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Abstract Recent studies have demonstrated a close inter-
action between neuroinflammatory responses, increased
production of inflammatory mediators, and neurodegen-
eration. Pathological findings in neurological diseases
such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease have shown common signs of neu-
roinflammation and neurodegeneration. Lupeol, a natural
pentacyclic triterpene, has revealed a number of pharma-
cological properties including an anti-inflammatory activ-
ity. This study aimed to evaluate the effect of lupeol
against lipopolysaccharide (LPS)-induced neuroinflam-
mation in the cortex and hippocampus of adult mice.
Our results showed that systemic administration of LPS
induced glial cell production of proinflammatory cyto-
kines, tumor necrosis factor (TNF)-«, inducible nitric
oxide synthase (iNOS), and interleukin (IL)-13, while
co-treatment with lupeol significantly inhibited the LPS-
induced activation of microglia and astrocytes, and de-
creased the LPS-induced generation of TNF-«, iNOS,
and IL-1f. The intracellular mechanism involved in the
LPS-induced activation of inflammatory responses in-
cludes phosphorylation of P38 mitogen-activated protein
kinase (MAPK) and c-Jun N-terminal kinase (JNK),
which was significantly inhibited by lupeol. We further
elucidated that lupeol inhibited the LPS-induced
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activation of the mitochondrial apoptotic pathway and
reversed the LPS-induced expression of apoptotic
markers such as Bax, cytochrome C, caspase-9, and cas-
pase-3. Taken together; our results suggest that lupeol in-
hibits LPS-induced microglial neuroinflammation via the P38-
MAPK and JNK pathways and has therapeutic potential to treat
various neuroinflammatory disorders.

Keywords Lipopolysaccharide - Lupeol - Microglia -
Neuroinflammation - Neurodegeneration - P38-MAPK/JINK

Introduction

An inflammatory process is initiated as a first response
of the resident immune system following invasion of a
foreign particle, generating its signals via infection or
irritation (Brown and Neher 2010). The immune system
of the central nervous system (CNS) contains glial cells
that include microglia and astrocytes, which are in-
volved in the inflammatory process to defend the CNS
from pathogens and maintain the normal integrity of
neuronal cells (Skaper 2007). Several studies have dem-
onstrated that prolonged inflammatory changes can ex-
acerbate inflammatory diseases of the brain such as
multiple sclerosis or meningitis (Aktas et al. 2007) or
non-inflammatory brain diseases such as Alzheimer’s
disease, Parkinson’s disease, or Huntington’s disease
(Heneka and O’Banion 2007; Hirsch and Hunot 2009;
Bjorkqvist et al. 2009). The neuroinflammatory process
begins with the activation of glial cells, which generates
a number of neurotoxic elements that include reactive
oxygen species (ROS), nitric oxide species (NOS), cy-
tokines, and other inflammatory mediators, all of which
contribute to neurodegeneration (Skaper 2007; Di
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Filippo et al. 2010). Accordingly, Tansey et al. stated
that the production of these inflammatory cytokines and
chemokines leads to the induction of apoptosis in vari-
ous subsets of brain cells, including oligodendrocytes
and astrocytes (Tansey et al. 2009).

Lipopolysaccharide (LPS), a major component of the cell
wall of Gram-negative bacteria, is known to be a potent stim-
ulator of brain macrophages and activates the immune system
(Block et al. 2007). Both in vitro and in vivo studies describe
that LPS induction activates microglial cells, which lead to the
generation of ROS, NOS, and a wide range of proinflamma-
tory cytokines such as interleukin (IL)-1[3, IL-6, tumor necro-
sis factor (TNF)-«, and interferons (IFNs) (Palsson-
McDermott and O’Neill 2004; Chagnon et al. 2005; Block
et al. 2007). LPS primarily attaches to the TLR4/CD14 recep-
tor complex and initiates the inflammatory process via
mitogen-activated protein kinase (MAPK) family proteins
such as P38-MAPK, c-Jun N-terminal kinase (JNK), or the
nuclear factor kappa B (NFkB) pathway (Kacimi et al. 2011).
These pathways lead to the release of different inflammatory
markers and the generation of oxidative stress, which ulti-
mately leads to neurotoxicity and neurodegeneration
(Shaulian and Karin 2002; Kacimi et al. 2011; Munoz et al.
2007). The downstream signal transduction of the P38 and
JNK pathways has been described to activate a variety of
transcription factors and generate different inflammatory me-
diators (Stambe et al. 2003). Furthermore, it has been de-
scribed that JNK signaling induces activator protein (AP)-1-
dependent BAX and caspase activation, which results in neu-
ronal apoptosis (Putcha et al. 2003).

Lupeol, a biologically active dietary triterpenoid (Fig. 1), is
found in many medicinal plants and different fruits such as
olives, mangos, and strawberries (Saced and Sabir 2002;
Siddique and Saleem 2011; Papi Reddy et al. 2009). Several
studies have demonstrated lupeol to exhibit a wide spectrum
of pharmacological properties including anti-inflammatory,
anti-cancer, anti-diabetic, anti-microbial, cardioprotective,
and hepatoprotective activities (Ding et al. 2009; He et al.
2011; Siddique et al. 2011; Papi Reddy et al. 2009). Recent
studies have shown that lupeol possesses anti-apoptotic

Fig. 1 Chemical structure of lupeol

properties, which include inhibition of the mitochondrial ap-
optotic pathway and ROS production in hepatocytes (Kumari
and Kakkar 2012a, b). Moreover, Brimson et al. (2012) de-
scribed a protective effect of lupeol against glutamate-induced
neurotoxicity in HT22 mouse hippocampal cells.

The aim of our present study was to evaluate the anti-
inflammatory effect of lupeol against LPS-evoked neuroin-
flammation in the cortex and hippocampus of adult mice.
We analyzed the anti-apoptotic effect of lupeol by investigat-
ing the activities of different proteins in the mitochondrial
apoptotic pathway. Moreover, LPS-induced neuroinflamma-
tion via the P38/JNK pathway and the inhibitory effect of
lupeol were also evaluated.

Material and Methods
Reagents

LPS, lupeol, cresyl violet stain, and 3,3’-diaminobenzi-
dine peroxidase (DAB) reagent were purchased from
Sigma. The Vectastain ABC Elite kit was from Vector
Laboratories (Burlingame, CA, USA) and Fluorojade B
was purchased from Millipore. The primary antibodies
p-JINK (sc-6254), NOS-2 (sc-651), TNF-x (sc-52746),
IL-13 (sc-7884), Bax (sc-493), and cytochrome C (sc-
8385) were purchased from Santa Cruz Biotechnology.
Primary antibodies p-P38 (92118S), caspase-3 (9662),
and caspase-9 (9502S) were from Cell Signaling
Biotechnology. The secondary antibodies used in our
experiments were goat anti-mouse IgG, goat anti-rabbit
IgG, and rabbit anti-goat IgG, and were purchased from
Santa Cruz Biotechnology.

Animals and Drug Treatment

LPS was dissolved in normal saline and injected intraperito-
neally. An aqueous suspension of lupeol was made in 0.25 %
(v/v) dimethyl; sulfoxide solution and administered
intragastrically. C657LB male mice (=40, Gyeongsang
National University Animal Breeding Center, Jinju, South
Korea) weighing 25-30 g at the start of the treatment were
housed in a temperature-controlled environment and main-
tained on a 12-h light/dark cycle (lights on at 6:00 am) with
food ad libitum. All mice were randomly divided into four
groups and treated for 7 days: control group (0.5 mL
saline/day), LPS group (250 upg/kg/day), lupeol
(50 mg/kg/day)+LPS (250 pg/kg/day) group, and lupeol
group (50 mg/kg/day).

All experimental procedures were carried out in accor-
dance with the rules established by the Animal Ethics
Committee (IACUC) of the Division of Applied Life
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Sciences, Department of Biology, Gyeongsang National
University, South Korea.

Western Blot Analysis

Western blot analysis was performed according to a pre-
viously defined procedure (Badshah et al. 2013). The
mice were treated with respective drugs. Following the
last day of treatment, mice were sacrificed and the cortex
and hippocampi were collected. Tissue was homogenized
in pro-prep extraction solution (iNtRON Biotechnology)
and proteins samples were collected after centrifugation.
Equivalent amounts of protein were loaded onto a 4—
18 % (w/v) SDS-PAGE gel under reducing conditions
and transferred onto a polyvinylidene difluoride mem-
brane. The membranes were blocked with skim milk
for 1 h to reduce non-specific binding, and probed with
either rabbit-derived p-JNK, p-P38, Bax, caspase-9, cas-
pase-3, NOS-2, and IL-1f3, goat-derived cytochrome C,
or mouse derived TNF-a antibodies. Membranes were
incubated with goat-derived horseradish peroxidase-
conjugated anti-rabbit IgG, anti-goat IgG, or anti-mouse
IgG secondary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The immunoblots were visual-
ized using Ez West Lumi western blotting detection re-
agent (Atto Corporation Tokyo). The x-ray films were
scanned and optical densities of the bands were mea-
sured using computer-based Sigma Gel software (Jandel
Scientific, San Rafeal, CA, USA).

Tissue Sample Preparation

For morphological analysis, the cortical and hippocampal
tissue samples were prepared from different experimental
groups. Mice were anesthetized and transcardially per-
fused with normal saline and 4 % (w/v) paraformalde-
hyde followed by removal of the whole brain. Brains
were fixed with paraformaldehyde for 3 days followed
by immersion in 20 % (w/v) sucrose phosphate buffer
for 3 days. Brain samples were frozen with O.C.T. com-
pound (A.O. Co., USA) and 12- to 14-pum-thick coronal
sections were cut using a cryostat (Leica cryostat CM
3050, Germany). Coronal sections were collected on
gelatin-coated slides at —20 °C and stored —70 °C.

Immunofluorescence Assays

Immunofluorescence assays were performed to identify
microglial activation and the release of inflammatory me-
diators according to previously described procedures
(Shah et al. 2014). Slides were dried at room temperature,
washed twice with 0.01 M PBS for 5 min, and incubated
with proteinase K for 5 min. Sections were next washed
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with PBS and blocked with normal serum (Vector
Laboratories, CA) diluted 1:20 in PBS for 50 min.
Primary antibodies (p-JNK, TNF-o, GFAP, and Iba-1) di-
luted 1:100 in PBS containing 2 % (v/v) normal serum
and 0.1 % (v/v) Triton X-100 were applied at 4 °C over-
night. The slides were rinsed twice with PBS and FITC or
TRITC (anti-rabbit, anti-goat, or anti-mouse) secondary
antibodies diluted 1:50 in PBS were applied at room tem-
perature for 90 min. Tissue slides were washed twice with
PBS and 4',6-diamidino-2-phenylindole (DAPI) nucleus
counterstaining solution was applied for 10 min. Slides
were rinsed with PBS and glass cover slips were mounted
on glass slides with fluorescent mounting medium (Dako
53023). Images were captured using a confocal laser scan-
ning microscope (FV 1000MPE, Olympus, Japan) and
integrated density was evaluated using Image J software.

Immunohistochemistry

Immunohistochemistry for caspase-3 activity in cortical
and hippocampal tissue was performed as previously de-
scribed (Badshah et al. 2014). Tissue sections prepared
from control and experimental groups were air dried
overnight, washed with PBS, and incubated with protein-
ase K for 5 min. Tissue was washed with PBS and per-
oxidase blocking solution (methanol containing 3 % (v/v)
hydrogen peroxide) was applied for 10 min. Tissue slides
were washed twice with PBS for 5 min, and then incu-
bated for 60 min in blocking solution (5 % (v/v) normal
goat serum and 0.3 % (v/v) Triton X-100). The caspase-3
(rabbit 1:100 in blocking solution) primary antibody was
applied overnight, slides were washed three times with
PBS, and the secondary antibody (goat anti-rabbit bio-
tinylated, 1:500 in PBS) was applied at room temperature
in the dark for 90 min. Tissue samples were washed with
PBS and treated with ABC reagents for 60 min. Tissue
sections were rinsed with PBS and immersed in a solu-
tion of PBS and DAB with some drops of hydrogen
peroxide until the tissue sections changed to a light
brownish color. Tissue slides were washed with PBS,
immersed in xylene for 5 min, and glass cover slips were
mounted on glass slides with mounting medium. Images
were captured with a fluorescent light microscope.

Fluorojade-B Staining

Fluorojade B (FJB) staining was performed according to
the manufacturer’s protocol (Cat# AG310, Millipore,
USA). Tissue sections from the cortex and hippocampus
of treated groups were air dried overnight. Sections were
washed twice with PBS for 10 min and immersed in a
solution of 1 % (w/v) sodium hydroxide and 80 % (v/v)
ethanol for 5 min. Slides were then washed with 70 %
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(v/v) ethanol for 2 min followed by distilled water. The
slides were then immersed in a solution of 0.06 % (w/v)
potassium permanganate for 10 min, rinsed with distilled
water, and transferred to a solution of 0.1 % (v/v) acetic
acid and 0.01 % (v/v) FIB. After 20 min, the slides were
washed three times with distilled water and allowed to dry
at warm temperature. Glass cover slips were mounted
using DPX non-fluorescent mounting medium and images
from cortical and hippocampal sections were captured
with a confocal laser scanning microscope (FV 100,
Olympus).

Cresyl Violet Staining

Cresyl violet staining was performed according to a previous-
ly described procedure (Ali et al. 2015). Following overnight
drying, the tissue slides were washed three times with 0.01 M
PBS for 5 min. Tissue sections were stained with staining
solution containing 0.5 % (w/v) cresyl violet acetate (Sigma)
dissolved in distilled water with a few drops of glacial acetic
acid. After 10 min, the slides were rinsed with distilled water
and dehydrated with graded alcohol. Slides were dried and
immersed in xylene for 5 min. Glass cover slips were mounted
on slides and images were captured with a fluorescent light
microscope.

Data Analysis

Data are presented as the mean+standard error of mean
(SEM). Data were analyzed by ANOVA followed by #-test.
A level of p<0.01 and p<0.05 was considered to be signifi-
cant. “*’ indicates a significant difference (p<0.01) and “**’
indicates a significant difference (p<0.05) with the control
group. ‘#’ indicates a significant difference (p<0.01) and
“## indicates a significant difference (p<0.05) with the LPS

group.

Results

Lupeol Prevents LPS-Induced Activation of P38/JNK
Pathways

Important members of the MAPK family of proteins in-
volved stress-activated serine/threonine protein kinases
such as P38-MAPK and c-JNK (Zarubin and Han 2005;
Kyriakis and Ayruch 2012). The activation of these pro-
tein kinases has been implicated in oxidative stress and
the activation of inflammatory mediators such as TNF-«,
interleukins, and iNOS (Ajizan et al. 1999; Nakajima
et al. 2004; El-Remessy et al. 2008; Han et al. 2001).
To explore the effect of lupeol on the LPS-induced acti-
vation of the P38/JNK pathway, western blotting was

Fig. 2 Lupeol prevents the LPS-induced activation of the P38/JNK P>
pathway. a Representative western blots of p-P38 and p-JNK in the
cortex and hippocampus of treated mice. The immunoblots were
quantified using sigma gel software and the relative densities
normalized with (3-actin are shown. b Representative
immunofluorescence photomicrographs of p-JNK-positive cells in the
cortex and hippocampal regions of the mouse brain. Panels a—d
represent the cortex, panels e—h represent the DG region of the
hippocampus, while panels i-1 represent the CA1 region of the
hippocampus (magnification 10x objective field, scale bar cortex=
50 pum, scale bar hippocampus=100 um). Images are representative of
at least three animals per group (n=3). *p<0.01 and **p<0.05 with the
control group; ##p<0.05 with the LPS-treated group

performed on cortical and hippocampal samples of adult
mice. Our results showed that LPS administration signif-
icantly elevated the level of phosphorylated p38 (p-P38)
and phosphorylated JNK (p-JNK) compared with the
control group. Lupeol co-treatment with LPS resulted in
a significant reduction in p-P38 and p-JNK protein levels
compared with the LPS-treated group (Fig. 2a).
Moreover, morphological results of the cortex and hippo-
campal DG and CA1 regions also showed that p-JNK
expression was significantly increased in the LPS-
treated group compared with that of the control, while
the LPS- and lupeol-treated group showed decreased ex-
pression of p-JNK compared with the LPS-treated group
(Fig. 2b).

Lupeol Inhibits the LPS-Induced Release of Inflammatory
Markers

Activation of the MAPK family of proteins induces the
phosphorylation of other protein kinases and the genera-
tion of cytotoxic factors and proinflammatory cytokines
(Kyriasis and Avruch 2001; Kyriakis and Ayruch 2012).
To evaluate the effect of LPS and lupeol on different
inflammatory mediators, western blotting was performed
to monitor the protein expression levels of TNF-o, NOS-
2, and IL-13. Our results showed that LPS administra-
tion significantly elevated the levels of these proteins in
the cortex and hippocampus compared with the control
group. Treatment with lupeol along with LPS significant-
ly attenuated the LPS-induced increase in expression of
TNF-«, NOS-2, and IL-1 compared with the LPS-
treated group (Fig. 3a).

Similar to the expression level of TNF-«, as detected by
western blotting, immunofluorescence results showed that
systemic administration of LPS increased the numbers of
TNF-a-positive cells. Administration of lupeol along with
LPS significantly attenuated the level of TNF-a-positive cells
compared with the LPS-treated group in the cortex and hip-
pocampus of adult mice (Fig. 3b).
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representative of at least three animals per group (n=3). *p<0.01 and
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LPS-treated group
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Lupeol Attenuates the LPS-Induced Activation
of Microglia and Astrocytes

Astrocytes and microglia are key cells in the
neuroinflammatory and inflammatory neurodegenerative pro-
cess, as they are the sources of released cytokines (Block et al.
2007; Maragakis and Rothstein 2006). Therefore, we investi-
gated the protective effect of lupeol against astrocyte (GFAP
reactive cells) and microglial activation (Iba-1 reactive cells).
Immunofluorescence results revealed a significant increase in
the number of GFAP and Iba-1 reactive cells in the cortex and
hippocampus of LPS-injected mice compared with the control
group. Treatment with lupeol along with LPS significantly
decreased the number of GFAP and Iba-1 reactive cells in
the cortex and hippocampus compared with LPS-treated

group (Fig. 4).

Lupeol Attenuates the LPS-Induced Activation
of the Mitochondrial Apoptotic Pathway

The intrinsic mitochondrial apoptotic pathway involves acti-
vation of the proapoptotic protein Bax, followed by cyto-
chrome C release, and activation of caspase-9 and —3
(Debatin et al. 2002). To monitor the expression levels of these
proteins, western blotting was performed in the cortical and
hippocampal tissue of LPS- and lupeol-treated mice. Our re-
sults revealed that LPS administration induced the upregula-
tion of Bax protein, which further enhanced cytochrome C
release. Treatment with lupeol along with LPS downregulated
the LPS-induced expression of Bax protein and resulted in a
significant decrease in cytochrome C levels compared with the
LPS-treated group (Fig. 5).

Caspases are generally considered as the main mediator of
apoptosis. Therefore, western blotting was performed to mon-
itor the expression levels of caspase-9 and —3 following LPS
and lupeol treatment. Our results showed that LPS treatment
significantly increased the level of caspase-9 and caspase-3
compared with the control. Interestingly, co-treatment with
lupeol and LPS inhibited the LPS-induced activation of
caspases, and induced a significant decrease in the level of
caspase-9 and —3 compared with the LPS treated group in
the cortex and hippocampus of adult mice (Fig. 6a). In accor-
dance with these results, immunohistochemistry results
showed a significant increase in the expression of caspase-3
with LPS treatment, while lupeol administration along with
LPS resulted in the decreased expression of caspase-3 com-
pared with the LPS-treated group (Fig. 6b).

Lupeol Inhibits LPS-Induced Neurodegeneration
FJB is a well-known marker of damaged or dead neuronal

cells (Badshah et al. 2014; Schmued and Hopkins 2000).
The FJB staining procedure was applied to the treated groups
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and the immunofluorescence results showed that systemic ad-
ministration of LPS significantly elevated the level of FIB-
positive neuronal cells (dead/damaged neurons) in the cortex
and hippocampus relative to the control group. Interestingly,
lupeol co-treatment with LPS significantly reduced neuronal
damage compared with the LPS-treated group and retained
neuronal viability (Fig. 7a).

To determine the extent of neuronal viability after LPS and
lupeol administration, cresyl violet staining was performed on
cortical and hippocampal tissue slices of adult mice. In accor-
dance with FJB results, cresyl violet staining results revealed
that 1 week of LPS treatment significantly increased the num-
ber of apoptotic neurons as shown by damaged, fragmented,
or shrunken neuronal cells (Fig. 7b; panels b, f, j).
Administration of lupeol along with LPS significantly reduced
the number of degenerated neurons compared with the LPS-
treated group. Overall these results indicate that lupeol treat-
ment effectively inhibits LPS-induced neurodegeneration in
the cortex and hippocampus of adult mice.

Discussion

Recent studies have demonstrated that several mechanisms
are involved in the pathogenicity of LPS that involve the
JNK and P38-MAPK pathways in the production of inflam-
matory mediators (Xing et al. 2011; Wang et al. 2012). In the
current study, we investigated the neuroprotective activity of
an anti-inflammatory compound lupeol against LPS-induced
neurotoxicity. Our result suggest that lupeol may inhibit the
LPS-activated JNK and P38-MAPK pathways, which lead to
depletion of inflammatory cytokines such as TNF-c, IL-1f3,
iNOS, and the apoptotic pathway.

Several lines of evidence have confirmed that system-
ic administration of LPS increases the production of in-
flammatory mediators including iNOS, COX2, and dif-
ferent cytokines such as TNF-«, IL-1§3, and IL-6, which
induce a number of neurobiological effects (Palsson-
McDermott and O’Neill 2004; Parajuli et al. 2012).
Neuroinflammation has been shown to induce neurode-
generation in different forms of brain disorders such as
sepsis, Alzheimer’s disease, Parkinson’s disease, and
multiple sclerosis (Gao and Hong 2008; Lull and Block
2010). Following systemic administration, LPS binds to
Toll like receptor (TLR)-4 to activate glial cells that trig-
ger the activation of inflammatory pathways such as
P38-MAPK and JNK (Parajuli et al. 2012; Nakajima
et al. 2004). Phosphorylation of P38 and JNK activate
the pivotal transcription factor activator protein (AP)-1,
which triggers different inflammatory genes such as IL-1,
IL-2, CD40, TNF-«, and c-Jun (Kawai and Akira 2010;
Shaulian and Karin 2002). Our results reveal that LPS
administration induces the activation of the P38 and JNK
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<« Fig. 4 Lupeol attenuates the LPS-induced activation of astrocytes and
microglia. Representative photomicrographs of immunofluorescence
staining for a astrocytes (GFAP-positive cells) and b microglia (Iba-1-
positive cells) in LPS- and lupeol-treated groups. Images are
representative of at least three animals per group. Panels a—c represent
the cortex, panels d—f represent the CA1 region of the hippocampus,
while panels g—i represent the DG region of the hippocampus
(magnification 10x objective field, scale bar=50 pum). **p<0.05 with
the control group; #p<0.05 with the LPS-treated group

pathways, which may increase the production of TNF-«,
IL-183, and iNOS, ultimately leading to cell death.

The P38 signaling cascade is known to contribute to
the production of immune-related cytotoxic factors, pro-
inflammatory cytokines, and neurodegenerative sequelae
(Kyriakis and Ayruch 2012; Yasuda et al. 2011;
Bendottil et al. 2006). Moreover, it has been determined
that pharmacological inhibition of p38x-MAPK de-
creased the levels of the inflammatory cytokines
TNF- and IL-1f3, and protected neuronal cells from
synaptic protein loss and neurite degeneration (Xing
et al. 2011; Munoz et al. 2007). The JNK signaling
cascade acts on AP-1 to promote neuroinflammation
and neurodegeneration or interferes with cell death-
associated proteins such as the BCL-2 family of pro-
teins to activate the mitochondrial apoptotic pathway
(Bendottil et al. 2006; Putcha et al. 2003; Tournier
et al. 2000). Accordingly Wang et al. showed that
JNK inhibition reduced microglial activation, decreased
the production of inflammatory mediators, and inhibited
the apoptotic pathway (Wang et al. 2012). Although the
exact neuroprotective mechanism of lupeol during LPS-
mediated activation of the P38 and JNK pathways is not
clear, our results indicate that lupeol decreases the
levels of p-P38 and p-JNK, which may decrease the

Fig. 5 Lupeol inhibits LPS-

Cortex

production of inflammatory mediators such as TNF-«,
IL-173, and iNOS.

Earlier reports have shown that lupeol exhibits a potent
anti-inflammatory effect. Oral administration of lupeol
suppresses the cytotoxic (CD8) and helper (CD4) T cells
to inhibit the secretion of proinflammatory cytokines such
as TNF-«, IFN-y, IL-2, and IL-4 (Bani et al. 2006). In
comparative studies, lupeol, or its derivatives, has shown
more potency than classic non-steroidal anti-inflammatory
drugs such as indomethacin in animal models of inflam-
mation (Gupta et al. 2012; Davis et al. 1994; Akihisa
et al. 1996). Attenuation of activated astrocytes and mi-
croglia is widely accepted as an important factor in the
management of neuroinflammation. Astrocytes and mi-
croglia are supportive cells for neurons. Astrocytes regu-
late neuronal function via controlling synaptic transmis-
sion, whereas microglia maintain cellular homeostasis by
performing immune surveillance (Haydon and
Carmignoto 2006; Nimmerjahn et al. 2005). Various fac-
tors that influence the activation of glial cells in the CNS
include the complement system, x-synuclein, and activat-
ed T cells. The activated T cells infiltrate through the
blood brain barrier and release the proinflammatory cyto-
kines TNF-« and IFN-y, which interact with microglial
cells to trigger the release of neuroinflammatory media-
tors that induce apoptosis and neurodegeneration (More
et al. 2013; Gebicke-Haerter 2001). During inflammatory
conditions, the morphologic characteristics of glial cells
are also affected as astrocytes display a hypertrophic mor-
phology and microglia display an amoeboid morphology
(Huang et al. 2014). As stated elsewhere, LPS is a potent
endotoxin that activates astrocytes and microglia both
in vitro and in vivo (Palsson-McDermott and O’Neill
2004; Parajuli et al. 2012). Our morphological results in
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Fig. 6 Lupeol inhibits the LPS-
induced activation of caspase-9
and —3. a Representative western
blots of caspase-9 and —3 in the
cortex and hippocampus of
treated mice. The immunoblots
were quantified using sigma gel
software and the relative densities
normalized with (3-actin are
shown. b Representative
immunohistochemical
photomicrographs of caspase-3-
positive cells in the cortex and
hippocampal regions of the
mouse brain. Panels a—d
represent the cortex, while panels
e—h represent the hippocampus.
Images show caspase-3 stained
brain tissue (magnification 10x
objective field, scale bar=

500 pm). Data are the mean+
SEM of three independent
experiments (n=3). *p<0.01 and
**p<0.05 with the control group;
##p<0.05 with the LPS-treated
group

the cortex and hippocampus showed that lupeol effective-
ly decreased the level of LPS-induced activated astrocytes
and microglia (Fig. 4), indicating suppression of the in-

flammatory pathway.
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LPS-induced neuroinflammation is known to activate the
mitochondrial apoptotic pathway and induce neurodegenera-
tion in the brain (Hotchkiss et al. 1999; Hattori et al. 2010).

Moreover, studies in other cells such as myocardial cells,
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Fig. 7 Lupeol inhibits LPS-induced neurodegeneration. a
Representative photomicrographs of FIB stained cortical and
hippocampal tissue showing damaged or dead neuronal cells. Panels a—
d represent the cortex, panels e—h represent the CA3 region of the
hippocampus, while panels i—I represent the DG region of the
hippocampus (magnification 10x objective field, scale bar=50 um). b
Representative photomicrographs of cresyl violet stained cortical and

endothelial cells, and hepatocytes also showed evidence for
LPS-induced apoptosis (Munshi et al. 2002; Chagnon et al.
2005; Cederbaum et al. 2012). Lupeol has previously been
shown to inhibit excitotoxicity, mitochondrial depolarization,
and the mitochondrial apoptotic pathway in hepatocytes

@ Springer

hippocampal tissue showing damaged or dead neuronal cells. Panels a—
d represent the cortex, panels e—h represent the CA3 region of the
hippocampus, while panels i—I represent the DG region of the
hippocampus (magnification 40x objective field, scale bar=50 pum).
Images are representative of at least three animals per group (n=3).
**p<0.05 with the control group; ##p<0.05 with the LPS-treated group

(Kumari and Kakkar 2012a, b; Brimson et al. 2012). Our
results have shown that lupeol administration downregulates
the protein expression levels of the proapoptotic protein Bax,
inhibits cytochrome C release, and prevents activation of the
caspase cascade in the cortex and hippocampus of adult mice.
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Therefore, lupeol has a potent anti-apoptotic effect. Finally,
we can conclude that lupeol has the potential to attenuate
LPS-induced neuroinflammation and neurodegeneration.
However, further research is needed to elucidate its exact
mechanism of action and evaluate its neuroprotective role in
various neurological disorders.
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