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Abstract
Aim: Microglial activation has been implicated in many neurological diseases.  In
this study, we examined the effects of tetrandrine (TET), a major pharmacologi-
cally-active compound of Chinese herb Stephania tetrandra S Moore on micro-
glial activation.  Methods: The microglia pretreated with or without TET were
activated by lipopolysaccharide (LPS) in vitro.  Nitric oxide (NO) release, superox-
ide anion (O2

–) generation, as well as TNF-α and interleukin-6 (IL-6) production by
microglia were measured afterwards.  Electrophoretic mobility shift assay was
performed to determine whether NF-κB activity in microglia was affected by TET
treatment.  Results: We found that TET inhibited the LPS-induced activation of
microglia by decreasing the production of NO and O2

–, consequently affecting the
release of TNF-α and IL-6 in LPS-induced microglial activation.  Such suppressive
effect was accompanied by inhibiting transcription factor NF-κB activation.
Conclusion: Our results suggest that TET might modulate LPS-induced microglial
activation by inhibiting the NF-κB-mediated release of inflammatory factors.
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Introduction
The Chinese herb Han-Fang-Ji (Stephania tetrandra S

Moore) has been used in the therapy of rheumatic disorders
for a long time in China[1].  The main bioactive component
tetrandrine (TET) is a bisbenzylisoquinoline alkaloid with
anti-inflammatory, anti-allergic, antioxidant, antifibrogenic,
and antithrombogenic properties[2–5].  TET has been used to
treat patients with silicosis, autoimmune disorders, and hy-
pertension for decades.  The antitumor properties of TET
have also been demonstrated in various cancer models.  The
chemical structure of TET is illustrated in Figure 1.

Recently, in vitro research has shown that TET inhibits
cellular proliferation through the suppression of cytokine
production including interferon-γ, interleukin (IL)-4, IL-2, and
IL-10.  TET also inhibited IκBα kinases and protein kinase C
activity[6,7], and prevented tumor necrosis factor-α (TNF-α)
production in activated monocytes[8].  In addition, TET was
found to have an inhibitory effect on calcium-dependent

TNF-α production in glia-neuron mixed cultures[9].
Microglia comprise 12% of the cell population in the cen-

tral nervous system (CNS)[10], and exist in multiple morpho-
logical states in healthy and injured brains.  Microglia ex-
press surface markers similar to those of macrophages in
peripheral tissues, thus are macrophage-like cells resident
within the CNS.  Moreover, microglia can mediate the initia-

Figure 1.  Chemical structure of TET.
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tion of inflammation in the CNS.  Recent experimental evi-
dence demonstrates that inflammation mediated by micro-
glia contributes to neurodegenerative diseases, including
Parkinson’s disease and Alzheimer’s disease[11–13].  Activated
microglia were shown to be capable of releasing various
molecules, such as nitric oxide (NO), superoxide anion (O2

–),
IL-6, and TNF-α.  Although NO was reported to play a role in
the protection of neuron apoptosis, it was likely that NO at
higher concentrations, mainly generated by inducible NO
synthase (iNOS), exerted their detrimental effects on neu-
ronal cells[14].  Furthermore, pro-inflammatory cytokines gen-
erated by activated microglia, such as IL-6 and TNF-α, have
been reported to play important roles in neuronal injury and
apoptosis[15].  Thus, more research has been done on the
components that might inhibit microglial activation.

TET is known as a potent anti-inflammatory component.
We performed studies on cultured microglial to address
whether TET could suppress the activation of microglia.  Rat-
derived microglial cultures were established.  The microglia
pretreated with or without TET were stimulated by li-
popolysaccharide (LPS) in vitro.  Our results indicated that
TET pretreatment inhibited NO release, O2

– generation, as
well as TNF-α and IL-6 production by microglia.  These ef-
fects of TET may be attributed to its inhibitory effect on the
NF-κB pathway during microglial activation.

Materials and Methods
Reagents  Tetrandrine (purity >98%) was purchased from

Huike Botanical Development (Shanxi, China).  LPS from Es-
cherichia coli (serotype 026:B6) was purchased from Sigma
(St Louis, MO, USA).  The enzyme-linked immunosorbent
assay (ELISA) kits specific for rat TNF-α and IL-6 were pur-
chased from R&D Systems (Minneapolis, MN, USA).  Nucle-
otide oligomers were synthesized by Invitrogen (Carlsbad,
CA, USA).

Microglia cultures and TET pretreatment  Primary mi-
croglia culture was performed as described by Xiao et al[16].
Briefly, the brains were isolated from Sprague–Dawley rats
(Shanghai SLAC Laboratory Animal, Shanghai, China) at
postnatal d 1−3.  After the meninges were carefully
removed, the brains were minced mechanically.  Dissoci-
ated cells were resuspended in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and seeded in 75-cm2 flasks at a density of 1×106 cells/mL.
The cells were cultured in an incubator under 5% CO2 at 37 °C,
and the medium was changed every 3 d.  After 10 d, microglia
growing on the surface of adherent astrocytes were removed
by shaking for 4 h at 150 r/min, and the floating cells were
collected and transferred to a 6-well plate at a density of 2×106

cells in 2 mL culture medium per well for 12 h before further
treatment.  The purity was 92%–95% for microglia as deter-
mined by anti-Mac-1 antibody (SeroTec, Oxford, UK) staining.
In all the experiments, the cells were pretreated with TET (25
or 50 µmol/L) for 2 h before the addition of LPS (1 µg/mL).
Control samples were pretreated with the culture medium
only.

The study was performed according to the international,
national, and institutional rules concerning animal experi-
ments and biodiversity rights.

Measurement of nitrite  The production of NO was de-
termined by measuring nitrite, a stable derivation of NO, which
reflects accumulated NO in the medium, using the Griess
reagents (1% sulphanilamide, 5% phosphoric acid, and 0.1%
naphthylethylenediamine).  This assay was based on a dia-
zotization reaction that was originally described by Griess in
1879[17].  Briefly, 100 µL of sample prepared from cells were
mixed with 100 µL of Griess reagent in a 96-well flat plate.
After 10 min, the plate was mounted in an automated
microplate reader at 540 nm.  The concentration of nitrite was
determined by reference to a standard curve of sodium nitrite.
Blank culture medium only was used as the control.

Measurement of O2
– generation Superoxide radicals were

generated by oxidation of NADH and analyzed by the re-
duction of nitroblue tetrazolium (NBT).  In brief, the superox-
ide radicals were generated in 0.3 mL Tris-HCl buffer (16
mmol/L, pH 8.0) mixed with 0.1 mL NBT solution (50 mmol/L),
0.1 mL NADH solution (78 mmol/L), and an aliquot of the cell
culture supernatant (20 µL).  The reaction was initiated by
adding 0.1 mL phenazine methosulphate solution (10 mmol/L)
to the mixture.  The reaction mixture was incubated at 25 °C
for 5 min, and the absorbance at 550 nm in an automated
microplate reader was measured against blank samples.
L-Ascorbic acid was used as a negative control.

Analysis of cytokines  TNF-α and IL-6 were quanti-
fied using a sandwich ELISA procedure.  In brief, the wells
of the microtiter plates were coated and stored overnight
at room temperature with 100 µL phosphate-buffered sa-
line (PBS) containing the appropriate dilutions of mouse
antirat TNF-α antibody and mouse antirat IL-6 antibody.
The coating was done at room temperature and kept
overnight.  The wells were then washed with 0.05% PBS
(PBS–Tween-20) and blocked with 100 µL of 1% bovine
serum albumin in PBS for 1 h at room temperature.  After
washing, 100 µL of the culture supernatants were added to the
well in triplicates.  After 2 h of incubation at room temperature,
the wells were washed and incubated with 100 µL (0.4 mg/L)
of biotinylated monoclonal antibodies (goat anti-rat TNF-α
and goat anti-rat IL-6 antibodies) for 2 h at room temperature.
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After washing, 100 µL of streptavidin-horseradish peroxi-
dase conjugates were added, and the plates were incubated
for a further 45 min.  After washing, 100 µL of substrate
solution was then added to each well.  The reaction was
stopped after 20 min with a stopping solution.  Optical den-
sity was measured at a wavelength of 450 nm and a reference
wavelength of 540 nm.  Density values were correlated lin-
early with the concentrations of cytokine standards
(expressed in pg/mL).

Isolation of total RNA and RT–PCR  Total RNA was
isolated from cell pellets using the RNeasy mini kit (Qiagen,
Hilden, Germany).  Genomic DNA was removed from total
RNA prior to cDNA synthesis by DNase digestion using the
RNase-free DNase Set (Qiagen, Germany).  RNA was stored
at –80 oC.  First-strand cDNA synthesis was performed for
each RNA sample using the Sensiscript RT kit (Qiagen,
Germany).  Random hexamers were used to prime cDNA
synthesis.

Real-time PCR  The gene expression of iNOS was per-
formed by real-time PCR using SYBR green master mix
(Applied Biosystems, Foster  City, CA, USA).  The
thermocycler conditions comprised an initial holding at
50 °C for 2 min, then 95 °C for 10 min.  Reaction mixtures
were cycled 40 times at 95 °C for 15 s and 60 °C for 60 s.
Data were collected and quantitatively analyzed on an ABI
Prism 7900 sequence detection system (Applied Biosystems,
USA).  The β-actin gene was used as an endogenous control
to normalize differences in the amount of total RNA in each
sample.  All quantities were expressed in the number of folds
relative to the expression of β-actin.

 β-actin, sense: 5' TTCAACACCCCAGCCATGT 3' and
antisense: 5' GTGGTACGACCAGAGGCATACA 3' ,  and
iNOS, sense: 5' CGGTTCACAGTCTTGGTGAAAG 3´ and
antisense: 5' ACGCGGGAAGCCATGAC 3' .

Electrophoretic mobility shift assay  After treatment with
LPS (1 µg/mL) with or without TET for 24 h, microglia were
collected.  Buffer A (10 mmol/L HEPES, pH 7.9, 1.5 mmol/L
MgCl2, 10 mmol/L KCl, 1 mmol/L phenylmethylsulfonyl fluo-
ride [PMSF] and 1 mmol/L dithiothreitol [DTT]) was then
added to the cells and incubated at 4 °C for 15 min, and 1.06
µL Nonidet P-40 (10%) was added.  After centrifugation,
the supernatant was removed and a high-salt solution (20
mmol/L HEPES, pH 7.9, 25% glycerol, 420 mmol/L NaCl,
1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, 1 mmol/L PMSF,
and 1 mmol/L DTT) was added to the pellet.  The resus-
pended pellet was incubated for 60 min at 4 °C, and then
the supernatant was collected and used for the experiment.
Protein concentrations were determined using a protein as-
say (Bio-Rad, Hercules, CA, USA).  Synthetic double-

stranded oligonucleotides for the consensus NF-κB bind-
ing sequence, 5' -AGTTGAGGGGACTTTCCCAGGC-3' ,
were labeled with [γ-32P]dATP using T4 polynucleotide ki-
nase (Promega, Madison, WI, USA).  The nuclear extract
from cultured cells was incubated with the labeled probe in
Gel shift binding buffer (Promega, USA) at 4 °C for 30
min.  DNA–protein complexes were resolved by electro-
phoresis in 4% polyacrylamide gels with 0.5×Tris-borate
buffer at 4 °C and visualized by phorsphorimaging.

Statistical analysis  All data are presented as mean±SD.
Statistical comparisons between 2 different treatments were
analyzed using the Student’s t-test.  Differences among more
than 2 groups were tested by one-way ANOVA.  The levels
of significance were set to α=0.05.  All tests were 2 tailed.

Results
TET inhibited NO release and iNOS mRNA expression

in LPS-activated microglia  When rat primary microglial cells
were stimulated with LPS in vitro, a strong induction of NO
production was observed.  The production of NO was deter-
mined by the measurement of nitrite, a stable product of NO,
as an indicator to the accumulated NO in the medium (Figure
2A).  Cultured microglia without LPS stimulation produced
minimal NO in the supernatant.  However, while stimulated
by LPS (1 µg/mL for 24 h), microglia released significantly
higher levels of NO from 1.11±0.06 to 23.89±0.25 µmol/L.  The
pretreatment of microglia with TET significantly reduced the
elevation of NO release in a dose-dependent manner.  The
nitrite concentration was reduced to 22.57±0.10 (TET 25 µmol/L)
and 13.34±0.28 (TET 50 µmol/L), respectively.

The cytotoxicity of TET was determined by LDH assay.
There was no significant difference in LDH release between
TET-treated and non-treated microglia.  Therefore, the ob-
served inhibition of NO was not due to the cytotoxicity of
TET in microglia (data not shown).

In endotoxin-stimulated immune cells, iNOS is respon-
sible for NO production.  Therefore, we investigated whether
TET suppressed iNOS expression induced by LPS.  As shown
in Figure 2B, TET downregulated the level of iNOS gene
expression in LPS-activated microglia in a dose-dependent
manner.  These results suggest that TET regulates NO pro-
duction in LPS-activated microglia via an iNOS-dependent
pathway.

TET inhibited O2
– production in LPS-activated micro-

glia  The LPS stimulation of microglia leads to the activation
of NADPH oxidase and the production of reactive oxygen
species (ROS), including O2

–, which are ultimately respon-
sible for the cellular oxidative damage[18].  We then tested
whether TET could reduce the O2

– generated by microglia
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stimulated with LPS.  As shown in Figure 3, TET pretreat-
ment inhibited LPS-stimulated O2

– production in microglia
in a dose-dependent manner.  The inhibition reached a maxi-
mal value (35% reduction as compared to the control group)
at a TET dose of 50 µmol/L.

TET inhibited TNF-α and IL-6 release from LPS-acti-
vated microglia  TNF-α and IL-6 generated by activated
microglia play important roles in neurodegenerative diseases[19].
To examine the effect of TET on cytokine production by
microglia, microglial cells were pretreated with TET for 2 h,
followed by treatment with 1 µg/mL LPS for 24 h.  The super-
natants were then subjected to cytokine measurement.  LPS
stimulation markedly increased the TNF-α and IL-6 levels
(Figure 4), which were significantly inhibited by TET pre-
treatment in a dose-dependent manner.  Therefore, TET ef-
fectively suppressed the production of pro-inflammatory
cytokines by activated microglia.

Effects of TET on the LPS-induced activation of NF-κB
Because the NF-κB pathway is initially involved in LPS-in-
duced microglial activation, we used the electrophoretic
mobility shift assay (EMSA) to examine whether NF-κB ac-

Figure 2.  Effect of TET on LPS-induced nitric oxide production
and iNOS mRNA expression in microglia.  Microglia were pretreated
with TET (25 or 50 µmol/L) for 2 h.  Then, LPS (1 µg/mL) was added
and microglia were further incubated for 24 h.  Nitrite concentra-
tions in medium were determined using Griess reagent (A), and the
levels of iNOS mRNA was determined by real-time PCR (B).  Data are
presented as mean±SD.  Experiments were repeated 5 times and a
similar pattern of inhibition was observed.  bP<0.05, cP<0.01.

Figure 3.  TET attenuated O2
– production by microglia after LPS

stimulation.  Primary microglia were pretreated with TET (25 or 50
µmol/L) for 2 h.  Then, LPS (1 µg/mL) was added and microglia were
further incubated for 24 h.  Production of O2

– was determined by NBT
assay.  Data are expressed as mean±SD.  Experiments were repeated
3 times and a similar pattern of inhibition was observed.  cP<0.01.

Figure 4.  Effect of TET on the LPS-induced release of TNF-α and
IL-6 by microglia.  Microglia were pretreated with TET at the doses
of 25 or 50 µmol/L for 2 h followed by stimulation with 1 µg/mL LPS
for 24 h.  Culture supernatants were collected and assayed for TNF-
α (A) and IL-6 (B).  Data are expressed as mean±SD.  Experiments
were repeated 3 times and a similar pattern of inhibition was observed.
cP<0.01.
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tivity in microglia was affected by TET treatment.  Microglia
were pretreated with TET (50 µmol/L) for 2 h and then stimu-
lated with LPS (1 µg/mL) for 24 h.  Nuclear extracts were
prepared and EMSA was performed with a NF-κB consensus
oligonucleotide.  In microglia activated with LPS, nuclear NF-
κB binding activity was enhanced (Figure 5A,5B).  However,
TET pretreatment dramatically abolished NF-κB specific bind-
ing induced by LPS, indicating that TET might downregulate
the production of inflammatory mediators through the block-
age of NF-κB activation.

Discussion
To date, the role of microglia and whether they are neuro-

protective or neurotoxic in the disease state of CNS remains
controversial.  Available evidence indicates that neurotrophic
factors produced by activated microglia have a positive ef-
fect on the survival of neuronal cells.  Nevertheless, micro-
glial activation was also associated with neurodegenerative
diseases.  In microglial and neuronal coculture systems, micro-
glial activation induced neuronal cell death by the release of
NO, superoxide, and pro-inflammatory cytokines[20,21].  The in-

hibition of microglial activation could reduce neuronal cell
death.  In fact, studies of pathogenic events mediated by
microglial activation in neurodegenerative diseases indicate
that antineuroinflammatory agents have neuroprotective ef-
fects in these diseases.  For example, many agents suppressed
microglia-mediated neurotoxicity by inhibiting TNF-α, NO, or
superoxide production, therefore exerting a neuroprotective
effect[22–25].

TET exhibits immunosuppressive properties both in vitro
and in vivo.  In vitro, TET inhibited the production of NO in
LPS-activated macrophages[26].  TET also inhibited the se-
cretion of TNF-α by activated monocytes[8] and had an ef-
fect on cytokine production by activated T cells[27].  In a rat
model of silicosis, TET effectively blocked the ability of
quartz to stimulate oxidant release from pulmonary phago-
cytes[28].  Consistent with these studies, we demonstrated
for the first time that TET showed significant suppressive
effects on LPS-induced microglial activation.

Our data showed that TET inhibited iNOS mRNA expres-
sion and NO production in LPS-stimulated microglia.  The
high sensitivity of neurons to NO damage is partly due to
the inhibition of respiration, rapid glutamate release, and
subsequent excitotoxic damage.  In our study, we also exam-
ined the amount of neuronal nitric oxide synthase (nNOS)
and endothelial nitric oxide synthase (eNOS) mRNA expres-
sion with real-time PCR, but found them undetectable in mi-
croglia (data not shown).

We also found that TET dose dependently inhibited the
generation of O2

–.  O2
– is a short-lived free radical with impor-

tant physiological functions.  As an oxidant, it can in par-
ticular circumstances lead to the production of a variety of
other stronger oxidants, such as hydrogen peroxide, the
hydroxyl radical, hypochlorous acid, or peroxynitrite, all of
which are cytotoxic.  When appropriately stimulated, micro-
glia can produce extracellular superoxide at very high rates[29].
In addition, NO can stimulate mitochondrial superoxide pro-
duction and generate peroxynitrite within the mitochondria,
which can irreversibly inhibit mitochondrial respiration or
induce permeability transition[30].  The decline of O2

– produc-
tion as a result of TET treatment indicated a potential regula-
tory role of TET on ROS and the spread of neuronal damage
during the development of inflammation and infection in the
CNS.  In previous studies, TET was also found to scavenge
oxygen-derived free radicals directly in the cell-free hypox-
anthine-xanthine oxidase system[31].  Therefore, whether the
suppression of superoxide by TET resulted partially from
the direct scavenging action needs further study.

Furthermore, our results illustrated that TET modulated
the microglial production of TNF-α and IL-6, found to be

Figure 5.   TET inhibited NF-κB activity induced by LPS in microglia.
Microglia were pretreated with TET (50 µmol/L) for 2 h.  LPS (1 µg/mL)
was added and microglia were further incubated for 24 h.  Then EMSA
was performed with nuclear extracts.  Specific competitor (SC) for
EMSA consisted of a 100-fold excess of the unlabeled NF-κB probe
(A).  Relative intensity of NF-κB/ oligodeoxynucleotides complex
bands was quantitated by scanning densitometry (B).  Data are expressed
as a percentage of the value obtained for cells treated with LPS and pre-
sented as mean±SEM.  bP<0.05.
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secreted at a very early stage of CNS inflammation.  TNF-α
and IL-6 are elevated in most neurodegenerative diseases
and there is evidence that they play critical roles in disease
pathology.  For example, TNF-α is a known potent inducer of
cellular adhesion molecules in cerebrovascular endothelial
cells[32] and astrocytes[33].  It can also induce chemokine ex-
pression in microglia[34,35] and astrocytes[35,36], thus promot-
ing demyelination and oligodendrocyte injury[37].  IL-6 is also
important for inflammatory response and is involved in reac-
tive gliosis[38].  Therefore, augmentation of TNF-α and
IL-6 leads to CNS inflammation and damage.

NF-κB is a major transcriptional factor for the induc-
tion of inflammation-related molecules.  In resting cells,
through masking the nuclear localization signal, NF-κB tran-
scription factors are retained in the cytosol by inhibitory
proteins, including inhibitory κBα (IκBα), IκBβ, IκBε, and
IκBγ.  After receiving a stimulatory signal, such as LPS, the
IκBα inhibitory protein is phosphorylated by IκBα kinases,
resulting in its ubiquitination and subsequent degradation
by proteasome.  These sequential yet highly regulated sig-
nal transduction events then cause nuclear translocation of
NF-κB transcription factors[39].  NF-κB in the nucleus binds
to the regulatory region in the gene promoter and is involved
in the induction of iNOS and pro-inflammatory cytokines,
including TNF-α and IL-6, in activated microglia.  TET has
been found to intervene with NF-κB activation and nuclear
translocation in several cell lines[7,40].  TET could also pre-
vent the degradation of IκBα and inhibit the nuclear translo-
cation of p65 by blocking the activities of IκBα kinases a
and b in human peripheral blood T cells[39].  Our findings in
this study suggested that TET exerted its inhibitory effect
on LPS-induced microglial activation by blocking the NF-
κB-dependent pathway.

In conclusion, our results indicate for the first time that
TET suppresses LPS-induced microglial activation and re-
duces the release of inflammatory mediators, including NO,
O2

–, and pro-inflammatory cytokines.  Such suppressive ef-
fects are likely to be carried out through the inhibition of NF-
κB activation.  Together with previous experimental evidence
that the suppression of microglial activation protects neu-
ronal cells from various injuries, our findings raise the possi-
bility of using TET in the treatment of neurodegenerative
diseases.
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