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Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating
disease with high morbidity and mortality. Cerebral vasospasm,
which develops in 3-12 days after aneurysm rupture, has tradi-
tionally been considered the major cause of poor outcome post-
aSAH. However, clinical trials demonstrated that antivasospastic
drugs, such as clazosentan, failed to improve the neurofunctional
outcomes of patients with aSAH [1], indicating that a complex eti-
ology is involved in the pathogenesis of delayed ischemic neuro-
logical deficits (DINDs). Therefore, further elucidation of the
pathogenic mechanisms and development of novel effective drugs
is of great importance for aSAH treatment.

Recently, extensive research has focused on early brain injury
(EBI), which occurs within the first 72 h after aSAH. In addition
to mechanical damage, hypoxia, and molecular alterations (e.g.,
NO pathway dysfunction, oxidative stress), EBI can result from
inflammation. Importantly, cerebral edema is a major risk factor
for early death and bad outcome following aSAH. Additionally,
disruption of blood brain barrier (BBB) and inflammation exacer-
bates the development of EBI by promoting cerebral edema for-
mation. Matrix metalloproteinase 9 (MMP-9) is involved in the
degradation of tight junction proteins and microvascular basal
lamina proteins, leading to BBB breakdown and brain edema.
Thus, suppressing the inflammatory response and MMP-9 activity
is vital for the alleviation of EBI in aSAH.

Resveratrol (RVS) (3,4',5-trihydroxystilbene), a natural poly-
phenol, exerts protective effects against multiple neurological
injuries in animal models such as stroke, traumatic brain injury,
and spinal cord injury [2—4]. The beneficial effects of resveratrol
in central nervous system injuries are associated with its anti-oxi-
dant, antiinflammatory, and antiapoptotic properties [3]. In
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particular, the inhibitory action of resveratrol on NF-xB has been
demonstrated in experimental diabetic neuropathy [5]. NF-xB
inhibition can result in downregulation of MMP-9 expression and
suppression of the inflammatory response post-SAH [6]. However,
although the antivasospastic effect of resveratrol in experimental
SAH has been reported [7], no experimental studies to date have
focused on the effect of resveratrol on BBB disruption and inflam-
mation after SAH. In our study, we aimed to evaluate whether
resveratrol could improve neurological outcomes through inhibi-
tion of the NF-xB-dependent inflammatory/MMP-9 pathway after
SAH.

In this study, aSAH model was induced using a perforation
method in sixty Sprague-Dawley rats. Then, resveratrol
(30 mL/kg) or normal saline (30 mL/kg) was administered intra-
peritoneally immediately and again at 6 h after SAH. We found
that resveratrol reduced brain edema and promoted functional
recovery by preventing BBB disruption after SAH. Further, post-
SAH resveratrol treatment inhibited the activation of NF-xB,
which leads to the downregulation of MMP-9 expression and
inhibition of inflammation, contributing to maintenance of BBB
integrity.

The BBB is a highly specialized structure of the brain microvas-
cular system, and the integrity of BBB is essential for maintaining
cerebral microenvironment homeostasis and neural function.
Matrix metalloproteases (MMPs), a family of zinc endopeptidases,
can degrade interendothelial tight junction proteins and basal
lamina proteins of the BBB. Accumulating evidence has demon-
strated that MMP-9 participates in the early BBB disruption and
cerebral edema formation after aSAH [8]. Increased activity of NF-
kB has also been observed in both early and late stages of SAH. In
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addition to orchestrating the inflammatory cascade, NF-xB is
known to directly regulate MMP-9 transcription. Thus, inhibition
of NF-«B activity results in decreased MMP-9 expression and sup-
pressed inflammatory response, which could attenuate BBB
breakdown and brain edema after SAH.

Consistent with a previous study [8], BBB disruption and brain
edema were observed in rats subjected to 24 h of SAH in our study
(Figure 1D,F). This process was inhibited by resveratrol treatment
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following SAH, indicating the protective effects of resveratrol on
BBB integrity. Under physiological conditions, the heterodimer
NF-xB, which consists of three subunits (p65, p50, and IxB-«),
exists in the cytoplasm in an inactive state. Inhibitory kappa B
(IxB-o), one subunit of NF-xB, plays an important role in main-
taining the inactivation of NF-xB. Various stimuli (e.g., ROS, TNF-
o) can induce the activation of inhibitory kappa kinases (IKK),
resulting in phosphorylation of IxB-o and proteasomal degrada-
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Figure 1 Resveratrol-treated (30 mg/kg, intraperitoneal) rats exhibited reduced neurological deficits compared with those in the SAH group (B), obviously
reduced brain water content (D), and significantly reduced Evans blue dye extravasation in the left hemisphere and right hemisphere (F). There was no
difference found in SAH grade or mortality between SAH and RVS groups (A,C,E). Values are expressed as the means + SD. Statistical significance was
analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons. For mortality, Fisher’s exact test was used for group
comparisons. *P < 0.05 compared with sham group; P < 0.05 compared with SAH group.
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tion of NF-xB. Then, the p65 subunits of NF-«xB are released from
the heterodimer and translocate into nucleus, where they can
promote transcription of cytokines (e.g., TNF-o, IL-1f, and IL-6)
and MMP-9. Consistent with the previous research [5,9], our
results also showed that resveratrol inhibited the nuclear translo-
cation of p65 from cytoplasm, suggesting an inhibitory effect of
resveratrol on NF-xB activity post-SAH (Figure 2C-F).

Next, we assessed the effect of resveratrol on NF-xB-dependent
MMP-9 expression. Resveratrol inhibited the SAH-induced
increase in MMP-9 and concomitantly restored protein levels of
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tight junction proteins (including claudin-5 and zonula
occludens-1 (ZO-1)) (Figure 2G-K). These findings suggested that
resveratrol can block NF-xB-dependent MMP-9 elevation and
tight junction protein downregulation, which lead to BBB protec-
tion. However, oxidative stress could upregulate MMP-9 levels in
brain after SAH; as an antioxidant, resveratrol might inhibit NF-
kB activity partially by suppressing oxidative stress injury post-
SAH. Thus, further studies are required to address this question.
Inflammatory pathways are activated in early stages after aSAH
and contribute to brain edema formation post-SAH [3].
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Figure 2 The effect of resveratrol in NF-kB-dependent inflammatory/MMP-9 pathways after SAH induced. The cytoplasm-to-nucleus translocation of p65,
a subunit of NF-xB, was induced in the SAH group and inhibited markedly by administration of resveratrol (C—F). The levels of TNF-a, IL-1f, and IL-6 mMRNA
increased after subarachnoid hemorrhage (SAH), but were suppressed in the resveratrol-treated group (A,B). Resveratrol increased the expression of
MMP-9 in cortex (G,l) and decreased the level of claudin-5 and ZO-1 (H,J,K). Values are expressed as the means + SD. Statistical significance was analyzed
by one-way analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons. *P < 0.05 compared with sham group; P < 0.05 compared

with SAH group.
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Proinflammatory cytokines (ITNF-o, IL-1f, and IL-6), which are
also end products of the NF-xB activation cascade, play impor-
tant roles in post-SAH inflammation. The antiinflammatory prop-
erties of resveratrol have been shown both in vitro and in vivo
[5,9]. In this study, resveratrol decreased the mRNA levels of TNF-
o, IL-1f, and IL-6, indicating the antiinflammatory effect of resve-
ratrol by inhibiting NF-xB activity (Figure 2A,B). In contrast,
cytokines such as TNF-¢ and IL-1f can enhance their own produc-
tion by activating toll-like receptor 4/NF-xB signaling [10]. There-
fore, resveratrol-induced downregulation of TNF-a and IL-6
contributes to NF-«B inhibition in return.

However, this study has limitations. First, we have not used a
specific inhibitor of NF-xB to further verify the inhibitory effect of
resveratrol on NF-xB. Additionally we have not further investi-
gated the dose and time window of resveratrol activity in SAH.
Future studies should focus on these issues mentioned earlier.

In conclusion, this study indicated that resveratrol improves
functional outcomes after SAH by attenuating inflammation,
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inhibiting BBB disruption, and alleviating brain edema. Further-
more, we hypothesized that these protective effects might be asso-
ciated with resveratrol-mediated deactivation of NF-xB activity,
leading to low expression of MMP-9 and suppression of inflamma-
tory response.
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