In addition, the brain water content was also reduced in rats
treated with triptolide (P<<0.05) (Figure 1D). At the conclu-
sion of the observation period (24 hours following MCAO),
rats in the IRI + DMSO group showed markedly greater
neurological deficit scores (Figure 1E), while rats receiv-
ing triptolide (0.5 mg/kg and 5 mg/kg) showed a significant
decrease in their neurological deficit (P<<0.05).

Triptolide attenuates the production

of pro-inflammatory cytokines

To determine the anti-inflammatory response following
MCAO, we evaluated the expression of pro-inflammatory
cytokines, including TNF-o, IL-1B, and IL-6, in ischemic
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Table | Physiological parameters (mean * SD)

Parameters Time Sham IRl + DMSO IRI + TL IRI + TL IRI + TL
(0.1 mgl/kg) (0.5 mg/kg) (5 mglkg)

MAP (mmHg) Baseline 92+4 8943 9343 9245 914
Ischemia 9143 90+4 92+3 91+4 90+4
Reperfusion 92+5 91+4 92+4 91+4 9343

HR (bpm) Baseline 342+15 34011 338t14 342+14 339£12
Ischemia 335£17 337£12 337+13 341£13 337£17
Reperfusion 343t14 340t16 340+1 | 337%15 34012

PaO, (mmHg) Baseline 1026 1015 100+5 9945 1013
Ischemia 9945 100+4 101£5 98+4 100+4
Reperfusion 101+7 99+4 100+4 100+4 1004

PaCO, (mmHg) Baseline 35+4 34+3 3314 3543 332
Ischemia 3444 3514 35+3 3312 352
Reperfusion 3545 3414 3543 3443 3413

pH Baseline 7.374+0.03 7.3610.04 7.40£0.02 7.37+0.03 7.39+0.01
Ischemia 7.40£0.02 7.40+0.03 7.41+0.02 7.38+0.02 7.40£0.02
Reperfusion 7.3940.02 7.40£0.03 7.39+0.03 7.40+0.02 7.3940.02

Note: The data are expressed as the mean + SD, n=5 for each group.

Abbreviations: TL, triptolide; IRI, ischemia/reperfusion injury; DMSO, dimethyl sulfoxide; MAP, mean arterial pressure; HR, heart rate; PaOz, arterial oxygen pressure;

PaCO,, arterial carbon dioxide pressure; SD, standard deviation.

brain tissue 24 hours following reperfusion. We found that
the relative mRNA (Figure 2A) and protein (Figure 2B)
expression of these cytokines were significantly elevated in
vehicle-treated rats (P<<0.05), while treatment with triptolide
significantly attenuated the increase in TNF-o, IL-1B, and
IL-6 mRNA and protein levels in a dose-dependent manner
(P<0.05).

Triptolide prevents neuronal apoptosis
following cerebral ischemia/reperfusion
injury

DNA fragmentation following MCAO was determined by
TUNEL staining (Figure 3A). TUNEL-positive cells were
rarely detected in SHAM animals. Conversely, MCAO rats
treated with vehicle showed a significant increase in the
number of TUNEL-positive cells within the ischemic pen-
umbra. Triptolide significantly reduced the percentage of
apoptotic cells in a dose-dependent manner (P<<0.05). We
also evaluated the expression of the pro-apoptotic protein Bax
(Figure 3B) and the anti-apoptotic protein Bcl-2 (Figure 3C)
in ischemic brain tissue. MCAO-induced cerebral IRI led to
a significant increase in Bax protein expression and a reduc-
tion in Bcl-2 expression when compared to sham-operated
rats (P<<0.05); however, triptolide reverted the expression
of these two proteins to basal levels.

Triptolide inhibits the activation of NF-xB
following MCAO-induced cerebral injury

The activation of NF-kB was evaluated in both the cyto-
sol and nuclear fractions (Figure 4A). We found that the

NF-xB p65 subunit was highly expressed in the cytosol but
not in the nucleus of sham-operated rats. In MCAO rats,
the ischemic tissue showed higher levels of NF-xB p65 in
the nucleus compared to the cytosol, and this activation
of NF-xB was inhibited by treatment with triptolide. In
addition, we also determined the total protein levels of
IxB-o and phosphorylation of IkB-a. Our results showed
that, following cerebral IRI, the overall level of IkB-o
protein was decreased along with an enhancement in IkB-o.
phosphorylation. Triptolide inhibited the I/R-induced phos-
phorylation and degradation of IkB-a in a dose-dependent
manner (Figure 4B).

Discussion

The major finding of this study is that the administration
of triptolide has protective effects against the cerebral
IRI that is induced by MCAO. Treatment with triptolide
improved neurological deficit scores, attenuated cerebral
infarct volume, reduced brain edema, and decreased neu-
ronal apoptosis and the production of pro-inflammatory
cytokines including TNF-a,, IL-1P, and IL-6. In addition,
our results revealed that triptolide has marked inhibitory
effects on the activation of NF-xB. These results suggest
that the protective effects of triptolide against neuroinflam-
mation are likely acting through the inhibition of the NF-xB
signaling pathway.

NF-kB is a transcription factor that controls the
expression of target genes involved in cell prolifera-
tion, apoptosis, and inflammation, and it is known to be
highly activated in inflammatory disease states such as
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Figure | Protective effects of triptolide against cerebral IRI.

Notes: (A) Chemical structure of triptolide. (B) TTC-stained brain slices 24 hours following reperfusion. (C) Infarct volume. (D) Brain water content. (E) Neurological
deficit scores. Each circle represent a single animal. The data are expressed as the mean + SD. Compared to the IRl + DMSO group, #P<<0.05, #P<<0.01; compared to other
groups, *P<0.05, **P<0.01.

Abbreviations: TL, triptolide; IRI, ischemia/reperfusion injury; DMSO, dimethyl sulfoxide; TTC, 2,3,5-triphenyltetrazolium chloride; SD, standard deviation.
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Figure 2 Effects of triptolide on (A) mRNA expression and (B) protein concentration of pro-inflammatory cytokines in ischemic brain tissue 24 hours following

reperfusion.

Notes: The data are expressed as the mean + SD. Compared with the IRl + DMSO group, #P<<0.05, #P<<0.01; compared with other groups, *P<<0.05, **P<<0.01.
Abbreviations: TL, triptolide; IRI, ischemia/reperfusion injury; DMSO, dimethyl sulfoxide; TNF-o., tumor necrosis factor alpha; IL, interleukin; SD, standard deviation.

traumatic brain injury and cerebral ischemia.?!?*> It has
been shown previously that the activation of NF-kB fol-
lowing MCAO-induced cerebral injury was accompanied
by the elevated expression of pro-inflammatory cytokines
including TNF-a,, IL-1f3, and IL-6.% These cytokines are
produced by diverse cell types and serve as mediators of
inflammation.?* In fact, these pro-inflammatory cytokines,
including TNF-q, IL-1B, and IL-6, could also stimulate
NF-xB activation in inflammatory diseases.? In this study,
we confirmed that both the mRNA and protein expression
levels of TNF-a, IL-1p, and IL-6 were increased follow-
ing cerebral IRI and that this increased production of
pro-inflammatory cytokines was attenuated by the admin-
istration of triptolide. These findings are consistent with
previous studies reporting the anti-inflammatory effects
of triptolide. 04

NF-kB was activated at the very early stage of MCAO-
induced cerebral injury. In an animal MCAO model, the
increased binding of NF-xB DNA was detected after

30 minutes of reperfusion.?® In addition, mice deficient in
the p50 subunit of NF-kB showed a significant reduction
in infarct volume in stroke models, suggesting that
NF-xB plays a detrimental role in the response to cerebral
ischemia.”’” Moreover, the selective inhibition of NF-xB
in neurons significantly reduced the infarct size and the
number of TUNEL-positive cells following MCAO.?
However, the outcomes of direct NF-kB inhibition on
focal cerebral ischemic injury are inconsistent, as Hill et al
have shown that the inhibition of MCAO-induced NF-xB
using diethyldithio carbamate in rats increased cell death.'’
Previous studies have suggested that triptolide is absorbed
very rapidly after oral administration in rats; the time to
reach maximal plasma concentration ranges from 10.0
to 19.5 minutes with a half-life of 16.8-50.6 minutes.?**
In this study, only a single dose of triptolide was injected ip
at the onset of reperfusion. Thus, the short half-life of trip-
tolide might reduce its bioactivity. Regardless, our results
still show that the administration of triptolide at the onset
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Figure 3 Anti-apoptotic effects of triptolide during MCAO-induced cerebral IRI.

604

N
o
1

cells (%)

N
S
¥

TUNEL positive

SHAM

IRl + DMSO -
IRI + TL (0.1 mg/kg)
IRI + TL (0.5 mg/kg)
IRI + TL (5 mg/kg)

C
Bol2 N s e g ol

fractin . WS SR S —

1.57

Relative Bcl-2 protein

IRI + DMSO

IRI + TL (0.1 mg/kg)
IRI + TL (0.5 mg/kg)
IRl + TL (5 mg/kg)
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(C) Bcl-2 were measured by western blot 24 hours after reperfusion. The data are expressed as the mean + SD; compared to the IRl + DMSO group, #P<<0.05, #*P<<0.01;

compared to other groups, *P<<0.05.

Abbreviations: TL, triptolide; IRI, ischemia/reperfusion injury; DMSO, dimethyl sulfoxide; MCAO, middle cerebral artery occlusion; DAPI, 4,6-diamidino-2-phenylindole;

SD, standard deviation.

of reperfusion significantly suppressed the translocation of
NF-xB and the phosphorylation of IxB-o following MCAO.
Time course studies have suggested that NF-xB is activated
within 3 hours following MCAO-induced injury in the
rat brain.?® It is possible that triptolide inhibits the early
activation of NF-xB following cerebral ischemic injury.
However, additional studies are needed to clarify the

mechanism and to assess the best therapeutic window for
triptolide following cerebral IRI. In addition, the admin-
istration of triptolide significantly reduced the percentage
of TUNEL-positive cells following MCAO. Thus, the
protective effects of triptolide against cerebral IRI are
possibly related to its inhibitory effects on the activation
of NF-kB.
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Abbreviations: TL, triptolide; IRI, ischemia/reperfusion injury; DMSO, dimethyl sulfoxide; SD, standard deviation.

Conclusion

Our results suggest that the administration of triptolide
following cerebral ischemia reduces infarct volume and
apoptosis and improves neurological function by inhibiting
the activation of NF-xB and the release of pro-inflammatory
cytokines in the brain. Triptolide might be a promising
therapeutic agent for the prevention and/or treatment of
cerebral IRI.
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