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Abstract: Tripterygium wilfordii Hook F. has been used for centuries in traditional Chinese medicine to treat 
rheumatoid arthritis, an autoimmune disease associated with increased production of the pro-inflammatory 
cytokine, tumor necrosis factor (TNF)-α.  Triptolide is a compound originally purified from T. wilfordii Hook F. and 
has potent anti-inflammatory and immunosuppressant activities.  In this study, we investigated the effect of 
triptolide on the global gene expression patterns of macrophages treated with lipopolysaccharide (LPS).  We 
found that LPS stimulation resulted in >5-fold increase in expression of 117 genes, and triptolide caused a >50% 
inhibition in 47 of the LPS-inducible 117 genes.  A large portion of the genes that were strongly induced by LPS 
and significantly inhibited by triptolide were pro-inflammatory cytokine and chemokine genes, including TNF-α, IL-
1β, and IL-6.  Interestingly, LPS also induced the expression of micro-RNA-155 (miR-155) precursor, BIC, which 
was inhibited by triptolide.  Confirming the cDNA array results, we demonstrated that triptolide blocked the 
induction of these pro-inflammatory cytokines as well as miR-155 in a dose-dependent manner.  Profound 
inhibition of pro-inflammatory cytokine expression was observed at concentrations as low as 10-50 nM.  However, 
triptolide neither inhibited the phosphorylation or degradation of IBα after LPS stimulation, nor affected the DNA-
binding activity of NF-B.  Surprisingly, we found that triptolide not only inhibited NF-B-regulated reporter 
transcription, but also dramatically blocked the activity of other transcription factors.  Our study offers a plausible 
explanation of the therapeutic mechanism of T.  wilfordii Hook F.   
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Introduction 
 
The herb T. wilfordii Hook F., which is known 
as “Lei Gong Teng” in Chinese or “Thunder god 
vine”, has been used for centuries in 
traditional Chinese medicine to treat 
rheumatoid arthritis [1]. Although much of the 
clinical experience with this herb comes from 

uncontrolled studies and anecdotal reports, 
recent randomized double blind, placebo 
controlled clinical trials have confirmed the 
efficacy of the extracts of T. wilfordii Hook F. in 
the treatment of rheumatoid arthritis [2-4].  In 
addition to rheumatoid arthritis, extracts of T. 
wilfordii Hook F. have also shown efficacy in 
prolonging allograft survival, as well as treating 

___________________________________________________________________________________________________________________________________________________________________________ 

Abbreviations used: LPS, lipopolysaccharide; IL,interleukin;TNF, tumor necrosis factor; IFN-, interferon-; NF-B, nuclear factor 
B; IB, inhibitor B; IKK, IB kinase; STAT, signal transducer and activator of transcription; ATF, activating transcription factor; 
AP-1, activating protein-1; NF-AT, nuclear factor of activated T cells; VP16, herpes simplex virus protein 16; miR, microRNA; 
DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline; Hsp, heat shock protein; HSF, heat shock factor; TetR-p65TA, fusion 
protein composed of TetR and p65 transactivation doman; EMSA, electromobility gel-shift assay; TBP, TATA-binding protein; 
TFIIA, B, D, E, F, H, transcription factor IIA, IIB, IID, IIE, IIF, IIH; CBP, cAMP response element-binding protein (CREB)-binding 
protein; GAL4-AH, a fusion protein between N-terminal of GAL4 and an artificial 15 amino acid putative ampipathic hélix; DAPI, 
4,6-diamidino-2-phenylindole;  ANOVA, analysis of variance. 
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several other autoimmune and inflammatory 
diseases including immune complex nephritis 
and systemic lupus erythematosus [5, 6]. 
Despite the remarkable clinical efficacy, the 
therapeutic mechanisms of T. wilfordii Hook F. 
extracts remain elusive. In addition to 
therapeutic properties, T. wilfordii Hook F. also 
exhibits a strong cellular toxicity [7, 8].  In fact, 
another name for T. wilfordii Hook F. in 
Chinese is “seven steps to death”, vividly 
describing its life-threatening severe toxicity 
[9, 10].  Because of its severe toxicity, wide 
spread medical application of this herb has 
been prohibited.  Thus, identification of the 
active ingredients of this plant and 
understanding of the mode of action of these 
ingredients may facilitate the development of 
drugs that are highly efficacious but devoid of 
significant toxicity. 
 
The extracts of T. wilfordii Hook F. contain 
more than 70 compounds including 
diterpenoids, triterpenoids, sesquiterpenoids, 
β-sitosterol, dulcitol, and glycosides [1]. 
Triptolide (C20H24O6), a diterpene triepoxide, is 
a major component of T. wilfordii Hook F. 
extracts, which has been shown to possess 
potent anti-inflammatory and immune-
suppressive properties [1]. For example, 
triptolide has been shown to inhibit the 
expression of IL-2 and IFN- in T-cells [5, 11]. 
Moreover, it has been demonstrated that 
triptolide promotes apoptosis of T lymphocytes 
and dendritic cells [6, 12]. In addition to the 
anti-inflammatory and immunosuppressive 
activities, triptolide also exhibits potent anti-
tumor and anti-leukemic activities [6, 13, 14]. 
Several studies have suggested that triptolide 
exerts its therapeutic activities by inhibiting 
the activity of several transcription factors, 
including NF-B, AP-1, and NF-AT [13, 15]. In 
the present study, we examined the effects of 
triptolide on the inflammatory response of 
innate immune effector cells. cDNA array 
analysis revealed that triptolide acts as a 
selective transcriptional blocker predominantly 
affecting genes involved in the immune 
response. We also investigated the molecular 
mechanisms mediating the inhibition of 
cytokine expression by triptolide and 
demonstrated that triptolide inhibits gene 
transcription mediated by a number of 
transcription factors including NF-B, VP16, 
and heat shock factor (HSF)-1 without 
affecting the transcription machinery. 
 

Materials and methods 
 
Animals 
 
Pathogen-free female C57BL6 mice were 
maintained on Harlan Tecklad irradiated diet 
(Harlan) at 24°C with relative humidity 
between 30 and 70% on a 12-h day-night 
cycle. The experimental protocols were 
approved by the Institutional Animal Care and 
Use Committee of The Research Institute at 
Nationwide Children’s Hospital. 
 
Reagents 
 
LPS (Escherichia coli 055:B5), tetracycline, 
and triptolide were purchased from 
Calbiochem (La Jolla, CA). Triptolide was 
dissolved in DMSO and added to the culture 
medium. 
 
Cell culture 
 
Thioglycollate-elicited peritoneal macrophages 
were isolated from female C57BL6 mice by 
peritoneal lavage and cultured as described 
previously [16]. RAW264.7 cells were cultured 
in Dulbecco’s modified Eagle’s medium 
(Invitrogen) supplemented with 10% fetal 
bovine serum at 37°C in a humidified 
atmosphere containing 5% CO2. The CHO-AA8-
Luc cells, purchased from Clontech (Mount 
View, CA) were cultured in Alpha Minimum 
Essential Medium (Cellgro, Herndon, VA) 
containing 10% Tet-approved fetal bovine 
serum (Clontech), 4 mM glutamine, 1% 
penicillin/streptomycin, and 100 μg/ml G418. 
The CHO-AA8-Luc cells harbor a stable 
luciferase reporter whose expression is under 
the control of a Tet-Off system (Clontech). 
Reporter gene transcription was turned off by 
the addition of tetracycline (2 μg/ml), and 
turned on by tetracycline withdrawal. Heat 
shock treatment of RAW264.7 cells were 
carried out by immersing cells in a 43°C water 
bath for 1 h.  
 
cDNA microarray analysis 
 
RAW264.7 cells were pre-treated with 50 nM 
triptolide or vehicle for 30 min, and then 
stimulated with 100 ng/ml LPS for 4 h. Total 
RNA was purified using Qiagen RNeasy kit 
(Qiagen, Valecia, CA). RNA integrity was 
confirmed with a Bioanalyzer 2100 capillary 
electrophoresis system and the Degradometer 
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software [17]. Labeled cDNA probes were 
synthesized using 20 ng total RNA and a SPIA 
Biotin System [18]. Labeled cDNA was 
hybridized to 430A2.0 mouse GeneChips 
(Affymetrix, Santa Clara, CA) according to 
manufacturer’s recommendations. The 
430A2.0 mouse GeneChip contained 
sequences representing over 14,000 well 
defined gene transcripts. Scanned images 
(DAT files) were converted into CEL files using 
GCOS software (Affymetrix). Gene expression 
levels were calculated using RMAExpress [19]. 
Differentially expressed genes were analyzed 
for over-represented biological themes (Gene 
Ontology categories) using EASE software [20]. 
Cluster analyses were performed on two 
subset of genes, first those that are up-
regulated 5-fold by LPS, and second those that 
are up-regulated 1-5-fold by LPS and also 
down-regulated at least 50% by triptolide.  
 
Western blot analysis 
 
Western blot analysis was carried out as 
previously described [16, 21-23]. A rabbit 
polyclonal antibody against mouse IL-1β was 
purchased from Chemicon (Temecula, CA). The 
antibodies against the p50 subunit of NF-B, 
IKK, and IκBα were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). The 
rabbit polyclonal IKK antibody recognizes both 
IKKα and IKKβ. The rabbit polyclonal antibody 
against the p65 subunit of NF-B was a 
generous gift from Dr. Dennis Guttridge at the 
Ohio State University. The polyclonal antibody 
against phospho-IκBα (p-Ser 32) and an IBα 
monoclonal antibody were purchased from Cell 
Signaling (Danvers, MA). To normalize for 
protein loading, blots were stripped and 
probed with a β-actin monoclonal antibody 
(Sigma, St. Louis, MO). 
  
Northern blotting 
 
Total RNA was isolated from cells using STAT-
60 (Tel-Test, Friendswood, TX). Northern blot 
analysis was carried out using mouse IL-1β, 
TNF-α, luciferase, and Hsp70 cDNA probes as 
described previously [24, 25]. The membrane 
was stripped and reprobed with 18S rRNA for 
normalizing RNA loading. 
 
Northern blotting was also used to assess miR-
155 expression. RAW264.7 cells were 
pretreated with various doses of triptolide for 
30 minutes followed by stimulation with LPS 

(100 ng/ml) for 4 h. Total RNA harvested using 
TRIzol reagent (Invitrogen, San Diego, CA) was 
resolved by electrophoresis on a 12% 
denaturing urea polyacrylamide gel. RNA was 
transferred onto a Hybond N+ membrane 
(Amersham, Piscataway, NJ), and crosslinked 
to the membrane using UV radiation. The miR-
155 and U6 probes were labeled with [α-
32P]dATP using StarFire Nucleic Acid labeling 
system (IDT DNA, Coralville, IA). Hybridization 
was carried out essentially as previously 
described [26]. The same membrane was 
stripped and rehybridized with a probe for the 
small nuclear RNA U6 for normalizing sample 
loading. 
 
ELISA 
 
RAW264.7 cells or primary peritoneal macro-
phages were plated into 6-well plates at a 
density of 3×105 cells per well. The next day, 
cells were pretreated either with triptolide 
(0.01-1 μM) or with equal volume of vehicle 
(DMSO) for 30 min, and then stimulated with 
100 ng/ml LPS for 6 h. TNF-α and IL-6 
concentrations in the media were determined 
by ELISA as previously described [22]. 
 
Animal studies 
 
C57BL6 mice were first injected with triptolide 
intraperitoneally (0.15 or 0.25 mg/kg body 
weight) or an equal volume of vehicle (DMSO).  
Thirty min later, these mice were challenged 
with LPS intraperitoneally at a dose of 5 mg/kg 
body weight.  Mice were euthanized 60 min 
post LPS challenge, and blood was collected 
by cardiac puncture. Concentrations of TNF-α 
and IL-6 in the serum were determined by 
ELISA as previously described [22]. 
 
Immunofluorescence 
 
To examine the effect of triptolide on the 
nuclear translocation of NF-κB p65 subunit, we 
performed immunofluorescence. RAW264.7 
cells were treated with LPS (100 ng/ml) in the 
presence or absence of triptolide (0.1 μM) for 
the indicated times, controls were treated with 
DMSO only. Immunofluorescence was 
essentially carried out as previously described 
[22, 27], using a rabbit polyclonal anti-p65 
antibody (Santa Cruz) and Alexa488-
conjugated goat anti-rabbit IgG secondary 
antibody (Invitrogen). Finally, the cells were 
stained with 4,6-diamidino-2-phenylindole 
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(DAPI) to visualize the nuclei and were 
examined under a Zeiss Axioskop microscope 
(Carl Zeiss, Inc., New York). The fluorescent 
images were acquired with identical exposure 
time for all of the samples. The percentage of 
cells where p65 was localized in the nuclei 
was scored from at least 10 fields chosen 
randomly. 
   
Electromobility gel-shift assay (EMSA) 
 
RAW264.7 cells were pre-treated with 0.1 μM 
triptolide, and then stimulated with 100 ng/ml 
LPS. Nuclear extracts were prepared essen-
tially as previously described [28]. Oligo-
nucleotides (5'-AGTTGAGGGGACTTTCCCAGGC-
3' and 5’-GCCTGGGAAAGTCCCCTCAACT-3’) 
were annealed, labeled with [-32P]ATP using 
T4 polynucleotide kinase, and then purified 
using Sephadex G-25 spin columns. Nuclear 
extracts (5 μg protein) were incubated with the 
32P-labeled double-stranded oligonucleotides 
for 30 min in a buffer containing 10 mM Tris-
HCl (pH 8.0), 0.1% Triton X-100, 12.5% 
glycerol, 150 mM KCl, 1 mM DTT, 0.5 mM 
EDTA, and 2 μg of poly IC. Samples were 
resolved on a 5% nondenaturing polyacryl-
amide gel using 0.5xTBE (25 mM Tris-HCl 
pH8.0, 25 mM boric acid, 0.5 mM EDTA) as 
running buffer. Gels were dried, and subjected 
to PhosphoImaging. 
 
Plasmids 
 
Site-directed mutagenesis was carried out to 
remove the DNA region coding for the VP16 
transactivation domain in the pTet-off plasmid 
(Clontech) while creating an unique Srf I site. 
The transactivation domain of NF-κB was 
amplified by PCR from a human p65 cDNA 
with high fidelity pfu DNA polymerase, using 
primers 5'-CCTCAGGCTGTGGCCCCACCTG-3' 
and 5'-TCATTAGGAGCTGATCTGACTCAG-3'. This 
blunt-end PCR product was then cloned into 
the Srf I site of the modified pTet-off plasmid. 
When expressed, this construct results in a 
fusion protein consisting of the Tet repressor 
DNA binding protein (TetR) and the 
transactivation domain of the p65 subunit of 
NF-B, referred to hereafter as TetR-p65TA 
hereafter. The authenticity of the cloning was 
confirmed by sequencing. 
 
Transfection and luciferase assays 
 

To examine the effect of triptolide on reporter 
transcription mediated by the transactivation 
domain of NF-B, RAW264.7 cells were 
transiently transfected with the plasmid (TetR-
p65TA) and the pTRE2-hyg-luc reporter 
(Clontech), using the polyethyleneimine 
transfection reagent (Polysciences, Warring-
ton, PA) in the presence of tetracycline. Twenty 
four h following transfection, cells were fed 
with medium containing tetracycline, or fed 
with tetracycline-free medium that contained 
either 0.1 μM triptolide or vehicle (DMSO) for 
24 h. Cells were harvested and luciferase 
activity measured. Luciferase activity was 
normalized to lysate protein concentration. 
 
CHO-AA8-Luc cells were grown in the presence 
of tetracycline until reaching a confluency of 
~50%.  Then cells were washed with PBS twice 
and fed with fresh medium with or without 
tetracycline, in the absence or presence of 
triptolide. Cells were grown overnight, 
harvested, and luciferase activity in the lysates 
was measured using a luminometer with a 
Luciferase Assay System (Promega, Madison, 
WI). 
  
In vitro transcription assay 
 
Mixtures of transcription factors, DNA 
templates and α-32P CTP, were incubated with 
100 nM of triptolide or vehicle (DMSO) at 
30°C for 60 min.  The reactions for the basal 
level transcription were performed with the 
transcription kit from ProteinOne (Bethesda, 
MD) according to the manufacturer’s 
recommendations. In vitro assay for activated 
transcription was reconstituted with purified 
transcription factors (TFIID, TFIIA, GAL4-AH, 
PC4) in the presence of template pG5HM and 
pMLΔ53 essentially as described [29]. RNA 
was isolated by phenol chloroform extraction, 
resolved by electrophoresis on a 5% urea-
polyacrylamide gel and visualized by 
autoradiography. 
 
Statistics 
 
The results from the experiments assessing 
the effects of triptolide on TNF-α and IL-6 
production were analyzed by one-way ANOVA 
with LSD post hoc test. Statistical analysis was 
carried out using SPSS statistical software 
program (SPSS, Chicago, IL).  Differences were 
considered significant when p < 0.05. 
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Results 
 
Triptolide selectively inhibits the expression of 
inflammatory genes including proinflamma-
tory cytokines and chemokines 
 
To assess the effect of triptolide on the 
inflammatory response of innate immune 
effector cells, we performed microarray 
analysis. To this end, RAW264.7 macrophages 
were pre-treated with 50 nM triptolide or 
vehicle for 30 min, and then stimulated with 
LPS for 4 h. Total RNA was harvested and 
used to produce cDNA probes. Labeled cDNA 
was hybridized to 430A2.0 mouse GeneChips 
(Affymetrix), which contained sequences 
corresponding to over 14,000 well-defined 
gene transcripts. Gene expression levels were 
calculated using RMAExpress. Differentially 
expressed genes were analyzed for over-
represented biological themes (Gene Ontology 
categories) using EASE software. LPS 
treatment resulted in >5-fold induction in the 
expression of 117 genes (Figure 1A). Among 
these 117 genes induced by LPS, 47 of them 
were inhibited by 50% or more by triptolide (50 
nM). Many of these LPS-induced, triptolide-
attenuated genes are involved in immune 
function/host defense, including pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6, 
colony stimulating factor (CSF)-2 and 3) and 
chemokines (CCL-1, 2, 5, 7, and 12 as well as 
CXCL-10 and 11). In addition to these 
cytokines and chemokines, triptolide also 
inhibited the expression of several adhesion 
molecules (laminin 1, integrin α5, ICAM1), a 
number of transcription factors (ATF3, NF-B, 
STAT5A), as well as BIC that is the precursor of 
miR-155. The global effects of triptolide on the 
expression of genes that are potently induced 
by LPS (>5-fold) are shown in Figure 2.   
 
We also analyzed the effects of triptolide on 
the expression of genes that are induced less 
potently by LPS or are relatively insensitive to 
LPS (1-5-fold induction by LPS relative to 
unstimulated control). Total of 10,600 genes 
fell into this category. Among these genes, the 
expression levels of 119 genes were 
decreased by triptolide pretreatment by at 
least 50% (Figure 1B). These results indicate 
that triptolide does not block global gene 
expression in a nondiscriminatory manner. Our 
analysis suggests that triptolide preferentially 
inhibits genes that are highly inducible by 
inflammatory stimuli.  

Triptolide inhibits pro-inflammatory cytokine 
production in LPS-stimulated macrophages 
 
To validate the results of the cDNA array 
analysis, we examined the effect of triptolide 
on the expression of a small set of pro-
inflammatory cytokine genes. Since pro-
inflammatory cytokines such as TNF-α and IL-
1β are critical in the pathogenesis of 
inflammatory diseases, including rheumatoid 
arthritis, understanding of the mechanism 
underlying the inhibitory effect of triptolide on 
these cytokines may reveal important 
information on the mode of action of this novel 
compound. The effect of triptolide on the 
expression of IL-1β and TNF-α induced by LPS 
in RAW264.7 cells was examined by Northern 
blot analysis. While basal IL-1β and TNF-α 
mRNA levels were undetectable in control 
cells, these genes were dramatically induced 
upon LPS stimulation. Treatment with 
triptolide caused a dose-dependent inhibition 
in both IL-1β and TNF-α mRNA levels (Figure 
3A). Substantial inhibition of IL-1β and TNF-α 
mRNA levels were observed in samples 
treated with triptolide at concentrations as low 
as 50 nM.  
 
The effect of triptolide on the induction of 
these cytokines in primary macrophages was 
also examined. As in the RAW264.7 cells, the 
induction of both TNF-α and IL-1β by LPS in 
primary macrophages was strongly inhibited by 
triptolide in a dose-dependent manner (Figure 
3B). The inhibitory effects of triptolide on these 
cytokine mRNAs were clearly visible starting at 
20 nM.  
 
The effect of triptolide on the production of 
cytokine proteins was examined by ELISA. LPS 
potently induced the production of both TNF-α 
and IL-6 in RAW264.7 macrophages, and 
triptolide potently inhibited the cytokine 
production in a dose-dependent manner, with 
an IC50 of <30 nM for both TNF-α and IL-6 
(Figure 4A). Impressively, treatment with 50 
nM triptolide resulted in a greater than 80% 
decrease in both TNF-α and IL-6 production in 
LPS-stimulated cells. Triptolide also potently 
suppressed LPS-induced IL-1β production in a 
dose-dependent manner.  

 
Similar to what happened in RAW264.7 cells, 
triptolide potently inhibited IL-1β production in 
LPS-stimulated primary macrophages in a 
dose-dependent manner (Figure 4B). Likewise, 
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production of both TNF-α and IL-6 production 
in primary macrophages were also inhibited by 
triptolide. Triptolide, at a concentration of 10 

nM, inhibited TNF-α production by approxi-
mately 80%. Compared to TNF-α, IL-6 
production appeared to be less sensitive to 

Figure 1.  Triptolide selectively inhibits the expression of a subset of genes involved in the immune response.  
RAW264.7 cells were either treated with vehicle or LPS in the presence or absence of triptolide, and 
microarray analyses were performed.  Heat maps were generated representing cluster analyses of genes 
exhibiting 5-fold or greater induction by LPS (A) or 1-5-fold induction by LPS but inhibited by triptolide at least 
50% (B). 
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triptolide (Figure 4B). Triptolide, at concentra-
tions of 10 and 50 nM, inhibited IL-6 
production by ~40% and ~80%, respectively.  
 
Triptolide inhibits the induction of miR-155 in 
LPS-stimulated macrophages 
  
miR-155 is a key player in inflammatory 
response, our microarray results showed that 
the expression of the miR-155 precursor, BIC, 
was up regulated 7-fold following stimulation 
with LPS. Triptolide attenuates BIC expression 
by 80%. To validate these results, RAW264.7 
cells were pre-treated cells with triptolide 
(0.01-0.5 µM) for 30 min followed by 
stimulation with LPS for 4 h, and miR-155 
expression was assessed by Northern blot 
analysis. LPS treatment resulted in a robust 
increase in miR-155 level, and miR-155 
induction by LPS was attenuated in a dose-
dependent manner by triptolide (Figure 5).  

 
Triptolide attenuates the inflammatory 
response in vivo in LPS-challenged mice 
 
To investigate the effects of triptolide on the 
inflammatory response in vivo, C57BL6 mice 
were injected intraperitoneally with either 
triptolide or the vehicle, and then challenged 

with LPS 30 min later. Blood was harvested 60 
min post LPS challenge, and cytokine 
concentrations in the serum were measured. 
Challenge of C57BL6 mice with LPS caused a 
robust increase in TNF-α production as 
compared to un-challenged mice (Figure 6A). 
At a dose of 0.15 mg/kg body weight, triptolide 
decreased blood TNF-α levels by 64%. At a 
higher dose (0.25 mg/kg body weight), 
triptolide almost completely abolished TNF-α 
production in vivo. Likewise, triptolide 
markedly inhibited the LPS-stimulated 
increase in blood IL-6 levels in a dose-
dependent manner (Figure 6B).  
 
Triptolide has no effect on IBα degradation 
and p65 nuclear translocation, and does not 
affect NF-B DNA binding activity 
 
Previously, it has been reported that NF-B 
activity is inhibited by triptolide [15]. 

Figure 2.  Triptolide potently inhibits the expression 
of genes that were potently induced by LPS. The 
graph depicts the effect of triptolide on the genes 
highly induced (>5-fold) by LPS.  Dots above the 
line represent genes whose expression is enhanced 
by triptolide.  Dots below the line represent genes 
whose expression is inhibited by triptolide. 

 

Figure 3.  Triptolide blocks the induction of pro-
inflammatory cytokine mRNA in LPS-stimulated 
macrophages.  RAW264.7 cells (A) and primary 
peritoneal macrophages (B) were pretreated with 
indicated doses of triptolide for 30 min, and then 
stimulated with LPS (100 ng/ml) for 4 h.  Total 
RNA was harvested and analyzed by Northern 
blotting.  The IL-1β and TNF-α mRNA signals were 
normalized to 18S rRNA signals, and expressed as 
fold increase relative to control.  Numbers below 
the blots indicate fold of changes in gene 
expression relative to untreated controls.   
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Furthermore, a study by Zhou et al. showed 
that IB degradation and NF-B DNA-binding 
activity are inhibited by a triptolide derivative 
[30]. To elucidate the mode of action of 
triptolide, RAW264.7 cells were treated with 
LPS in the absence or presence of triptolide, 
and kinetics of IκBα phosphorylation were 
determined by Western blot analysis using an 
anti-phospho-IBα antibody (Figure 7A). Upon 
LPS stimulation, the levels of phospho-IκBα 
peaked at about 10 min, then rapidly 
plummeted. The decreases in phospho-IB 
levels were associated with decreases in IBα 
protein levels, detected by Western blotting 
using a monoclonal antibody recognizing total 
IBα. At 60 min, IκBα protein levels increased 
again, likely due to de novo protein synthesis. 
This increase in newly synthesized IBα 
coincided with increased phospho-IBα levels, 
suggesting IB kinases remained active at 
least up to 60 min post LPS stimulation (Figure 
7A). Importantly, neither the kinetics of IBα 

phosphorylation nor IBα degradation was 
significantly affected by triptolide. The levels of 
p65, p50, and IKK proteins did not change 
regardless of whether the cells were 
pretreated with triptolide or not (Figure 7A). 
We then investigated the effect of triptolide on 
NF-B translocation to the nucleus, by 
immunofluorescence staining of the p65 
subunit of NF-B (Figure 7B). p65 was almost 
exclusively localized in the cytoplasm in control 
cells, and was translocated to the nuclei upon 
LPS stimulation. Triptolide had no effect on the 
kinetics of nuclear translocation of NF-B p65 
subunit in LPS-stimulated RAW264.7 cells 
(Figure 7B). To examine if triptolide inhibits the 
DNA binding activity of NF-B, RAW264.7 cells 
were pre-treated with triptolide for 30 min then 
stimulated with LPS. Nuclear extracts were 
collected at the indicated times and EMSA was 
performed. LPS stimulation resulted in an 
increase of NF-B DNA-binding activity, which 
was not affected by triptolide (Figure 7C).  

Figure 4.  Triptolide potently inhibits the production of pro-inflammatory cytokine proteins in macrophages 
treated with LPS.  RAW264.7 cells (A) and primary peritoneal macrophages (B) were pretreated with indicated 
doses of triptolide for 30 min followed by stimulation with 100 ng/ml LPS for 6 h.  The negative control was only 
treated with equal volume of vehicle (DMSO).  Positive controls were those first treated with vehicle (DMSO) 
then stimulated with LPS.  Upper panels represent the effect of triptolide on TNF-α and IL-6 secretion, which 
were assayed by ELISA.  Results in the graph represent % relative to the mean value of the positive controls.  
Data were expressed as means ± S.E. from 3 independent experiments.  *, p<0.05, compared to the group 
stimulated with LPS after pretreatment with vehicle.  Lower panels demonstrate the effect of triptolide on IL-
1βproduction detected by Western blot analysis.  Presented are the representative results of at least three 
experiments.  
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Triptolide blocks gene transcriptional 
induction regulated by a variety of 
transcriptional factors  
 
Previous studies have suggested that triptolide 
inhibits transactivation of NF-B at a step after 
binding to DNA [15]. To gain insight into the 
inhibitory mechanism of NF-B by triptolide, 
we examined the effect of triptolide on the 
activity of the transactivation domain of p65, a 
subunit of NF-B, by taking advantage of the 
Tet-Off system. We modified the Tet-Off system 
by replacing the VP16 transactivation domain 
with the transactivation domain of p65. This 
modification yielded an artificial hybrid 
transcription factor TetR-p65TA, which 
consists of the DNA-binding domain of TetR 
and the transactivation domain of p65. This 
construct was transfected into RAW264.7 cells 
together with a tetracycline-regulated lucife-
rase reporter gene (pTRE-Luc), and the effect 
of triptolide on reporter gene expression was 
assessed. TetR-p65TA efficiently turned on the 
transcription of the luciferase reporter in the 
absence of tetracycline and triptolide potently 
inhibited the reporter gene transcription 
(Figure 8A). As a control, we also assessed the 
effect of triptolide on reporter transcription 

mediated by the artificial transcription factor 
TetR-VP16, using a stable cell line (CHO-AA8-
Luc) which harbors both the TetR-VP16 and 
the TRE-Luc reporter constructs. Surprisingly, 
triptolide showed a dose-dependent inhibition 
of the luciferase reporter transcription. 
Triptolide at concen-trations of 50-100 nM 
almost completely abrogated reporter 
expression elicited by tetracycline withdrawal 
(Figure 8B). Northern blot analysis further 
confirmed that triptolide, at a concentration of 
20 nM, abolished luciferase mRNA expression 
induced by tetracycline withdrawal (Figure 8C).  

Figure 5.  Triptolide inhibits the induction of miR-
155 in LPS-stimulated macrophages.  RAW264.7 
cells were pretreated with the indicated doses of 
triptolide followed by stimulation with LPS for 4 h.  
Total RNA was harvested and Northern blot 
analysis was performed using a urea-PAGE 
denaturing gel.  U6 was used as a loading control.  
Graph depicts the fold of changes in miR-155 
expression in a representative experiment.  

 

Figure 6.  Triptolide attenuates LPS-induced 
cytokine production in vivo in a dose-dependent 
manner.  C57BL6 mice (5-6 weeks old) were given 
the indicated doses of triptolide, or equal volumes 
of vehicle i.p, and then challenged with LPS (5 
mg/kg body weight).  Cytokine concentrations in 
the serum were determined by ELISA.  (A) Effects of 
triptolide on TNF-α biosynthesis in vivo.  (B) Effects 
of triptolide on IL-6 production in vivo.  Values 
represent the mean ± S.E. from 8-12 animals.  †, p 
< 0.05, compared to control group (not stimulated 
with LPS).  *, p<0.05, compared to the group 
received vehicle and then stimulated with LPS. 
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To explore the specificity of triptolide on the 
transcriptional induction of endogenous 
genes, we examined the effect of triptolide on 
Hsp70, which is induced by heat shock 
through a completely different transcription 
factor, heat shock factor (HSF)-1 [31]. To this 
end, RAW264.7 cells were pre-treated with 
either various doses of triptolide or vehicle 
(DMSO), and then subjected to heat shock at 
43°C for 1 h. Hsp70 mRNA was detected by 
Northern blot analysis. Hsp70 mRNA in control 
cells was undetectable, and its mRNA levels 
increased dramatically after heat shock. 
Triptolide pre-treatment caused a dose-
dependent inhibition of Hsp70 mRNA 
induction (Figure 8D). These studies clearly 
indicate that triptolide not only inhibits the 

activity of NF-B, but also has broad inhibitory 
effects on gene transcription mediated by 
other transcription factors. 
 
To elucidate the mechanism by which 
triptolide blocks gene transcription, we 
examined the effect of triptolide on gene 
transcription using an in vitro gene 
transcription assay. The reaction mixtures 
containing RNA polymerase II complex, 
transcription factors and co-activators were 
incubated with 100 nM triptolide or DMSO. 
Basal activity of the transcription machinery 
was assayed using two plasmid DNA 
templates: pG5HM and pMLΔ53. Basal 
transcription requires a number of 
indispensable transcription factors (TBP, TFIIB, 

Figure 7.  Triptolide has no effect on IκBα degradation and p65 nuclear translocation, and does not affect NF-B 
DNA-binding activity in LPS-stimulated macrophages.  (A) Effects of triptolide on the components of the NF-κB 
pathway in LPS-stimulated macrophages.  RAW264.7 cells were pretreated with 0.1 μM triptolide for 30 minutes, 
then stimulated with 100 ng/ml LPS for the indicated periods.  Cells lysates were harvested and Western blotting 
was performed.  Data shown were from a representative experiment.  (B) Effect of triptolide on nuclear 
translocation of NF-κB p65 subunit.  RAW264.7 cells were treated as in A, and immunofluorescence was 
performed with a p65 antibody (green), and then stained with DAPI (blue).  The percentage of cells where p65 
was localized in the nuclei was scored from at least 10 fields chosen randomly.  Values in the graph on the right 
side represent mean ± S.E. from 3 independent experiments.  (C) Effect of triptolide on NF-κB DNA-binding 
activity.  RAW264.7 cells were treated as in A, and nuclear proteins were extracted.  EMSA was performed using 
end-labeled double-stranded oligonucleotides containing a consensus NF-B-binding element.  Results were from 
a representative experiment.  
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and TFIIE/F/H) while activated transcription 
relies on activators and cofactors that are not 
necessary for basal transcription (TFIIA, TFIID, 
GAL4-AH, and PC4). The pG5HM template 
contains 5 GAL4 binding sites and can support 
both basal and activated transcription. 
However, the pMLΔ53 plasmid has no GAL4 
binding sites and can only be transcribed by 
the basal transcription machinery. As indicted 
in Figure 8E, triptolide at a concentration of 
100 nM had little effect on in vitro gene 
transcription mediated by the basal 
transcriptional machinery. Likewise, triptolide 
also did not have an appreciable effect on 

gene transcription mediated by the GAL4-AH 
transcriptional factor in vitro. These results 
suggest that triptolide does not simply block 
the transcription machinery. 
 
Discussion 
 
Anti-inflammatory mechanism of triptolide 
 
Triptolide has potent anti-inflammatory proper-
ties. It has been shown that triptolide inhibits 
experimental autoimmune uveoretinitis [32] 
and prolongs allograft survival [33]. Moreover, 
it has been demonstrated that a succinyl 

Figure 8.  Triptolide blocks gene transcriptional induction regulated by a variety of transcriptional factors.  Effect 
of triptolide on reporter expression mediated by the transactivation domains of p65 NF-κB (A) and VP16 (B).  
RAW264.7 (A) and CHO-AA8-Luc (B) cells were treated as described.  Cells were then lysed and luciferase activity 
in the lysates was measured.  Relative luciferase units were normalized to protein concentrations.  Luciferase 
activities in both A and B were expressed in the graphs as fold change relative to cells kept in tetracycline-
containing medium (controls).  Values represent mean ± SE from 3 independent experiments.  † different from 
control group (with tetracycline), p<0.05.  *, different from the group without tetracycline but treated with vehicle 
(DMSO), p<0.05.  (C) Effect of triptolide on luciferase reporter mRNA expression mediated by the VP16 
transactivation domain.  CHO-AA8-Luc cells were treated as in B.  Cells were harvested to isolate total RNA, and 
Northern blot analysis was performed.  Luciferase expression was normalized to 18S rRNA, and expressed as fold 
increase relative to control (signal of cells grown in medium containing only tetracycline).  (D) Triptolide inhibits 
the induction of Hsp70 by heat shock.  RAW264.7 cells were subjected to heat shock in the presence of 
indicated doses of triptolide, and Northern blot analysis was performed.  (E) Triptolide does not inhibit gene 
transcription by RNA polymerase II in vitro.  RAW264.7 cells were either left untreated (C) or treated with vehicle 
(V) or triptolide (T), and in vitro transcription assays were performed using the indicated templates. 
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derivative of triptolide, PG490-88, can prevent 
graft-versus-host disease [34]. Although the 
immunosuppressive action of triptolide has 
been generally attributed to suppression of T-
lymphocyte activation [1, 5], recent studies 
have also provided evidence that triptolide 
also inhibits innate immune functions. For 
example, Lu et al. have demonstrated that 
triptolide blocks the production of two 
chemokines, IL-8 and MCP-1, in cultured 
human corneal fibroblasts stimulated with 
proinflammatory cytokines [35]. These findings 
suggest that triptolide may exert its anti-
inflammatory effects by limiting the infiltration 
of neutrophils and monocytes into the cornea 
[35]. Very recently, Zhu et al. and Chen et al. 
have shown that triptolide can inhibit the 
differentiation, maturation, trafficking, and 
function of dendritic cells, the professional 
antigen presenting cells [36, 37]. Moreover, 
triptolide has also been shown to suppress 
CD80 and CD86 expression and block IL-12 
production in human monocytic THP-1 cells 
[38]. In the present report, we performed 
microarray analysis on LPS-treated RAW264.7 
cells that have been pretreated with triptolide 
(Figures 1). Our results indicate that triptolide 
exerts its anti-inflammatory activity through 
selective transcriptional blockade of genes 
involved in the immune response (Figure 2). 
These results are in agreement with 
microarray results reported by Zhao et al. 
showing that triptolide is not a nonspecific 
inhibitor of transcription in bronchial epithelial 
cells [39]. The selectivity of transcriptional 
inhibition by triptolide suggests that it 
interferes with transcription factors regulating 
the transcription of a subset of genes, 
predominantly cytokines and chemokines. We 
have examined the effect of triptolide on the 
production of pro-inflammatory cytokines in 
macrophages, a major source of pro-
inflammatory cytokines. We found that 
triptolide abrogated the production of pro-
inflammatory cytokines both in vitro (Figure 4) 
and in vivo (Figure 6). Profound inhibition of 
pro-inflammatory cytokine expression was 
observed at concentrations as low as 10-50 
nM. The inhibition of cytokine production by 
triptolide occurs at the mRNA level in both 
immortalized and primary macrophages 
(Figure 3), suggesting that triptolide blocks the 
transcription of pro-inflammatory cytokine 
genes. These results suggest that inhibition of 
pro-inflammatory cytokine expression by 
triptolide may play an important role in the 

anti-rheumatic/anti-inflammatory properties of 
T. wilfordii Hook F.  
 
The mechanism by which triptolide inhibits the 
production of inflammatory cytokines 
 
Triptolide has three highly reactive epoxide 
groups, which are capable of reacting with 
nucleophilic protein side chains such as those 
on histidine, cysteine, serine, and aspartic 
acid. Covalent modification of protein target(s) 
by an epoxide group(s) of triptolide is 
consistent with the exceptional potency of this 
compound. Very recently, it has been reported 
that triptolide binding to HeLa cells was 
saturable, reversible, and primarily localized to 
cell membrane proteins with molecular mass 
ranging from 75 to greater than 250 kDa [40]. 
The fact that triptolide binding to proteins can 
be detected after separation on denaturing 
SDS-polyacrylamide gels [40] strongly argues 
that triptolide interacts with its targets through 
covalent bonds. Due to the high reactivity of 
the epoxide rings, triptolide is expected to 
react with a variety of intracellular 
nucleophiles such as glutathione and have a 
relatively short half-life. This may explain the 
observed “reversibility” of the compound [40, 
41], although it is also possible that the 
covalent linkage between triptolide and its 
protein target(s) is chemically reversible.  
 
The observation that the transcription of 
several inflammatory cytokines is potently 
inhibited by triptolide suggests that triptolide 
may either disrupt the signaling process 
leading to cytokine transcription or directly 
interfere with the transcriptional process. NF-
B is a transcription factor that plays a critical 
role in the transcriptional induction of many 
inflammatory cytokines [42, 43]. Since it has 
been proposed that triptolide inhibits NF-B 
activity at a step after NF-B binding to DNA 
[15], we examined the effects of triptolide on 
the NF-B pathway. We found that triptolide 
pretreatment neither affects the phosphory-
lation-mediated degradation of IBα after LPS 
stimulation, nor decreases the DNA-binding 
activity of NF-B in cell nuclear extracts (Figure 
7). These observations are in agreement with 
the findings that DNA binding activity of NF-B 
is not affected by triptolide [15, 39]. However, 
our findings contradict recent reports that 
triptolide inhibited LPS-induced increases in 
the DNA-binding activity of NF-B in primary 
macrophages and RAW264.7 cells [44, 45]. 
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The exact reasons for these discrepancies are 
unclear, but may represent differences in 
experimental methodologies.  
 
Several earlier studies have examined the 
effect of triptolide on the regulation and 
activity of NF-B [15, 46]. Using a luciferase 
reporter containing a NF-B-binding element, 
Qiu et al. have shown that triptolide potently 
abolishes the reporter gene transcription 
elicited by TNF-α. Likewise, both Zhao et al. 
and Lee et al. have found that triptolide 
potently inhibits NF-B-dependent reporter 
transcription induced by PMA or the 
inflammatory cytokines, TNF-α and IL-1β [39, 
46]. More recently, Leuenroth and Crews have 
demonstrated that triptolide blocks NF-B-
dependent luciferase reporter transcription at 
a concentration greater than 50 nM [40]. 
Using a GAL4-NF-B hybrid transcription factor 
construct together with a GAL4-dependent 
luciferase reporter system, Qiu et al. have 
shown that triptolide abolishes transcription 
activation mediated by the NF-B 
transactivation domain [15]. These investi-
gators have postulated that triptolide blocks 
NF-B-mediated transcription by interfering 
with p65 modification or the recruitment of a 
transcriptional cofactor [15, 46]. In the 
present study, we have investigated the 
effects of triptolide on the transcription-
enhancing property of the NF-B 
transactivation domain, using a modified Tet-
Off system (Figure 8A). Unlike the original Tet-
Off system that uses the transactivation 
domain of the viral VP16 protein, the modified 
system described herein relies on the 
transactivation domain of NF-B. Compared to 
the GAL4-NF-B-coupled luciferase reporter 
system used by Qiu et al. [15], which is 
constitutively active when expressed, reporter 
gene expression driven by the NF-B-based 
Tet-Off system described herein has the 
obvious advantage of being expressed only 
after tetracycline withdrawal. With this system, 
we found that triptolide, at a concentration of 
100 nM, inhibited NF-B-driven reporter gene 
transcription by ~75% (Figure 8A).  
 
Surprisingly, triptolide also dramatically 
inhibited the VP16-driven luciferase reporter 
activity (Figure 8B). To rule out the possibility 
that triptolide may directly react with luciferase 
and abolish its enzymatic activity, we 
performed Northern blot analysis (Figure 8C). 

Our results indicate that luciferase 
transcription was completely abolished by 
triptolide at concentrations as low as 20 nM 
(Figure 8C). These results clearly indicate that 
the inhibition of gene transcription by triptolide 
is not only limited to genes transcriptionally 
regulated by NF-B. This notion is further 
supported by the finding that induction of 
Hsp70 in response to heat shock, mediated by 
a distinct transcription factor HSF-1, is also 
strongly inhibited by triptolide (Figure 8D).  The 
inhibitory effect of triptolide on Hsp70 
induction in HeLa cells has been reported 
recently [41]. Similar to what was observed 
herein for NF-B, Westerheide et al. found that 
triptolide abrogates the transactivation 
function of HSF-1 without interfering in the 
early events of trimer formation, hyperphos-
phorylation, and DNA binding [41]. The fact 
that triptolide blocks the activities of three 
unrelated transcription factors (NF-B, VP16, 
and HSF-1) suggests that triptolide inhibits a 
common step(s) of the transcripttional 
processes mediated by these transcripttion 
factors. While the mechanisms involved are 
currently unclear, we can make some 
speculations. First, it is possible that triptolide 
poisons the basal transcription machinery.  
However, we consider this scenario unlikely, 
since not all genes are inhibited equally by 
triptolide. Microarray experiments clearly 
indicate that some genes are more sensitive 
than others to inhibition by triptolide (Figure 1 
and 2). For example, triptolide significantly 
inhibits TNF-α expression at concentrations 
between 20-100 nM. Although MKP-1 is also 
potently induced by LPS, significant inhibition 
was only observed at concentrations between 
500-1,000 nM [21]. Second, a significant 
inhibition of basal gene transcription by 
triptolide was not observed in an in vitro assay. 
While we recognize the limitations of our in 
vitro transcription assays, we think that 
triptolide likely only inhibits the transcription 
mediated by a subset of transcription factors. 
This notion is consistent with a recent report 
that triptolide inhibits the interaction between 
p65 and the transcription coactivator 
CBP/p300 [47]. Indeed, the inhibition of a 
transcriptional mechanism utilized by a variety 
of transcription factors may explain the serious 
toxicity of triptolide and T. wilfordii Hook F. 
Further characterization of the interaction 
between triptolide and transcription factors or 
transcriptional coactivators may not only 
reveal novel targets for the development of 
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anti-inflammatory and anti-rheumatic drugs, 
but also facilitate the development of less-
toxic triptolide derivatives for therapeutic 
purposes. 
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