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Abstract Microglia cells have been reported to mediate
hypoxia-induced inflammation through the production of pro-
inflammatory cytokines, including interleukin-1 beta (IL-1β),
tumor necrosis factor alpha (TNF-α), and IL-6. Given the fact
that the activation of the type 2 cannabinoid receptor (CB2R)
provides antioxidative and anti-inflammatory results, it is
suspected that its selective agonist, trans-caryophyllene
(TC), may have protective effects against hypoxia-induced
neuroinflammatory responses. In this study, TC was found
to significantly inhibit hypoxia-induced cytotoxicity as well as
the release of proinflammatory cytokines, including IL-1β,
TNF-α, and IL-6, through activation of BV2 microglia fol-
lowing hypoxic exposure (1 % O2, 24 h). Furthermore, TC
significantly inhibited hypoxia-induced generation of reactive
oxygen species (ROS) in mitochondria as well as the activa-
tion of nuclear factor kappa B (NF-κB) in microglia. Impor-
tantly, TC’s effects on inhibiting the activation of NF-κB and
the secretion of inflammatory cytokines can be abolished by
muting the CB2R using small RNA interference. These ob-
servations indicate that TC suppresses the hypoxia-induced
neuroinflammatory response through inhibition of NF-κB
activation in microglia. Therefore, TC may be beneficial in
preventing hypoxia-induced neuroinflammation.
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Introduction

Ischemic stroke is one of the most common brain diseases and
is linked with very high rates of morbidity and mortality.
Because of its high demand for oxygen supply, the brain is
extremely susceptible to hypoxia-induced damage (Shi et al.
2013; Carlson et al. 2008). Since hypoxia activates microglial
cells, which are the resident macrophages of the central ner-
vous system (CNS). It is generally accepted that inflammation
plays a critical role in the disease progression of ischemic
stroke and hypoxia (Chamorro and Hallenbeck 2006). Acti-
vated microglial cells provoke excessive secretion of proin-
flammatory cytokines, including interleukin-1 beta (IL-1β),
IL-6, and tumor necrosis factor alpha (TNF-α) (Sivakumar
et al. 2011). It is also known that proinflammatory cytokines
secreted by microglia play a critical role in neuronal dysfunc-
tion and neuronal death in ischemic stroke (Yang et al. 2010)
and Alzheimer’s disease (Heneka et al. 2010). Previous stud-
ies have demonstrated that enhanced production of reactive
oxygen species (ROS), resulting from increased mitochondri-
al DNA damage in microglia, is involved in triggering exag-
gerated inflammatory responses (Nakanishi and Wu 2009).
Multiple lines of evidence have revealed that hypoxia could
drive microglia to generate ROS (Rathnasamy et al. 2011).
Thus, modulating ROS production along with either these
inflammatory cytokines or their regulatory pathways is a
potential strategy for the treatment of hypoxia.

Cannabinoids have been attracting increasingly more inter-
est throughout the past decade. The biological effects of
cannabinoids are mainly mediated by two main subtypes of
cannabinoid receptors: type 1 cannabinoid receptors (CB1Rs)
and type 2 cannabinoid receptors (CB2Rs). CB2Rs have been
reported to be expressed primarily in activated microglia and
peripheral immune cells, thereby regulating antigen presenta-
tion, cytokine/chemokine production, and cell migration
(Cabral and Griffin-Thomas 2009). Selective agonists and
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antagonists for these receptors have been identified in previ-
ous studies (Pertwee 1997). Considering the critical role of
inflammation in ischemic and hypoxic pathophysiological
processes, selective activation of CB2R by administration of
CB2R agonists has drawn much attention as a potential ther-
apeutic target for the treatment of cerebral ischemia (Pertwee
2009). Trans-Caryophyllene (TC) is a kind of bicyclic sesqui-
terpene, which has been reported to be a CB2R-selective
agonist. Previous studies have demonstrated that TC is able
to bind to CB2R, but not to CB1R, resulting in activation of
the Gi/Go subtype of G proteins (Gertsch et al. 2008). It was
also found that TC can reduce oxygen–glucose deprivation
(OGD)-evoked cell death in neuroblastoma cells in vitro
(Chang et al. 2007). Importantly, TC was also found to pro-
duce neuroprotective effects in in vitro and in vivo ischemic
models (Choi et al. 2013). However, the anti-inflammatory
effects of TC found in cases of hypoxia and its underlying
mechanism have yet to be elucidated.

In the present study, TC was found to significantly inhibit
hypoxia-induced cytotoxicity and the release of proinflamma-
tory cytokines, including IL-1β, TNF-α, and IL-6, through
activation of BV2 microglia following hypoxic exposure.
Furthermore, TC significantly inhibited hypoxia-induced gen-
eration of ROS in mitochondria as well as the activation of
nuclear factor kappa B (NF-κB) in microglia.

Materials and Methods

Cell Culture, Transfection, and Hypoxic Exposure

The murine BV2 cell line was cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10 % fetal
bovine serum (FBS), 1 % penicillin, and streptomycin at
37 °C in a humidified incubator with 5 % CO2. Confluent
cultures were passaged by trypsinization. BV2microglia were
plated overnight and then cultivated using a chamber under
normoxia (20 % O2, 5 % CO2) or hypoxia (1 % O2, 5 % CO2,
and 92 % N2) at 37 °C for 24 h in the presence or absence of
TC (5 μM).

Small RNA Interference Transfection

BV2 cells were plated onto six-well plates and grown in
DMEM with 10 % FBS for 24 h to achieve about 50 %
confluency. The small interfering RNA (siRNA) transfection
complex, formed by combining the transfection reagent Lipo-
fectamine RNAiMAX (Invitrogen, USA) and 50 nM siRNA
(Ctrl_Allstars_1 Negative Control or Mm_CNR2_9 target
sequence: AAGGCCCAAGGTCCTCGGTTA) (QIAGEN,
USA) was added into six-well plates with Opti-MEM. The
cells were then incubated for 8 h in Opti-MEM, and the
medium was replaced with DMEM with 10 % FBS and

incubated for 48 h. The successful knockdown of CB2R was
verified using western blot analysis.

Determination of Mitochondrial ROS

Mitochondrial ROS was measured using MitoSOX Red
(Invitrogen, USA) according to the manufacturer’s instruc-
tions. MitoSOX Red is a live-cell permeant and is rapidly and
selectively targeted to mitochondria. Once in the mitochon-
dria, MitoSOX Red reagent is oxidized by superoxide and
exhibits red fluorescence (with exCitation at 510 nm and
emission at 580 nm). Briefly, the cultured BV2microglia cells
were exposed to normoxia or hypoxia in the presence or
absence of TC (5 μM). The cells were collected at 24 h after
treatment and then incubated with 5 mM MitoSOX Red in
Hank’s balanced salt solution (HBSS) containing for 10min at
37 °C. Images were recorded by a fluorescence microscope.
Cells from five fields in each group were randomly selected
for statistical analysis. The level of intracellular ROS was
indexed by the average fluorescence intensity of each individ-
ual cell analyzed by Image-Pro Plus software.

Cell Viability Measurement

After various treatments, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) reduction assay was used
to determine cell viability. Briefly, 1 mg/mL MTTwas added
into the serum-free medium and incubated for 4 h in a CO2

incubator at 37 °C. The resultant insoluble formazan crystals
were dissolved by dimethyl sulfoxide (DMSO). Absorbance
recorded at 570 nm by a microtiter plate reader was used to
index cell viability.

Cytokine Assays

The cultured BV2microglia cells (density of 5×105 cells/mL)
were subjected to normoxia (20 % O2, 5 % CO2) or hypoxia
(1 % O2, 5 % CO2, and 92 % N2) at 37 °C for 24 h in the
presence or absence of TC (5 μM). Cytokine levels were
determined using a commercial ELISA kit. ELISA kits for
IL-1β, IL-6, and TNF-α were from Cayman Chemical (Ann
Arbor, MI, USA). Absorbance was examined at 450 nm using
a microplate reader.

Western Blot Analysis

After having been washed three times with PBS, BV2 cells
were lysed in cell lysis buffer (Cell Signaling, USA) contain-
ing protease inhibitor cocktail tablets (Roche, Germany). Pro-
teins were separated using 10 % SDS-PAGE and then trans-
ferred onto Immobilon PVDF membranes (Millipore). After
having been blocked in 5% nonfat milk in Tris-buffered saline
Tween (TBST) (100 mM Tris, pH 8.0, 150 mM NaCl, and
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0.1 % Tween 20) for 1 h at room temperature, membranes
were incubated with primary antibodies at RT for 3 h. After
being washed three times with TBST, membranes were incu-
bated with a secondary antibody conjugated to horseradish
peroxidase (Santa Cruz Biotechnology, USA) for 1 h at RT.
Immunoreactive bands were visualized using the ECL detec-
tion system (Pierce, USA).

Luciferase Reporter Assays

BV2 cells were transfected with pNF-κB-Luc using Lipofec-
tamine 2000 (Invitrogen, USA) according to the manufac-
turer’s instructions. Transfected cells were exposed to hypox-
ia. After 24 h, the cells were lysed, and luciferase activity was
determined using a commercial luciferase kit (Promega, USA)
and a TD-20/20 luminometer (Turner Designs, USA). Lucif-
erase activity was normalized by protein concentrations,
which served as an internal control.

Immunofluorescence

BV2 cells were fixed in 4 % paraformaldehyde for 10 min at
RT, followed by permeabilization with 0.4 % Triton X-100 for
15 min on ice. After being blocked with 5 % BSA and 2.5 %
FBS in PBST, cells were then incubated with the primary

antibody anti-NF-κB for 2 h at RT, followed by Alexa 594-
conjugated secondary antibodies for 1 h at RT. Fluorescence
signals were captured using a fluorescence microscope.

Statistical Analysis

Data are represented as mean ± S.E.M. Statistical significance
was determined by one-way analysis of variance (ANOVA).
p<0.05 was considered as the minimum level of statistical
significance.

Results

The effects of TC on the cell viability of BV2 microglia were
first investigated using an MTT assay. Administration of TC,
with final concentrations of 0.5 and 5 μM, did not lead to a
significant change in cell viability of BV2 cells. However,
mean cell viability was significantly reduced after treatment
with TC using the final concentration of 50 μM (Fig. 1a).
Therefore, we administered TC at a concentration of 5 μM in
order to examine its effects on hypoxia-induced reduction of
microglial cell viability. As shown in Fig. 1b, hypoxic expo-
sure (1%O2, 24 h) significantly reduced mean cell viability of
BV2 microglia. Treatment with TC (5 μM) significantly

Fig. 1 Effects of trans-
caryophyllene (TC) on hypoxia-
induced cytotoxicity in cultured
microglia. aCell viability in BV2
microglia in the presence of TC
with each of three different
concentrations (*p<0.01 vs.
normoxia, n=5). bCell viability
of BV2 microglia exposed to
normoxia (20 % O2) or hypoxia
(1 % O2) in the presence or
absence of TC (5 μM) for 24 h
(*p<0.01 vs. normoxia; #p<0.01
vs. hypoxia, n=5)

Fig. 2 Effects of TC on
mitochondria-generated reactive
oxygen species (ROS). a
Fluorescent images of MitoSOX
Red fluorescence signals in BV2
microglia exposed to normoxia
(20 % O2) or hypoxia (1 % O2) in
the presence or absence of TC
(5 μM) for 24 h. bQuantitative
analyses of MitoSOX Red
fluorescence signal intensity
(*p<0.01 vs. normoxia; #p<0.01
vs. hypoxia, n=5)
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restored the hypoxia-induced reduction of microglial cell
viability.

Oxidative stress occurs during the hypoxic process. Previ-
ous studies have demonstrated that mitochondria in microglial
cells were found to be most susceptible to oxidative damage
(Nakanishi and Wu 2009). Thus, we examined hypoxia-
induced mitochondrial oxidant generation in microglia using
MitoSOX Red probe, a mitochondrially targeted
hydroethidine derivative. As shown in Fig. 2a, b, results show
that levels of mitochondrial ROS were significantly increased
in BV2 microglia at 24 h after hypoxia; however, TC signif-
icantly inhibited this hypoxia-induced mitochondrial ROS
increase, as was seen in the mean fluorescent intensity of
MitoSOX Red probes in microglia.

We next examined the effects of TC on hypoxia-
induced secretion of proinflammatory cytokines by mi-
croglia. Levels of IL-1β, TNF-α, and IL-6 secreted by
BV2 microglia into the culture medium were measured
by ELISA after hypoxic exposure (1 % O2, 24 h). Test
results demonstrated that hypoxia led to a significant
increase in concentrations of IL-1β, TNF-α, and IL-6
in the culture medium. Importantly, administration of
TC significantly inhibited hypoxia-induced secretion of
IL-1β, TNF-α, and IL-6 by microglia (Fig. 3).

NF-κB has been considered as a critical transcriptional
factor in the activation of several proinflammatory cytokines,
including IL-1β, TNF-α, and IL-6. Normally, NF-κB can be
found in the cytoplasm as a heterodimer of the p50 and p65
subunits. IκB inhibits NF-κB. Inflammatory cytokines are
able to induce phosphorylation and subsequent degradation
of IκB, thereby leading to the liberation of NF-κB heterodi-
mers, which can then translocate to the nucleus, bind specific
DNA sequences, and affect target gene expression. Here, we
found that the expression of IκBα phosphorylation in BV2
microglia was significantly increased after hypoxia. However,
TC treatment significantly inhibited hypoxia-induced phos-
phorylation of IκBα in microglia (Fig. 4a, b).

Immunocytochemistry experiments revealed that hypoxia-
induced p65 nuclear translocation was blocked by the admin-
istration of TC, thereby confirming the inhibitory effects of
TC on NF-κB activation (Fig. 5). As a next step, we assessed
the inhibitory effects of TC on NF-κB by performing lucifer-
ase reporter assays. In BV2 cells transfected with NF-κB-Luc
reporter plasmid, the presence of hypoxia drastically induced
NF-κB luciferase activity. This induction was markedly sup-
pressed by TC (Fig. 6).

In order to determine whether or not the effects of TC on
hypoxia-induced microglia inflammation are dependent on

Fig. 3 Inhibitory effects of TC on hypoxia-induced proinflammatory
cytokines secretion by cultured microglia. The mean concentration of
IL-1β, TNF-α, and IL-6 in the culture medium of BV2microglia exposed
to normoxia (20 % O2) or hypoxia (1 % O2) in the presence or absence of
TC (5μM) for 24 h was measured using a commercial ELISA kit. aMean

concentration of IL-1β (*p<0.01 vs. normoxia; #p<0.01 vs. hypoxia, n=
5). bMean concentration of TNF-α (*p<0.01 vs. normoxia; #p<0.01 vs.
hypoxia, n=5). c Mean concentration of IL-6 (*p<0.01 vs. normoxia;
#p<0.01 vs. hypoxia, n=5)

Fig. 4 Inhibitory effects of TC on
hypoxia-induced phosphorylation
of IκBα in cultured microglia. a
BV2 microglia exposed to
normoxia (20 % O2) or hypoxia
(1 % O2) in the presence or
absence of TC (5 μM) for 24 h.
Representativewestern blot bands
of pIκBα, IκBα, and β-actin. b
Quantitative analyses of
immunoblots in a (*p<0.01 vs.
normoxia; #p<0.01 vs. hypoxia,
n=5)
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activation of CB2R, we inhibited the expression of CB2R
using CB2R siRNA. Successful suppression of CB2R is
shown by western blot analysis in Fig. 7a. The effects of TC
on the NF-κB-Luc reporter were abolished when BV2 cells
were transfected with CB2R siRNA (Fig. 7b). Most impor-
tantly, ELISA results revealed that TC’s effects on the secre-
tion of inflammatory cytokines can be abolished by muting
the CB2 receptor (Fig. 8).

Discussion

Inflammation in the brain caused by activated microglia is a
prominent pathological feature associated with several brain
diseases. The major finding in this study is that TC, a CB2R-
selective agonist, significantly inhibits hypoxia-induced acti-
vation of the NF-κB-dependent neuroinflammatory pathway
in microglia. The nuclear factor NF-κB, a central regulator of
inflammatory processes, encodes the genes of proinflamma-
tory cytokines, including IL-1β, TNF-α, and IL-6 (Liu and
Malik 2006). Proinflammatory cytokines secreted by activat-
ed microglia, such as IL-1β, IL-6, and TNF-α, are known to
be important mediators in the process of inflammation. These
proinflammatory mediators are thought to be responsible for
some of the harmful effects of brain injuries and diseases.
Activation of NF-κB is known to be involved in the patho-
logical process of stroke. Previous studies have demonstrated
that mice lacking the p50 subunit of NF-κB develop signifi-
cantly smaller infarcts after transient focal ischemia (Nurmi
et al. 2004), and antioxidants work to reduce infarct volume
and improve behavior deficits (Qin et al. 2007). The work
reported here suggests that TC could be used to inhibit proin-
flammatory cytokines released by microglia. Activation of
CB2R has been proposed to have neuroprotective properties
in neurological diseases. A recent study demonstrated that
administration of JWH-133, an agonist of CB2R, significantly
improved infarct outcome, as shown by a reduction in brain
infarction and neurological impairment in a stroke model.
This effect was reversed by the CB2R antagonist and was

Fig. 5 Effects of TC on hypoxia-
induced p65 nuclear
translocation. BV2 microglia
exposed to normoxia (20 % O2)
or hypoxia (1 % O2) in the
presence or absence of TC (5μM)
for 24 h. Cells were
immunostained with anti-p65
antibodies

Fig. 6 NF-κB luciferase reporter assays. After indicated transfection,
BV2 cells transfected with pNF-κB-Luc reporter were exposed to
normoxia (20 % O2) or hypoxia (1 % O2) in the presence or absence of
TC (5 μM) for 24 h before measuring luciferase activity (*p<0.01 vs.
normoxia; #p<0.01 vs. hypoxia, n=5)

J Mol Neurosci (2014) 54:41–48 45



absent in CB2R knockout mice. Concomitantly, administra-
tion of JWH-133 also led to a lower level of intensity of Iba1+
microglia/macrophages along with reduced secretion of in-
flammatory cytokines (Zarruk et al. 2012). Consistently, TC
was reported to decrease neuronal injury and mitochondrial
depolarization caused by OGD/re-oxygenation (OGD/R) by
way of its enhancement of AMPK and CREB phosphoryla-
tion (Choi et al. 2013).

It is also known that NF-κB activation is facilitated by
conditions associated with an increased intracellular redox
state (Toledano and Leonard 1991). In addition, accumulating
evidence suggests an important role for oxidative stress in the
regulation of neuroinflammation following stroke. In the pres-
ent study, hypoxia-induced mitochondria-derived ROS gener-
ation was effectively inhibited by treatment with TC, suggest-
ing a potential antioxidative stress capability of TC. Activa-
tion of CB2R has been reported to attenuate oxidative stress
damage in different kinds of tissues, including brain (Aso et al.
2013), kidney (Mukhopadhyay et al. 2010), and liver tissues

(Cao et al. 2013). TC, as a natural sesquiterpene, has demon-
strated its antioxidant activity in previous studies (Salehi et al.
2012). It has been widely accepted that various intracellular
signaling pathways are involved in the expression of inflam-
matory mediators. An early signal occurs in the cytoplasm
which leads to IκB phosphorylation. This phosphorylation
results in the degradation of IκB, thus allowing NF-κB trans-
location to the nucleus. Activation of CB2R in different tis-
sues might result in coupling to several principal signaling
pathways, including MAP kinase (e.g., ERK1/2 and p38), c-
Jun N-terminal kinase, and PI3/Akt pathways (Montecucco
et al. 2009). The underlying mechanism that allows TC to
restore reduced levels of IκB under hypoxia needs to be
elucidated in future studies.

Microglial cells are a major glial cell element of the
CNS. It plays a critical role as resident immunocompetent,
host defense, and tissue repair in the CNS and CNS dis-
eases, such as multiple sclerosis, Parkinson’s disease, and
Alzheimer’s disease (Nakajima and Kohsaka 2001).

Fig. 7 Inhibitory effects of TC on NF-κB transcriptional activity are
dependent on CB2R. siCB2R indicates the CB2R siRNA group; NS
indicates the nonspecific siRNA group. aWestern blot analysis revealed
the successful knockdown of CB2R (*p<0.01 vs. NS group). b NF-κB
luciferase reporter assays. After indicated transfection, BV2 cells

transfected with pNF-κB-Luc reporter were exposed to normoxia (20 %
O2) or hypoxia (1 %O2) in the presence or absence of TC (5 μM) for 24 h
before measuring luciferase activity (*p<0.01 vs. normoxia; #p<0.01 vs.
hypoxia; $p<0.01 vs. hypoxia+TC group, n=5)

Fig. 8 Inhibitory effects of TC on hypoxia-induced proinflammatory
cytokines secretion by cultured microglia are dependent on CB2R.
siCB2R indicates the CB2R siRNA group; NS indicates the nonspecific
siRNA group. The mean concentration of IL-1β, TNF-α, and IL-6 in the
culture medium of BV2 microglia exposed to normoxia (20 % O2) or

hypoxia (1 % O2) in the presence or absence of TC (5 μM) for 24 h was
measured by ELISA. aMean concentration of IL-1β. bMean concentra-
tion of TNF-α. c Mean concentration of IL-6 (*p<0.01 vs. normoxia;
#p<0.01 vs. hypoxia; $p<0.01 vs. hypoxia+TC group, n=5)
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Microglia has two opposite functions in the brain. On one
hand, microglia provides immunosurveillance. On the other
hand, microglia can also be toxic (Kreutzberg 1996). Re-
cent studies have classified microglia as an activated pro-
inflammatory type M1 and a less inflammatory and neuro-
protective type M2 involved in tissue repair and modeling
of the extracellular matrix (Kigerl et al. 2009). Hypoxia
shifted microglia to the proinflammatory M1 phenotype
(Habib et al. 2013). After switch from a balanced pheno-
type towards an activated and secretion M1 status, secretion
of inflammatory cytokines, such as TNF-α, IL-6, and IL-1β
by microglia have been increased. The microglial popula-
tion is heterogeneous. Inflammatory mediators and ROS
induced by hypoxia lead to the death of microglia cells.
Although the total number of microglia is reduced, more
microglia in M1 status will lead to the upregulation of
TNF-α, IL-6, and IL-1β. It has been reported that depletion
of the proliferative microglia exacerbated injury in stroke
by enhancing excitotoxic injury and further increasing the
cytokine and chemokine production already induced by
ischemia–reperfusion (Lalancette-Hébert et al. 2007). In
contrast, injection of microglia into the ischemic brain
ameliorated injury in stroke (Imai et al. 2007). Recently,
the concept of microglial M1 and M2 phenotypes also has
entered the field of stroke research. As the M2 subtype
protected the hippocampal neurons against oxygen–glu-
cose deprivation (Girard et al. 2013), our findings suggest
that TC treatment might be able to promote proinflamma-
tory M1 microglial phenotypes converting into anti-
inflammatory M2 microglia.

Stroke, the most common form of hypoxia-ischemic brain
injury, presents a major challenge in maintaining public health
due to its high rate of incidence and its life-threatening nature.
Oxidative stress and neuroinflammation are considered as the
two major pathophysiological mechanisms involved in
hypoxia-ischemic brain injuries (Lakhan et al. 2009). Activat-
ed microglial cells have been found in the brains of stroke
patients. This plays a critical role in stroke progression
(Gerhard et al. 2000). Furthermore, microglia may play a dual
role, both participating in the brain’s host defense system as
well as acting as phagocytes, which engulf tissue debris and
dead cells. On the other hand, microglial cells have been
pinpointed as the major cell population in the human brain
that leads to NF-κB-dependent upregulation of proinflamma-
tory molecules, such as TNF-α and IL-1β, during stroke.
These factors can cause neuronal death and demyelination
(Glezer et al. 2007). Thus, blockage of microglia activation
has been considered as an effective strategy in preventing
hypoxia-ischemic brain injury (Zawadzka et al. 2012). TC
efficiently attenuates hypoxia-induced activation of the
NF-κB-dependent neuroinflammatory pathway in microglia
and, therefore, may be beneficial in the prevention and treat-
ment of stroke.
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