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Abstract. Tobacco-smoke exposure is linked to carcinogenic, oxidative and inflam-
matory cellular reactions. Green tea has been reported to have anti-release prop-
erties against various pro-inflammatory cytokines. To determine the effects of green
tea extract (GTE) on serum high mobility group box-1 (HMGB1) levels in rats
exposed to cigarette smoke (CS), we divided rats into 4 treatment groups: (1) CS
only, (2) dietary supplement with GTE (3 mg/d) and CS (GCS1), (3) dietary supple-
ment with GTE (4.5 mg/d) and CS (GCS2) and (4) a control group. HMGB1 and
cotinine serum levels were analyzed by ELISA. The average serum HMGB1 level
in the CS group was significantly higher than the other groups (p< 0.01), indicat-
ing the release of HMGB1 into the blood was stimulated by CS exposure, while
GTE consumption suppressed HMGB1 levels. Rats exposed to CS had an average
serum cotinine level of 37 ng/ml, indicating tobacco related compounds were
present in the rats’ blood. However, treatment with GTE did not reduce cotinine
levels in all groups. Cotinine stimulated HMGB1 secretion in a dose- and time-
dependent manner, and HMGB1 levels were suppressed by GTE in murine mac-
rophage cell lines. Our results show GTE supplementation may offer beneficial
systemic effects and suppress HMGB1 by protecting against cell inflammation.
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INTRODUCTION

Sidestream and mainstream smoke
from burning tobacco contains over 4,000

chemicals, including more than 50 known
carcinogens (Moir et al, 2007). Non-smok-
ers exposed to secondhand smoke also in-
hale nicotine and other toxic chemicals
(Department of Public Health, Country of
Los Angeles Public Health, 2009). Plasma
levels of nicotine and its residual metabo-
lite, cotinine, correlate significantly with
levels of cigarette smoke (CS) exposure
(Dziuda and Grzybowski, 1999; Stepanov
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et al, 2007). Exposure to secondhand smoke
impairs the function of various organs and
induces respiratory illness via inflamma-
tory processes and oxidative stress lead-
ing to cell injury (Rona et al, 1985; Bruske-
Hohlfeld, 2009).

HMGB1 is a ubiquitously expressed,
highly conserved, chromosomal protein. It
stabilizes the nucleosomal structure;
thereby, facilitating the binding of specific
transcription factors, including steroid hor-
mone receptors (Lotze and Tracey, 2005).
Oxidative stress induces the release of
HMGB1 from the chromosomes and its
subsequent cytoplasmic translocation
(Kikuchi et al, 2009). Extracellular HMGB1
can bind to cell surface receptors, such as
receptors for advanced glycation end prod-
ucts (RAGEs), TLR-2 and -4 and possibly,
unknown receptors (Raucci et al, 2007).
HMGB1 can be secreted by macrophages
and monocytes, or released from necrotic
cells as a soluble molecule into circulating
blood. This release is initiated at tissue in-
jury sites and activates inflammatory re-
sponses (Kornblit et al, 2008). HMGB1’s
well-documented pro-inflammatory activ-
ity is found in many cell types, including
inflammatory cells, endothelial cells, and
smooth muscle cells (Neeper et al, 1992;
Erlandsson and Andersson, 2004). Recent
evidence identifies HMGB1 as a cytokine-
like mediator of delayed endotoxin lethal-
ity and acute lung injury (Wang et al, 2001).

Green tea (Camellia sinensis) is rich in
polyphenolic compounds; its polyphe-
nolic fraction reduces the expression of
pro-inflammatory cytokines and acts as a
powerful antioxidant against lipid
peroxidation in biological systems (Vinson
et al, 1995). Pre-clinical animal studies sug-
gest green tea has anti-inflammatory ac-
tivity in patients with arthritis and pulmo-
nary inflammation (Rahman and Kilty,
2006; Miyake et al, 2008). A major ingredi-

ent of green tea, epigallocatechin gallate,
suppresses TNF-α-induced NF-kappaB
activation (Baeuerle and Henkel, 1994),
increases nitric oxide synthesis to block
endothelial exocytosis, cutting vascular
inflammation (Yamakuchi et al, 2008), and
protects mice against lethal endotoxemia
(Li et al, 2007).

In this study, we hypothesized green-
tea extract, a naturally occurring com-
pound with known anti-inflammatory
properties, may have beneficial therapeu-
tic effects against CS, involving significant
inflammation and oxidative stress via sup-
pression of HMGB1, a novel pro-inflam-
matory mediator.

MATERIALS AND METHODS

Animal model and experimental design
Male rats (Rattus norvegicus) (14 wks

old, weighing 280-300 g) were purchased
from the National Laboratory Animal Cen-
ter (Mahidol University, Nakhon Pathom,
Thailand), kept under pathogen-free con-
ditions on a 12-hour light/dark cycle at a
controlled temperature (22ºC), and food
and water was provided ad libitum. The
rats were allowed to acclimatize for 1 week
before the start of treatment. All animal
procedures were approved by the Animal
Care and Use Committee, Mahidol Uni-
versity (No. FTM-ACUC 012/2007). Rats
were randomly assigned to four groups (12
rats per group): (1) CS only, (2) dietary
supplement with GTE (3 mg/d) and CS
(GCS1), (3) dietary supplement with GTE
(4.5 mg/d) and CS (GCS2), and (4) the con-
trol group in which rats were given nei-
ther GTE nor CS. Treatments were ran-
domized, and investigators were blinded
to the specific treatment.

Green-tea extraction and catechin analysis
Fresh green tea leaves from West Java,

Indonesia were prepared as described pre-



SOUTHEAST ASIAN J TROP MED PUBLIC HEALTH

252 Vol  41  No. 1  January  2010

viously (Maiti et al, 2003), with slight modi-
fication. The total catechin content of the
extract was determined by high perfor-
mance liquid chromatography using a Wa-
ters 2996 separation module with a 2996
photodiode array detector. The extract con-
tained 39% (w/w) epigallocatechin-3-gal-
late (EGCC), 4.5% epigallocatechin (EGC),
17.52% epicatechin gallate (ECG), 3.7%
epicatechin (EC), and 1.4% catechin. Stan-
dard catechin derivatives were supplied by
Sigma Biochemicals (St. Louis, MO).

Rat green tea consumption
The rats were fasted for 2 hours; the

experimental groups (GCS1 and GCS2)
then received a diet supplemented with
GTE at 3 mg/day and 4.5 mg/day, respec-
tively, for the entire 8-week experiment.
The control group of rats was given the
same diet without GTE. Food consump-
tion and body weight were measured daily
and weekly, respectively. When the rats
finished the GTE supplemented food, nor-
mal food and water were provided ad libi-
tum then fasted again prior to being given
the GTE supplemented food again.

Smoke exposure protocol
After receiving GTE for 4 weeks, the

rats were exposed to the smoke of 4 ciga-
rettes, 5 days/week, twice a day for 4
weeks (weeks 5-8). The smoke was pro-
duced by introducing ignited cigarettes
into the sterile, ventilated, whole-body
exposure chamber (35 x 70 x 40 cm; 4 rats /
container). Room temperature was main-
tained at 22-25ºC and relative humidity at
approximately 40%. To facilitate handling
rats in the control group, they were placed
in a chamber and exposed to laboratory
air. To eliminate day-time nicotine absorp-
tion bias, the experimental rats were ex-
posed to CS at 8:00 AM and 5:00 PM and left
in the chamber for 10 minutes before be-
ing returned to their cages.

Cell culture and treatment
Murine macrophage-like RAW 264.7

cells were obtained from the American
Type Culture Collection (Manassas, VA)
and maintained in RPMI 1640 medium
(GibCo BRL, Grand Island, NY) supple-
mented with 10% fetal bovine serum and
2 mmol/l glutamine (Hyclone Logan, UT).
At 80-90% confluence, the RAW 264.7 cells
were washed twice, then cultured in se-
rum-free OPTI-MEM I medium (GibCo
BRL) before stimulation with various con-
centrations (0.1, 1, 10, 100, 1,000 ng/ml) of
cotinine (Sigma; St Louis, MO) for 16
hours. The cell cultures were then sub-
jected to the absence or presence of GTE
at various concentrations (0.025, 0.25, 2.5,
and 25 µg/ml) for 1 hour and were stimu-
lated with 0.5 µg/ml lipopolysaccharide
(LPS) in the culture medium, while the
negative cells had polymyxin B add at 6
units per pg of LPS.

Cell viability assay
Cell viability was assessed by a modi-

fied methyl thiazolyl-diphenyl-tetrazo-
lium bromide (MTT) assay (Kawahara et
al, 2008). Briefly, cells were exposed to vari-
ous concentrations of cotinine (0.1, 1, 10,
and 100 ng/ml). After 24 hours, MTT solu-
tion was added to each 6-well plate. After
another 3 hours, dimethyl sulfoxide
(DMSO) was added; the plates were then
incubated at 37ºC for 24 hours. Absorbance
was read at 570 nm wavelength with an
automatic microtiter plate reader
(ImmunoMini NJ-2300; InterMed, Tokyo,
Japan).
Determination of HMGB1 levels in rat
serum and cell culture supernatant

The rat blood was collected in blood-
collection tubes (Terumo, Tokyo, Japan),
then the serum was obtained and stored
at -80ºC until use. HMGB1 levels in serum
and cell-culture supernatants were as-
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sessed by ELISA (Shino-Test Corporation,
Kanagawa, Japan); the absorbance was
read at 450 nm. Each sample evaluation
was duplicated and compared with a stan-
dard curve.

Determination of serum cotinine levels
Smoke inhalation was monitored by

measuring blood cotinine levels (Hapidin
et al, 2007). Serum cotinine was measured
by ELISA according to the manufacturer’s
protocol (DRG Instruments, Marburg,
Germany). Briefly, a 10 µl aliquot of diluted
serum was incubated with a 100 µl dilu-
tion of a horseradish peroxidase enzyme-
labeled cotinine derivative in a 96-well
microplate coated with fixed amounts of
high-affinity purified polyclonal cotinine
antibody. The wells were washed thor-
oughly and a chromogenic substrate was
added. Color production was stopped us-
ing a dilute acid-stop solution and the
wells were read at 450 nm. The minimum
detectable concentration was 1 ng/ml. All
experiments were performed in duplicate.

Statistical analysis
Serum HMGB1 levels in each experi-

mental group were compared by analysis
of variance (ANOVA) with repeated mea-
surement. The results of the densitome-
tric analysis of protein signal differences
were assessed using the Student’s t-test.
Significant differences in inhibition-study
tests were analyzed by the Dunnett’s mul-
tiple comparison procedure. The results
were expressed as means ± SD; a p-value
≥ 0.05 was considered significant.

RESULTS

GTE effect on CS-induced HMGB1 and
cotinine level

After 4 weeks of GTE supplementa-
tion, the sera were collected every 2 weeks.
HMGB1 levels were not different between

the experimental groups at weeks 2 and 4.
Treatment with 3 mg/d or 4.5 mg/d GTE
prior to CS exposure (weeks 5-8) led to sig-
nificantly decreased HMGB1 concentra-
tions (p < 0.01; Fig 1). The HMGB1 levels
detected at weeks 6 and 8 of the experi-
ment were CS: 29.37 ± 6.72, GCS1: 5.08 ±
1.09, GCS2: 4.97 ± 1.11, C: 1.91 ± 0.87 and
CS: 28.74 ± 6.99, GCS1: 5.20 ± 1.02, GCS2:
4.88 ± 0.84 and C: 1.84 ± 0.72 ng/ml, re-
spectively.

No significant differences were found
in the body weight of rats among the CS
exposure groups (CS, GCS1, and GCS2);
however, the average body weight of the
rats exposed to CS was significantly lower
than the controls (Table 1). To evaluate for

Fig 1–GTE attenuation of HMGB1 in rat serum.
CS-rats exposed to cigarette smoke but
given no GTE; GCS1-rats exposed to
cigarette smoke and given a diet supple-
mented with GTE at 3 mg/d; GCS2-rats
exposed to cigarette smoke and given a
diet supplemented with GTE at 4.5 mg/d
(GCS2); C-control rats not exposed to
cigarette smoke or given GTE. The re-
sults are given as mean ± SD; n = 12 rats
per group.
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kidney toxicity due to consumption of
GTE and exposure to CS, blood urea ni-
trogen (BUN) levels were measured by
Spotchem (Arkray, Kyoto, Japan); these
were not significantly different among the
groups: CS: 18.45 ± 1.40; GCS1: 17.81 ±
0.56; GCS2: 16.22 ± 0.39; and C: 15.32 ± 0.12
mg/dl.

After CS exposure for 4 weeks, the CS-
exposed rats (CS, GCS1 and GCS2 groups)
had significantly higher serum cotinine
levels than the C-group rats [37.2, 34.0, and
31.43, respectively, vs undetectable (< 0.05
ng/ml) p < 0.05] (Fig 2), indicating the pres-
ence of tobacco-related compounds in the
blood of the CS-exposed rats. However, no
significant differences in cotinine levels
were observed among the CS, GCS1, and
GCS2 groups (Fig 2).

GTE effect on HMGB1 release in cotinine-
induced RAW264.7 cells

HMGB1 is released from murine mac-
rophage-like cells, which are commonly
used to investigate anti-inflammatory re-
sponses (Wang et al, 1999). Cotinine was
chosen as a marker for tobacco-smoke in-
halation, because of its specificity as a nico-
tine metabolite and its long half-life of 20
hours (Jarvis, 1987). We determined
whether cotinine could induce HMGB1
release from RAW264.7 cells by stimula-
tion with cotinine in concentrations simi-
lar to those observed in the sera of CS-ex-
posed rats (Fig 2). The cells were stimu-

lated with 10, 100, and 1,000 ng/ml of
cotinine in culture medium; HMGB1 in-
creased significantly in the exposed group.
One nanogram per milliliter of cotinine
increased HMGB1 to 40 ng/ml, signifi-
cantly greater than the control (p < 0.05);
Fig 3A.

To determine if GTE merely shifted
the kinetics of cotinine-induced HMGB1
release, cells were pretreated with GTE
and then stimulated with cotinine. GTE
concentrations of 2.5 and 25 µg/ml signifi-
cantly suppressed cotinine-induced
HMGB1 release compared with cotinine-
stimulated cells without GTE supplement
(15, 23 and 85 ng/ml; p< 0.05; Fig 3B). Poly-
myxin B (PB) neutralizes LPS biological ac-
tivity, which induces HMGB1 release in
RAW264.7 cells. As a negative control for
the specificity of the effects of GTE on
HMGB1 under our experimental condi-
tions, we stimulated cells with LPS in the
presence or absence of polymyxin B. Our

CS (n = 12) GCS1 (n = 12) GCS2 (n = 12) C (n = 12)
Week 0 291 ± 6.96 291 ± 5.94 289 ± 7.66 288 ± 44.13
Week 8 370 ± 7.05  382 ± 20.32  365 ± 17.38  411 ± 22.72*

Table 1
Comparison of rat body weights among study groups.

Body weight of rats (g)

* p = 0.05

Fig 2–Cotinine levels in CS-exposed rats.
*p < 0.05 vs control.
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data confirm the suppressive effect of GTE
on cotinine in cell culture.

Necrotic cells passively release
HMGB1 (Scaffidi et al, 2002). The presence
of 1 µg/ml cotinine significantly stimulated
HMGB1 release, but did not decrease cell
viability (Fig 4). The GTE concentrations
used in our study, even at concentrations
that almost completely abrogated HMGB1
release, exhibited no cytotoxicity to the cell

culture, as assessed by propidium iodide
uptake (data not shown), demonstrating
GTE inhibited HMGB1 release without
interfering with cell viability.

DISCUSSION

This study describes for the first time
a molecular mechanism behind the asso-
ciation between CS, cotinine, and a newly
described cytokine, HMGB1. Green tea
compound, with known anti-inflamma-
tory and anti-oxidative properties, sup-
presses HMGB1 release in response to CS
exposure in a rat model and murine mac-
rophage cell lines. These findings suggest
CS has an important role in chronic inflam-
mation; GTE may possess an anti-inflam-
matory effect in rats exposed to CS as
shown by HMGB1 levels.

In this study, one cigarette contained
1.1 ± 0.3 mg nicotine according to analysis
by the Research and Development Depart-
ment, Thailand Tobacco Monopoly. The 8
cigarettes per day (CPD) used in this study
contained 8 mg nicotine, equal to 6 mg/kg/d
nicotine intake per rat, conferring a total
nicotine dose of 25 ng/ml plasma nicotine
(Navarro et al, 2003), a similar dose to those
found in smokers (Trauth et al, 1999),

Fig 3–GTE effect on cotinine-induced HMGB1
in RAW264.7 cell culture. A: dose-depen-
dent effect of cotinine; B: dose-dependent
effect of GTE on HMGB1 levels in cells
exposed to 30 ng/ml cotinine. LPS-cell
exposed to lipopolysaccharide (positive
control); LPS-PB-cell exposed to li-
popolysaccharide and polymyxin B
(negative control). *p < 0.05, **p < 0.01.
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which reportedly induces an inflamma-
tory reaction (Hioki et al, 2001). Rats ex-
posed to CS showed significantly elevated
serum cotinine levels, peaking at 31.42 ng/
ml. This finding suggests CS causes
HMGB1 production, reflecting inflamma-
tion.

After exposure to 8 CPD for 4 weeks,
the rats’ weights decreased, which may
have been caused by nicotine’s ability to
suppress appetite and decrease food intake
(Jo et al, 2002). Green tea consumption is
also involved in processes leading to weight
loss in rats with diet-induced obesity (Du
et al, 2005). However, we found no signifi-
cant weight loss in rats treated with GTE
compared to the control group, indicating
the GTE used in this study had no signifi-
cant effect on rat appetite.

Nicotine is quickly converted into its
major metabolite, cotinine, commonly
used as a biochemical marker of tobacco
use (Dziuda et al, 1999). The highest me-
dian cotinine concentrations were found
in the group that reported smoking 10-19
CPD (de Weerd et al, 2002). The current
study found serum cotinine levels induced
by 8 CPD were lower than previous re-
ports (Galeazzi et al, 1999; Chalmers et al,
2002). Serum cotinine content may vary
drastically in smoking patients and by ex-
perimental conditions. These differences
may be due to variation in cigarette brands
and smoking patterns. Our study showed
no significant reduction in serum cotinine
levels in the GTE-consuming rats, com-
pared with those exposed only to CS. This
result was unexpected but consistent with
a report showing the elimination half-life
of cotinine is longer (50.2 ±  4.7 minutes)
than nicotine (8.6 ± 0.4 minutes) in DBA/2
mice (Siu and Tyndale, 2007), suggesting
GTE’s anti-inflammatory effects are
caused by a decreased cytokine release,
rather than cotinine production. Another

possible explanation is nicotine is also
present in tea leaves, and the nicotine con-
tent of tea leaves has been found to be
highly variable (Siegmund et al, 1999).

Until now, research has focused mainly
on determining nicotine’s action (Hecht et
al, 1978). Cotinine up-regulates vascular
endothelial growth factor expression in
endothelial cells (Conklin et al, 2002). Mac-
rophages move through the basement
membrane of the vascular endothelium to
the site of tissue inflammation (Janeway et
al, 2005). From this point of view, studies of
correlations between cotinine and a vascu-
lar pro-inflammatory mediator appear jus-
tified. Our in vitro studies demonstrate
cotinine induces abundant HMGB1 release.
In contrast, GTE attenuates cotinine-in-
duced HMGB1 release, but does not reduce
serum cotinine levels in CS-exposed rats.
The results of this study suggest GTE only
suppresses cotinine’s role in HMGB1 induc-
tion via signaling mechanisms, such as
antioxidation (Li et al, 2007), but does not
act directly as a cotinine antagonist.

In conclusion, the release of HMGB1
and cotinine in rat serum due to CS may
be important in the pathophysiology of
systemic diseases; modulation of this path-
way by GTE could result in new treatment
or prevention modalities.
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