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BACKGROUND AND PURPOSE

Betulinic acid (BA) is a naturally occurring triterpenoid widely distributed throughout the plant kingdom. We previously
reported that BA inhibits lipopolysaccharide (LPS)-induced interleukin-6 production through modulation of nuclear factor kB
(NF-xB) in human peripheral blood mononuclear cells (hPBMCs). This study attempted to identify other mechanisms through
which BA modulates LPS signalling in mononuclear cells. The effects of BA on signalling pathways downstream were focused
on in this study.

EXPERIMENTAL APPROACH

We determined the ability of BA to interfere with p38 and extracellular regulated kinase (ERK) phosphorylation as well as Akt
phosphorylation and nuclear factor-xB activation using LPS-activated hPBMCs as an in vitro model. LPS-induced endotoxin
shock in mice was the in vivo model employed.

KEY RESULTS

BA inhibited LPS-induced COX-2 protein expression and prostaglandin E; production and also attenuated LPS-induced ERK
and Akt phosphorylation, but not p38 in hPBMCs. BA abolished LPS-induced IxBa phosphorylation and thus normalized the
levels of IkBo in cytosol. BA also inhibited LPS-induced reactive oxygen species formation and lactate dehydrogenase release.
Interestingly, BA improved the life span of mice in endotoxin shock and also inhibited PGE, production and myeloperoxidase
activity in vivo.

CONCLUSIONS AND IMPLICATIONS

BA modulates LPS-induced COX-2 expression in hPBMCs by inhibiting ERK and Akt pathways as well as by modulating IkBo
phosphorylation. At the same time, no cell toxicity was observed. The effect of the drug was confirmed through in vivo
experiments. The study gives an insight into the molecular mechanisms of BA.

Abbreviations
COX, cyclooxygenase; ERK, extracellular regulated kinase; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; NF-kB,
nuclear factor x B; PGE,, prostaglandin E,; ROS, reactive oxygen species
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Introduction

Inflammation, which is characterized by oedema, pain,
redness and heat, is one of the most crucial elements of host
defence mechanisms against invading pathogens. However,
dysregulated activation of inflammation and oxidative stress
has been recognized as one of the principal causes of inflam-
matory diseases (Balkwill and Mantovani, 2001; Shacter and
Weitzman, 2002).

One of the key enzymes involved in inflammation is
COX, the rate-limiting enzyme involved in the biosynthesis
of prostaglandins (PG). COX exists as two isoforms: the con-
stitutively expressed COX-1 and the regulated isoform
COX-2, which performs a crucial function in prostaglandin E,
(PGE,) production. During inflammation, the activation of
critical mediators like COX-2 involves the triggering of a
variety of transcription factors and cellular signalling path-
ways (Schachter, 2003). Nuclear factor-kB (NF-«B) is a tran-
scription factor that performs a vital function in the
regulation of the expression of genes responsible for a variety
of cellular processes, including inflammatory responses,
innate and adaptive immunity, and the pathways involved in
cell death and proliferation (Baud and Karin, 2009). In
unstimulated cells, NF-xB is sequestered in the cytosol in a
latent form bound to inhibitory proteins, the inhibitor of kBs
(IxB). The exposure of cells to a variety of extracellular stimuli
results in the stimulation of a series of signalling events,
which ultimately converge in the activation of one or more
redox-sensitive kinases. These kinases exclusively phosphory-
late IkBs, thereby resulting in the polyubiquitination of the
proteins and their subsequent degradation by the 26S protea-
some (Karin and Ben-Neriah, 2001). Free NF-xB is then trans-
located to the nucleus and stimulates the transcription of
genes encoding for pro-inflammatory enzymes such as
COX-2 (Lee et al., 2009).

Akt is a serine/threonine protein kinase also known as
protein kinase B or Rac (Bellacosa et al., 1991; Jones et al.,
1991). Akt is an inactive cytosolic protein recruited to the
plasma membrane, and activated by phosphorylation at
threonine 308 and serine 473 in response to growth factors or
cytokines (Stephens et al., 1998; Meng et al., 2002; Germain
et al., 2004) via the product of PI3-K, phosphatidylinositol 3,
4, 5 - triphosphate. The phosphoinositide 3-kinase pathway
has been implicated in the activation of NF-xB. It has been
demonstrated that both the regulatory and the catalytic
subunit of phosphatidylinositol 3-kinase (PI3-K) play a role in
NF-xB activation by the tyrosine phosphorylation-dependent
pathway (Beraud et al., 1999). Akt is a downstream target of
NF-xB (Meng et al., 2010). Akt also regulates COX-2 gene and
protein expressions and is also demonstrated to be involved
in IKK phosphorylation resulting in NF-«xB activation (Wang
et al., 2004).

A number of studies have suggested that certain bioactive
chemicals present in plants may protect against inflammation
(Plummer et al., 1999; Murakami and Ohigashi, 2007). Bacopa
monniera (L.) Wettst (family: Scrophulariaceae family) is a
renowned Ayurvedic plant reported to possess memory-
enhancing (Mukherjee and Dey, 1996), cognitive (Vohora
et al., 2000), antioxidant (Chowdhuri etal.,, 2002), anti-
fertility (Singh and Singh, 2009), hepatoprotective (Vijayan
and Helen, 2007), anti-cancer (Rohini and Devi, 2008), anti-
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ulcer (Sairam et al., 2001) and anti-inflammatory (Viji and
Helen, 2008) properties. The plant is enriched with many
phytochemicals of which betulinic acid (BA), a triterpenoid
belonging to lupane series, was recently explored to its topoi-
somerase inhibitory potential (Chowdhury et al., 2002). BA
has a wide range of other pharmacological properties like anti-
cancer (Ren et al., 2010), anti-malarial (Santos et al., 2009),
anti-retroviral and anti-inflammatory properties (Chowdhury
et al., 2002). To the best of our admittedly limited knowledge,
the effect of BA on inflammation has yet to be elucidated in
detail. This study was aimed to elucidate the signalling path-
ways involved in the anti-inflammatory effect of BA.

Methods

Reagents

RPMI-1640, Histopaque-1077, fetal bovine serum, LY294002,
SB203580, PD98059 and SP600125, penicillin, lipopolysac-
charide (Escherichia coli serotype O127:B8), streptomycin,
phenylmethylsulphonyl  fluoride  (PMSF), leupeptin,
4-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-
indolyl-phosphate stock solution were obtained from Sigma-
Aldrich (St Louis, MO, USA). Antibodies against COX-2
(dilution 1:1000), IxBa (1:1000), IxBo.-P (1:500), Akt (1:1000),
Akt-P (1:250), extracellular regulated kinase (ERK) 1/2
(1:1000), ERK1/2-P (1:1000), B-actin, were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). PGE,
immunoassay kit was obtained from Cayman Chemical Co.
(Ann Arbor, MI, USA).

Preparation of BA

BA was isolated from B. monniera herbs as described by Chat-
terjiet al. (1963) and Chowdhury et al. (2002). BA was purified
by chromatography over silica gel (60-120 mesh) and by
HPLC (Shimadzu, Kyoto, Japan) using C18 (250 x 4.8 mm)
column. BA obtained by this method was greater than 90%
pure. The presence of BA was confirmed by proton nuclear
magnetic resonance spectroscopy. BA: colourless solid;
melting point, 295-298°C. H' NMR (400 MHz) spectrum
taken in CHCI; d6 showed the presence of six tertiary methyl
groups resonated at § 0.652, 0.749, 0.900, 0.958, 0.977 and
1.649 as singlets. The H' NMR data is as follows: [3y: 0.652,
0.749, 0.900, 0.966, 0.977 and 1.649], vinyl methyl [3y: 1.671
(br d, J =0.5 Hz)], a secondary carbinol [8y: 3.158 (dd, ] =9.5,
6.0 Hz)] and [dn: 2.947 (ddd, ] = 9.5, 6.0 Hz, 0.5 Hz)], an exo-
methylene group [dy: 4.557 (H' d, &u: J = 0.4 Hz)|, [81: 4.659
(1h, d,J = 0.4 Hz)]. This H' NMR data (CDCls) and TLC analy-
sis were in agreement with the data obtained for BA (C3HisO3)
previously (Haque et al., 2006). The chemical structure of BA
is given in Figure 1. The stock solution of BA was prepared in
and further diluted with RPMI-1640 culture medium.

Ethical clearance for the conduct

of experiments

All the experiments conducted on the human blood samples
were with the donor’s consent and in agreement with the
institutional guidelines. Experimental procedures conducted
on male Swiss mice were reviewed and approved by the
Animal Experiment Committee (218/CPC-SEA) according to
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Figure 1
Chemical structure of betulinic acid [3-beta-hydroxy-20(29)-
lupaene-28-oic acid] C3oH4s03 (MW 456.7).

the Government of India’s accepted principles for laboratory
animal use and care (No. KU-12/2005-06) and in accordance
with the British Pharmacological Society’s Ethics Committee.

Test system

The human peripheral blood mononuclear cells (hPBMCs)
were isolated from heparin-treated blood obtained from
healthy individuals (age group 27 = 2) by density gradient
centrifugation using the method of Huch et al. (1996). Briefly,
heparin-treated blood was overlaid on Histopaque-1077
(Sigma-Aldrich; 1.077 g-mL™) and spun at 400x g for 30 min.
The mononuclear cells at the interphase of phosphate-
buffered saline (PBS)/Histopaque were collected and washed
with PBS. The cells were re-suspended in RPMI-1640 medium
supplemented with 100 U-mL™" penicillin and 100 pg-mL™
streptomycin and adjusted to the desired cell count. The
viability of the cells was assayed by trypan blue exclusion
assay. The hPBMCs were enriched for monocytes by adher-
ence on type I collagen (50 ug-mL™) coated plates under
37°C and 5% CO, humidified atmosphere for 4 h. The
non-adherent cells were removed by vigorous washing with
RPMI-1640. Adherent cells were cultured in RPMI-1640
supplemented with 10% heat-inactivated autologous serum
and antibiotics at a density of 5 x 10°cells-mL™" (NF-xB
experiments) or 1 x 10° cellssmL™" (PGE, experiments) over-
night, and the monolayer was washed with PBS before induc-
tion with LPS. More than 85% of cells purified by this
technique were determined to be monocytes. Cell viability
determined by trypan blue exclusion was 94%. For experi-
ments using BA, cells were incubated with varying concen-
trations of BA for 45 min prior to stimulation with
lipopolysaccharide (LPS) (1 ug-mL™ culture medium).

PGE; assay
Cells were pretreated with BA or inhibitors prior to LPS
induction and the conditioned media at 16th hour was taken
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for the assay of PGE, (Cayman Chemical Co.). The concen-
tration of PGE, was measured according to manufacturer’s
instructions.

Cytotoxicity assay test

Cytotoxic assay test was conducted by measuring lactate
dehydrogenase secreted in the medium using an lactate
dehydrogenase (LDH) assay kit from Erba Transasia Biomedi-
cals Ltd. (Daman, India) according to the manufacturer’s
protocol.

Measurement of ROS production in hPBMCs
The measurement of reactive oxygen species (ROS) produc-
tion in the hPBMCs was performed as described previously
(Furukawa et al., 2004). ROS production was measured by
nitroblue tetrazolium (NBT) reduction. Briefly, hPBMCs were
incubated for 60 min in PBS (137 mM NaCl, 8.1 mM Na,PO,,
2.68 mM KCI and 1.47 mM KH,PO,) containing 0.2% NBT.
Formazan was dissolved in 50% acetic acid, and the absor-
bance was monitored at 560 nm using a spectrophotometer
(Shimadzu).

Immunoblot analysis

The hPBMCs were cultured in 35 mm plate in the presence
or absence of LPS or BA. Cells were lysed in lysis buffer
[25 mM HEPES (pH 7.5), 300 mM NaCl, 1.5 mM MgClL,
0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM dithiothreitol,
20 mM B-glycerophosphate, 0.1 mM Na;VO,, 2 ug-mL™" leu-
peptin and 1 mM PMSF] followed by sonication on ice for
20 s. The lysate was centrifuged at 14 000x g for 10 min at 4°C
and the protein content of the supernatant was measured
using Bradford assay (Bio-Rad, Hercules, CA, USA). The
soluble lysate was mixed in 5x sample buffer and heated for
S5 min at 95°C. Samples (60 ng) were loaded per lane and
separated by SDS-PAGE using 4 and 10% acrylamide for stack-
ing and separating gels respectively. Protein was transferred
to nitrocellulose membrane (pore size: 0.45 um) and the
membrane was treated with 5% non-fat milk overnight at 4°C
to block non-specific binding. The membrane was probed
with a specific monoclonal or polyclonal primary antibody,
then stripped and probed with a corresponding secondary
antibody against total protein. Bands were visualized using
enhanced chemiluminescence (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) and quantified by densitometry
using Quantityone software (Bio-Rad).

Preparation of nuclear extract and

electrophoretic mobility shift assay

Cells were pretreated with different concentrations of BA
prior to LPS (1 pg-mL™! culture medium) induction and incu-
bated at 37°C for 24 h. After treatment, cells were spun at
300x g for 5 min at 4°C. The supernatant was discarded and
the cell pellet obtained was re-suspended in ice-cold PBS/
phosphate inhibitor solution (250 uL PIS containing 1 M
sodium fluoride (NaF), 0.05M f-glycerophosphate and
0.05 M sodium orthovanadate, and 10 mL 1x PBS) and spun
at 300x g for 5 min at 4°C. The supernatant was discarded and
the cells were re-suspended in ice-cold hypotonic buffer
(20 mM HEPES, 5SmM NaF 10 mM sodium molybdate,
0.1 mM EDTA, pH 7.5). The cell suspension was mixed and
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transferred to pre-chilled microfuge tubes on ice for 15 min to
allow cells to swell. To this 50 uL 10% Igepal was added,
mixed gently and pulse spun for 30 s at 4°C. The supernatant
containing cytosolic fraction was collected to fresh tubes and
stored at —80°C. The pellet was re-suspended in ice-cold
extraction buffer (10 mM HEPES; pH?7.9) containing
0.1 mM EDTA, 1.5 mM MgCl,, 420 mM NacCl, 0.5 mM dithio-
threitol, 0.5 mM PMSF, 1ug-mL™ pepstatin A, 1ug-mL™’
leupeptin, 10 ug-mL™' aproptinin, 20 mM NaF, 1mM
B-glycerophosphate, 10 mM sodium orthovanadate and 25%
glycerol, and vortexed for 15 min at the highest setting fol-
lowed by gentle rocking on ice for 15 min. This process was
repeated and the suspension was spun at 14 000x g for 10 min
at 4°C. The supernatant containing the nuclear fraction was
flash frozen and quantified for protein content by the Brad-
ford assay (Bio-Rad).

Electrophoretic mobility shift assay (EMSA) was conduced
as described previously. Briefly, nuclear extracts prepared
from control and treated cells were incubated with y*?P-end-
labeled, 45mer, double stranded NF-kB oligonucleotide (15 pg
protein with 16 fmol DNA) from HIV long terminal repeat.
The DNA protein complex formed was freed from oligonucle-
otide on 6.6% native PAGE. A double-stranded DNA probe for
the consensus sequence of NF-xB (5-ATG TGA GGG GACTTT
CCC AGG C-3’) was employed for examining the specificity
of binding of NF-xB to DNA. The specificity of binding was
also examined by competition with unlabelled oligonucle-
otide. The gels were dried and visualized and quantified by
Imagequant software.

To control any selective differences between normal and
experimental groups in protein levels or in the EMSAs, inter-
nal standard Oct-1 was used. The binding of Oct-1 to DNA
was determined by incubating 20 pg nuclear extracts with 16
fmol *P-end-labeled with the octamer-binding protein
(Oct-1) consensus oligonucleotide (5-TGTCGAATGCAAA
TCACTAGAA-3’; Promega, Madison, WI, USA) (boldface indi-
cates Oct-1 binding site) for 30 min at 37°C and then analy-
sed using 5% native polyacrylamide gel. Using these internal
standards, we compared NF-xB binding normalized by
protein levels with the data normalized by Oct-1 binding.
Nuclear fraction was quantified for protein content and also
used for p65 NF-xB assay according to the manufacturer’s
instructions (Cayman Chemical Co.).

Mice endotoxin shock model

A total of 120 Swiss mice (24-26 g) were used for this experi-
ment. Mice were bred and reared in the department animal
house and maintained on normal laboratory diet (Amruth
Rat Feed Ltd., Maharashtra, India). They were housed in
polypropylene cages in room with temperature maintained at
25 = 1°C and 12 h light and dark cycles. Water was provided
ad libitum.

Mice were pretreated with BA (20 mg-kg™ in 0.1% DMSO
i.p.) or vehicle (0.1% DMSO intraperitoneally) three times
(days 1, 2 and 3) before LPS challenge (E. coli O55:BS in
sterilized physiological saline; 32 mg-kg™ i.p.) on the 3rd day
(Zuchermann and Bendele, 1989). Injections were made in a
total volume of 100 uL. On the day of LPS induction, BA was
administered 3 h before LPS injection. Animals were observed
for 7 days. The total duration of experiment was 10 days.
After experiment, the remaining animals were killed by cer-
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vical dislocation. The lungs and livers were removed imme-
diately by thoracotomy and laparotomy and stored at —80°C
for the assay of PGE, and myeloperoxidase (MPO) in the
tissue samples.

PGE, assay was done using an express kit from Cayman
Chemical Co. Briefly tissues washed in phosphate buffer con-
taining 1 mM EDTA and 10 uM indomethacin. Tissues were
homogenized in 10% methanol and allowed to precipitate.
The samples were spun and the supernatant was added to
extraction C18 SPE extraction column (Waters Corporation,
USA) pre-conditioned with methanol and water. The column
was washed sequentially with water, 10% methanol and
petroleum ether. The eicosanoid was eluted with methyl
formate, evaporated under nitrogen and reconstituted in
enzyme immunoassay (EIA) buffer for assay according to
manufacturer’s instruction.

Assay of MPO

The MPO activity was assayed by the method of Bradley et al.
(1982). MPO activity was analysed as an index of neutrophil
infiltration. Tissues were first homogenized in a solution con-
taining 50 mM potassium phosphate buffer, pH 7.0 contain-
ing 0.5% hexadecyltrimethylammonium bromide. This was
freeze thawed three times and then centrifuged at 20 000x g
for 30 min at 4°C. An aliquot of the supernatant was allowed
to react with a solution of o-dianisidine dihydrochloride
(0.167 mg-mL™") and 0.0005% hydrogen peroxide. MPO
activity has been defined as the concentration of enzyme
degrading 1 uM of peroxide min™ at 37°C and was expressed
as U-mg' protein.

Histopathological studies

After treatment, lungs and livers were removed immediately
by thoracotomy and laparotomy. The right lungs were used
for histological studies. The tissue specimens were fixed over-
night in 4% buffered formaldehyde, processed by standard
methods, and stained for hematoxylin and eosin (H&E).
Semi-quantitative analysis of tissues was performed by one
observer in a blinded fashion.

Data analysis and statistics

Data are presented as = SEM of indicated number of obser-
vations. The results were analysed using a statistical program
SPSS/PC*, version 11.0 (SPSS Inc., Chicago, IL, USA). One-way
ANOVA was employed for comparisons between the groups.
Pair-fed comparisons between the groups were made by
Duncan’s multiple range tests. P < 0.05 was considered to be
significant.

Results

Effect of BA on LPS-induced PGE;

release by hPBMCs

We recently demonstrated the expression of IL-6 after treat-
ment with BA in LPS-activated cells and found that BA inhib-
ited its release at 8th hour post-LPS induction. To the best of
our knowledge, no information about cell signal transduction
pathways controlling COX-2 expression and PGE, production
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Figure 2

Effect of BA on LPS-induced PGE, production and COX-2 protein
expression in hPBMCs. (A) BA reduced LPS-induced PGE; production
in hPBMCs. Cells were pretreated with BA (0.1-10 pg-mL™ culture
medium) 30 min prior to LPS (1 ug-mL™" culture medium) stimula-
tion. The hPBMCs were cultured for 16 h. After 16 h, PGE, was
measured in the culture medium as described in the Methods. (B)
Cell lysates were subjected to Western blotting with an anti-COX-2 or
B-actin antibody. The relative abundance of each band to its own
B-actin was quantified, and the LPS control levels (1 ug LPS + 0 pg
BA) were set to 100%. Results are expressed as mean = SEM; n= 6.
#Significantly different from basal values (P < 0.05). *Significantly
different from LPS control (P < 0.05). BA, betulinic acid; hPBMCs,
human peripheral blood mononuclear cells; LPS, lipopolysaccharide;
PGE,, prostaglandin E,.

in normal cells is currently available. We addressed this issue
here and in order to study the effect of BA on LPS-induced
production of PGE, by hPBMCs, isolated cells were main-
tained in culture and pretreated with different concentrations
of BA (0.1, 0.5, 1, 2, 5 and 10 ug-mL™" culture medium) for
30 min prior to activation with LPS (1 ug-mL™' culture
medium). The cultures were maintained for 16 h and PGE,
levels were measured in culture supernatants by EIA. Normal
hPBMC:s produced very low levels of PGE, but the production
significantly increased following LPS stimulation (Figure 2A).
Treatment with BA significantly decreased LPS-induced PGE,
production; with an increase in concentration of BA, there
was a progressive decrease in PGE, production. Treatment of
cells with BA alone did not elicit any PGE, production.
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Figure 3

Effects of MAPK and Akt inhibitors and BA on LPS-induced PGE,
production in hPBMCs. Cells were pretreated with pharmacological
inhibitors extracellular regulated kinase inhibitor (PD98059; 10 uM),
p38 inhibitor (SB203580; 25 uM), JNK inhibitor (SP600125; 10 uM),
PI-3 K inhibitor (LY294002; 10 uM) or BA (2 ug-mL™" culture
medium) 30 min prior to stimulation. hPBMCs were stimulated with
LPS (1 ug-mL™" culture medium) for 16 h. After 16 h, PGE, was
measured in the culture supernatants as described in Methods. Data
are presented as mean * SEM; n= 6. #Significantly different from
basal values (P < 0.05). *Significantly different from LPS control
(P<0.05). BA, betulinic acid; hPBMCs, human peripheral blood
mononuclear cells; LPS, lipopolysaccharide; PGE,, prostaglandin E..

LPS induction also caused increased COX-2 protein
expression at 16th hour post-LPS induction. Treatment with
BA (1 pg and 2 pg-mL™" culture medium) significantly reduced
LPS-induced COX-2 up-regulation by 3.6- and sixfold respec-
tively (Figure 2B).

Effect of MAPK, PI3-K inhibitors and BA

on LPS-induced PGE, release

To address the role of MAPK and PI3-K pathways on LPS-
induced PGE, release in hPBMCs, the cells were pretreated
with pharmacological inhibitors of MAPK pathway viz.
SB203580 (p38 inhibitor; 25 uM), PD98059 (ERK inhibitor;
10 uM) and SP600125 (JNK inhibitor; 10 uM) (Figure 3).
PD98059 brought about a 15-fold decrease in LPS-induced
PGE, production whereas SP600125, a JNK inhibitor, or
SB203580, a p38 inhibitor, did not exert significant effects.
The addition of BA into the medium caused a significant
reduction in PGE, production up to ninefold. The addition of
the PI3-K inhibitor, LY294002 (10 uM), into the medium also
caused a substantial decrease in PGE, production of up to
20-fold. Taken together, these data indicate that the down-
regulation of LPS-induced PGE, production is mediated by a
LY294002- and PD98059-sensitive pathway.

BA inhibits LPS-induced phosphorylation

of Akt and ERK1/2 in hPBMCs

The administration of LPS to hPBMCs dramatically activated
Akt and the MAPK family proteins ERK1/2 and p38 MAPK
(Figure 4). The addition of BA significantly inhibited LPS-
induced phosphorylation of ERK1/2 and Akt (Figure 4A,C),
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BA inhibits LPS-induced phosphorylation of extracellular regulated kinase (ERK) 1/2 (A) and Akt (C) but not p38 (B) in hPBMCs. hPBMCs were
pretreated with BA (1-2 ug-mL™" culture medium) for 30 min in RPMI-1640 containing 5% autologous serum. LPS (1 ug-mL™" culture medium)
was then added and incubated for an additional 30 min. Cell lysates were subjected to Western blotting with their relevant antibodies.
Photographs of chemiluminescent detection of the blots, which were representative of three independent experiments, are shown. The relative
abundance of each band to its own B-actin was quantified. Data are presented as mean = SEM; n = 6. #Significantly different from basal values
(P < 0.05). *Significantly different from LPS control (P < 0.05). BA, betulinic acid; hPBMCs, human peripheral blood mononuclear cells; LPS,

lipopolysaccharide.

whereas the phosphorylation of p38 MAPK was unaffected by
BA pretreatment (Figure 4B). BA alone (0.1-2 ug-mL™" culture
medium) did not elicit Akt nor ERK 1/2 phosphorylation

(Figure 5).

BA inhibits LPS-induced NF-kB
signalling in hPBMCs
In order to determine whether IxBo stabilization by BA was
indeed due to its inhibitory effects on IkBo phosphorylation,
Western blot analysis was conducted. LPS increased the levels
of phospho-IxBo and the administration of BA to cells sig-
nificantly prevented the LPS-induced increases in phospho-
IxBa levels (Figure 6A). Using EMSA, it was demonstrated that
BA significantly prevented LPS-induced NF-«xB nuclear trans-
location (Figure 6B).

To illustrate the modulatory roles of MAPK and PI3-K on
LPS-induced NF-xB nuclear translocation, cells were pre-
treated with PD98059, LY294002 or BA, and the level of p65
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in the nucleus was assayed at the 16th hour (time point
when maximum LPS-induced PGE, production was
observed). It was observed that LPS induction caused sig-
nificant nuclear translocation of p65 NF-xB subunit while
BA alone did not induce any p65 NF-kB nuclear transloca-
tion. In LPS-induced cell cultures, BA caused a 1.4-fold inhi-
bition of p65 NF-xB nuclear translocation whereas
inhibitors like PD98059 and LY294002 caused 2.7- and
2.5-fold inhibition of p65 NF-xB nuclear translocation
(Figure 6C).

Effect of BA on the cytotoxicity and

ROS production in hPBMCs

To determine if BA exerted any cytotoxicity, LDH was
assayed. LDH release markedly increased when cells were
cultured in medium containing LPS and this release was
inhibited by BA (Figure 7A). BA alone did not induce any
LDH secretion.
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BA alone does not induce phosphorylation of extracellular regulated
kinase (ERK) 1/2 or Akt in normal cells. hPBMCs were pretreated with
different concentrations of BA (0.1-2 ug-mL™" culture medium) for
30 min in RPMI-1640 containing 5% autologous serum. LPS
(1 pg-mL™" culture medium) was then added and incubated for an
additional 30 min. Cell lysates were subjected to Western blotting
with their relevant antibodies. Photographs of chemiluminescent
detection of the blots, which were representative of three indepen-
dent experiments, are shown. The relative abundance of each
band to its own B-actin was quantified. Data are presented as
mean * SEM; n= 6. BA, betulinic acid; hPBMCs, human peripheral
blood mononuclear cells; LPS, lipopolysaccharide.

We investigated the antioxidant effects of betulinic acid
by measuring NBT reduction. Betulinic acid significantly
decreased the levels of LPS-induced ROS in hPBMCs
(Figure 7B). Through trypan blue assay, it was evident that BA
did not induce any cell death (Figure 7C,D).

Effect of BA on survival in a mouse model of
sepsis and its effect on PGE, production and
MPO activity
To test if BA can increase survival rate in a mouse model of
sepsis, Swiss mice were injected with vehicle (0.1% DMSO) or
BA (20 mg-kg i.p.) before LPS (32 mg-kg™' i.p.). The dose of
LPS used was close to LDy, and the dose of BA chosen for
lethality studies was the one that showed most promise in
pilot experiments (results not shown). Mice receiving DMSO
or BA did not die, whereas only 8% of the mice receiving LPS
survived after 7 days. Pretreatment with BA increased survival
rate throughout the observation period, with 40% of the mice
pretreated with BA remaining alive after 7 days (Figure 8).
We have previously shown that BA inhibits IL-6 produc-
tion in rat blood mononuclear cells in response to E. coli LPS
(serotype 0B26). Here we demonstrated that LPS augments

Betulinic acid inhibits LPS-induced inflammation

PGE; production in liver and lungs of mice and this increase
was prevented by BA pretreatment. Results shown in Figure 9
demonstrate that pretreatment with BA significantly inhib-
ited LPS-induced PGE, level in liver and lungs. BA treatment
alone did not elicit any significant amounts of PGE; in the
organs studied.

To test the functional relevance of the reduced PGE, pro-
duction in the face of BA pretreatment, we studied the
inflammatory infiltration in organs that constitute major
targets of LPS. MPO, an index of neutrophil infiltration, was
found significantly increased in the liver and lungs of LPS-
induced mice (Figure 10). Histopathological analysis of H&E-
stained tissue sections from LPS-treated mice revealed a
marked peribronchiolar and perivascular infiltrations of leu-
cocytes in the lung and around portal or central spaces in the
liver (Figure 11B,F). Pretreatment with BA abolished the accu-
mulation of leucocytes in both organs, as evidenced by
decreased MPO activity and histopathological analysis (Fig-
ures 10 and 11B,F). However, BA did not prevent more subtle
changes in tissue architecture caused by LPS, such as the
thickening of alveolar septa and the hyperplasia of bronchial
epithelium in the lung or the hyperplasia of vascular endot-
helium in the liver, as well as hyperplasia of the epithelium in
the biliary ducts (Figure 11C,G). Treatment with BA alone did
not induce any change in tissue structure, indicating its non-
toxic effects (Figure 11D,H).

Discussion and conclusions

For centuries, dietary and medicinal plants have been
employed as anti-inflammatory remedies, and recently iden-
tifications of their active components and investigations of
their mechanisms of action have been conducted by multiple
investigative groups. As the dysregulated activation of
inflammation has been shown to stimulate the initiation and
promotion of various diseases, the primary purpose of the
present study was to determine the cell signalling mecha-
nisms through which BA, a potent anti-inflammatory agent,
inhibits LPS-induced pro-inflammatory mediators like COX-2
and PGE,, employing activated hPBMCs and endotoxin-
induced mouse as model systems.

The control of COX-2 transcription and thereby PGE,
production is mediated by NF-xB, which is an important
proximal mechanism for the production of inflammatory
mediators in LPS-activated mononuclear cells (Janssen-
Heininger et al., 2000). NF-xB is maintained in a latent form
in the cytoplasm, where it exists in complex with IxBs (Barnes
and Karin, 1997; Li and Verma, 2001). On IxB kinase-
dependent phosphorylation and subsequent ubiquitination
and degradation, free NF-xB is translocated to the nucleus
where it binds to the consensus sequence of pro-
inflammatory genes and evokes its expression (Janssen-
Heininger et al., 2000). Earlier works by Takada and Aggarwal
(2003) demonstrated that BA prevents carcinogen-induced
NF-kB activation through the inhibition of IxkBo kinase and
p65 phosphorylation, and abrogates COX-2 expression in
carcinoma cell lines. It was recently reported that BA effec-
tively attenuated TNF-a-induced NF-xB activation in human
umbilical vein endothelial cells (Yoon et al., 2010). Another
previous report stated that BA suppresses the expression of
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BA inhibits LPS-induced NF-kB signalling in hPBMCs. hPBMCs were pretreated with BA (0.5-2 ug-mL™" culture medium) for 30 min in RPMI-1640

containing 5% autologous serum. LPS (1 ug-mL™" culture medium)

was then added and incubated for an additional 30 min. (A) Western blots

showing that BA inhibits LPS-induced phosphorylation of IkBo.. (B) Electrophoretic mobility shift assay showing that BA inhibits LPS-induced NF-kB
nuclear translocation. Oct-1 electrophoretic mobility shift assay served as a loading control. (C) Effect of BA (2 ug-mL™" culture medium), PD98059

(25 uM) and LY294002 (10 uM) on LPS-induced p65 nuclear transl

ocation. Data are presented as mean = SEM; n = 6. #Significantly different

from basal values (P < 0.05). *Significantly different from LPS control (P < 0.05). BA, betulinic acid; hPBMCs, human peripheral blood mononuclear

cells; LPS, lipopolysaccharide; NF-kB, nuclear factor kB.

COX-2 in LPS-stimulated RAW 264.7 cells (Yun et al., 2003),
but no information regarding the cell signalling cascades
were reported. In this work, we demonstrated that BA inhibits
COX-2 and PGE, production through NF-xB, ERK MAPK and
Akt pathways. Here we present results that BA caused dose-
dependent attenuation of LPS-induced phosphorylation of
IxBo in normal cells. By the inhibition of IkBa, BA prevents
LPS-induced nuclear translocation of NF-kB (EMSA) as shown
in Figure 6B, which was also confirmed earlier by p65 NF-kB
EIA analysis (Viji et al., 2010).
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Most of the works on BA have been targeted to its effect
on carcinoma cell lines and very few reports point out the
effect of BA in countering oxidative stress or inflammatory
responses in normal cells. We report here that BA inhibits
LPS-induced NF-«B nuclear translocation, in a similar manner
to that observed in cancer cells. However, the effect of this
triterpenoid on other cell signalling cascades differs in
normal cells than that observed in cancer cells. Previous
studies demonstrated that BA activates p38, JNK MAPKs and
Akt to induce programmed cell death in human melanoma
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BA protects against LPS-induced toxicity. Mice were pretreated with
(i) vehicle [DMSO; control (CON; n=6]; (i) LPS (32 mg-kg™" i.p.;
n=50); and (i) BA followed by LPS (LPS=32mgkg";
BA =20 mg-kg™ i.p.; n=60). Mice were observed for 7 days. BA,
betulinic acid; hPBMCs, human peripheral blood mononuclear cells;
LPS, lipopolysaccharide.
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Figure 9

Effect of BA on LPS-induced endotoxic shock and PGE, production in
mice. Mice were pretreated with BA (20 mg-kg™ in 0.1% DMSO),
injected with LPS and then monitored for a period of 7 days. On day
7, mice (which survived) were killed; liver and lungs were removed as
described in Methods. PGE; was extracted from tissue homogenates
using SPE columns and the elutes obtained were used for PGE,
quantification. Results are expressed as mean + SEM (n = 6-8 obser-
vations). #Significantly different from normal control (P < 0.05). *Sig-
nificantly different from LPS control (P < 0.05). BA, betulinic acid;
LPS, lipopolysaccharide; PGE,, prostaglandin E,.
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BA reduces myeloperoxidase activity in liver and lungs of LPS-
induced mice. Mice were pretreated with BA (20 mg-kg™' in 0.1%
DMSO), injected with LPS and then monitored for a period of 7 days.
On day 7, mice (which survived) were killed; liver and lungs were
removed as described in Methods. Results are expressed as
mean * SEM (n=6-8 observations). #Significantly different from
normal control (P < 0.05). *Significantly different from LPS control
(P < 0.05). BA, betulinic acid; LPS, lipopolysaccharide.

cells and leaves the anti-apoptotic ERK MAPK cascade unaf-
fected (Sezler et al., 2002; Tan et al., 2003). However, in this
study, normal cells like hPBMCs have responded differently.
BA dampened LPS-induced ERK1/2 and Akt phosphorylation
in hPBMCs without modulating p38. At the same time, BA
treatment alone did not elicit the phosphorylation of ERK,
p38 or Akt in hPBMC:s. It has been noted that the activation
of MAPK phosphorylation transduces signals for the
activation of the transcription of NF-kB-mediated pro-
inflammatory mediator production (Ajizian et al., 1999; Lee
and Lim, 2008). Here in the present study, the incubation of
cells with PD98059 and LY29004 significantly inhibited PGE,
production as well as decreased p65 NF-«xB nuclear transloca-
tion, indicating that ERK MAPK and PI3K/Akt cascades
operate with NF-xB in order to inhibit LPS-induced PGE,
production. The extent of p65 NF-xB nuclear translocation
was less in the presence of PD98059 and LY29004, indicating
that ERK1/2 and Akt signalling have predominant roles in
reinforcing NF-kB-mediated PGE, production.

Akt has been shown to enhance the degradation of
IxB, which results in the activation of NF-xB in Jurkat T cells
(Kane et al., 1999). Again, the transcription factor CCAAT/
enhancer-binding protein beta, which is involved down-
stream Akt activation pathway, is essential for COX-2 gene
regulation (Reddy et al., 2000; Wang et al., 2000; Gorgoni
et al., 2001; Piwien-Pilipuk et al., 2001). Akt is a downstream
target of NF-xB as p65 overexpression results in higher Akt
phosphorylation (Meng et al., 2010). The same was observed
in the present study. LPS-induced phosphorylation of Akt
coincided with IxB phosphorylation of NF-xB at the 16th
hour post-endotoxin stimulation, which was significantly
inhibited by BA. Taken together, the inhibition of ERK1/2 and
Akt activation contributes to the inhibition of NF-«xB signal-
ling. Here, BA countered the inflammatory response to LPS by
inhibiting COX-2 up-regulation and PGE, production, and
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preventing the phosphorylation of IxB and ERK and Akt
pathways (anti-apoptotic pathways) and thereby improving
the survival rate of cells. Further in-depth study will be
required to establish the role of other signalling molecules
involved in the anti-inflammatory effects of BA in normal
cells as opposing mechanisms tend to operate in malignant
cells (Sezler et al., 2002; Tan et al., 2003).

Free radicals have long been implicated as mediators of
inflammation and oxidative stress (Cnubben et al., 2001). In
this study, the addition of LPS caused a significant increase
in ROS production followed by the loss of cell viability, as
evidenced by the increased LDH release into the medium.
Addition of BA alone into the culture (at the specified
concentration) did not have any impact on LDH release or
ROS formation, while pretreatment with BA reversed LPS-
induced LDH release and ROS formation. In contrast to the
reports on BA eliciting ROS generation in human melanoma
cells (Tan etal., 2003), BA did not induce cell death (as
evidenced by Trypan blue assay) or ROS generation in our
experiments.

The major finding of the present study is that the triter-
penoid BA protects mice from LPS-induced lethal toxicity.
Earlier, we demonstrated that BA significantly reduced LPS-
induced IL-6 expression in rats in vivo (Viji et al., 2010). Here
we show that BA protects mouse against a high dose of LPS
(32 mg-kg™) and at the same time inhibits LPS-induced mor-
tality. To determine the anti-inflammatory effects of BA in
vivo, we determined the ability of BA to decrease PGE, pro-
duction in mice challenged with LPS. Interestingly, BA pre-
vented LPS-induced PGE, production in the liver and lungs,
two of the most susceptible organs affected by this endot-
oxin. Moreover a good correlation occurred between attenu-
ation of PGE, production and decreased ROS formation in
hPBMC:s indicating the potential of BA both as an antioxi-
dant and as an anti-inflammatory agent. At the same time, to
figure out the role of BA against neutrophil infiltration, MPO
was assayed in the tissues. The activity of MPO, an indicator
of neutrophil infiltration was significantly increased in LPS-
induced mice. The immune reactivity of MPO in vivo after
injection of LPS has already been demonstrated (Watanabe
et al., 2002). In the current study, MPO activity was observed
augmented in the liver and lung tissues of LPS induced mice.
The increased neutrophil infiltration was also evident from
histopathological data. Blood-borne monocytes are the facili-
tators of neutrophil recruitment and coordinated neutrophil
and monocyte recruitment is a characteristic feature of
inflammatory responses especially in the lungs (Maus et al.,
2003). BA reduced infiltration of leucocytes as evidenced by
the decreased MPO activity and also by reversal of cell struc-
tural changes in the lungs and around the portal vein in the
liver. Histopathological data also indicate that BA improved
the histology of lung and liver tissue as evidenced by the
decreased cell infiltration, emphysema formation and cell
degeneration. Perhaps the ability of BA to inhibit mono-
nuclear extravasation may have contributed to decreased
neutrophil infiltration, though studies to investigate the role
of BA against neutrophils need to be done in detail before a
conclusion can be drawn in this regard. The results, however,
are in line with our results in vitro on the protective effects of
BA and strengthen our hypothesis that triterpenoids like BA
can be used to block cascades triggered by LPS in vivo.
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Figure 11

Betulinic acid abolishes leucocyte infiltration in the lung and liver of LPS-treated animals. Representative photomicrographs of hematoxylin and
eosin-stained sections from control (A, E), LPS (B, F), or betulinic acid + LPS (C, G)-treated mice. A, B, C and D are lung sections, and E, F and G

are liver sections. LPS, lipopolysaccharide.

In conclusion, the results of this study demonstrate that
BA inhibits the inflammatory responses in LPS-stimulated
hPBMCs. The anti-inflammatory effects of BA may be medi-
ated by decreased COX-2 protein production and PGE,
formation via the modulation of Akt and ERK and the
subsequent down-regulation of NF-kB signalling. In addition,
BA markedly reduced LPS-induced PGE, production in mouse
liver and lungs. Thus, this study provides some of the
experimental basis for the use of BA as a potential anti-
inflammatory agent.
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