
Abstract. Aims: The molecular mechanisms of triptolide
responsible for its antitumor properties are not yet fully
understood. The ubiquitin/proteasome system is an important
pathway of protein degradation in cells. This study
investigated whether triptolide may inhibit proteasomal
activity and induce apoptosis in human cancer cells.
Materials and Methods: In vitro proteasome inhibition was
measured by incubation of a purified 20S proteasome with
triptolide. Human breast and prostate cancer cell lines were
also treated with different doses of triptolide for different
times, followed by measurement of proteasome inhibition
(levels of the chymotrypsin-like activity, ubiquitinated
proteins and three well-known proteasome target proteins,
p27, IκB-α and Bax) and apoptosis induction (caspase-3
activity and PARP cleavage). Results: Triptolide did not
inhibit the chymotrypsin-like activity of purified 20S
proteasome. However, treatment of triptolide was able to
cause decreased levels of cellular proteasomal chymotrypsin-
like activity and accumulation of ubiquitinated proteins and
three well-known proteasome target proteins in human breast
and prostate cancer cells, associated with apoptosis
induction. Conclusion: It is possible that at least one of
metabolites of triptolide has proteasome-inhibitory activity.

Much of the clinical experience with the herb T. wilfordii
Hook F (TWHF), also known as ‘Lei Gong Teng’ in Chinese
or ‘Thunder god vine’, that has been used for centuries in
traditional Chinese medicine, comes from recent randomized
double-blind, placebo-controlled clinical trials that have
confirmed the efficacy of the extracts of TWHF in the
treatment of rheumatoid arthritis and several other
autoimmune and inflammatory diseases, including immune
complex nephritis and systemic lupus erythematosus (1-3).
However, the therapeutic mechanisms of TWHF extracts
remain elusive. Because of its severe toxicity, widespread
medical application of this herb has been prohibited. Thus,
identification of the active ingredients of this plant may
facilitate the development of drugs that are highly efficacious
and devoid of significant toxicity. The extracts of TWHF
contain more than 70 compounds including diterpenoids,
triterpenoids, sesquiterpenoids, β-sitosterol, dulcitol and
glycosides (3). Triptolide (C20H24O6), a diterpene triepoxide,
which has been shown to possess potent anti-inflammatory
and immunosuppressive properties, is a major component of
TWHF extracts (3). It also exhibits potent antitumor and
anti-leukemic activities (4, 5).

Protein degradation, which is as essential to cells as
protein synthesis, occurs via two pathways: lysosome-
mediated and ubiquitin/proteasome-mediated pathways (6,
7). The ubiquitin/proteasome-mediated pathway is known to
degrade many endogenous proteins, including transcription
factors, cyclins, tumor suppressor proteins and misfolded or
damaged proteins (8, 9). The proteasome is the site at which
protein degradation happens and two components are often
referred to; the 20S particle is the catalytic core and the 26S
proteasome is made of two 19S regulatory particles and a
20S core particle. The proteasome is an immense multi-
subunit protease with at least three catalytic activities
occurring in the 20S core, namely chymotrypsin-like,
trypsin-like and caspase-like activity. The chymotrypsin-like
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activity is often considered to be the rate-limiting step of
protein degradation (10-12). It has been shown that tumor
cells are dependent upon proteasome function, as proteasome
inhibition leads to growth arrest in the G1 phase of the cell
cycle and/or induction of apoptosis (13, 14). Importantly,
treatment with some proteasome inhibitors in several human
normal or non-transformed cell lines is not associated with
induction of apoptosis (7, 15, 16).

Previously, it was reported that several natural compounds,
including celastrol, quercetin and kaempferol, among others,
were able to inhibit proteasomal activity (17-19). It was
proposed that the aromatic ketone carbon would interact with
the hydroxyl group of the N-threonine of the proteasomal β5
subunit, forming a covalent bond and causing inhibition of the
proteasomal chymotrypsin-like activity (17, 18). It was noticed
that triptolide might form ketones under oxidizing conditions
(17). Furthermore, several recent studies reported that
triptolide is able to inhibit activation of NF-κB (20, 21), one of
the main target proteins of the proteasome. Therefore it was
hypothesized that triptolide might act as a tumor cellular
proteasome-inhibitor and consequently induce cancer cell
death. This study reports, for the first time, that triptolide
inhibits the proteasomal chymotrypsin-like activity in a dose-
and time-dependent manner in cultured cancer cells. This
proteasomal inhibition is associated with apoptotic induction.
However, triptolide did not inhibit the purified 20S proteasome
activity. When the possibility of triptolide being a proteasome-
inhibitor in an in silico model was analysed, it was found to be
susceptible to nucleophilic attack, but there were two bonds
that may block its binding with the proteasome. These data
suggest that it is at least one of the metabolites of triptolide
that is responsible for its proteasome-inhibitory and apoptosis-
inducing activities. It is, therefore, suggested that triptolide
may act as a proteasome-inhibitor prodrug.

Materials and Methods

Reagents and antibodies. Triptolide was obtained from A.G.
Scientific, Inc. (San Diego, CA, USA). For all experiments,
triptolide was dissolved in DMSO (Sigma-Aldrich, St. Louis, MO,
USA) at a concentration of 50 mM and aliquots were kept at –20˚C.
RPMI-1640, DMEM/F-12, penicillin and streptomycin were
obtained from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum
(FBS) was obtained from Aleken Biologicals (Nash, TX, U.S.A.).
Bisbenzimide, methylene blue, 3-[4,5-dimethyltiazol-2-yl]-2.5-
diphenyl-tetrazolium bromide(MTT), DMSO, RNase A, protease-
inhibitor cocktail and other chemicals were obtained from Sigma-
Aldrich. Purified rabbit 20S proteasome and fluorogenic peptide
substrate Suc-LLVY-AMC (for the proteasomal chymotrypsin-like)
and caspase-3 specific sbustrate Ac-Asp-Glu-Val-Asp-AMC were
obtained from Calbiochem Inc. (San Diego, CA, USA). Mouse
monoclonal antibody against human poly (ADP-ribose) polymerase
(PARP) was obtained from BD Biosciences Pharmingen (San Diego,
CA, USA). Mouse monoclonal antibodies against Bax (B-9), p27
(F-8), and ubiquitin (P4D1), rabbit polyclonal antibody against IκB-

α (C-15) and goat polyclonal antibody against β-actin (C-11), as
well as secondary antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Cell culture and whole cell extract preparation. Human breast cancer
MDA-MB-231 cells were obtained from American Type Culture
Collection (Manassas, VA, USA) and grown in DMEM/F-12
supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml
streptomycin. Human prostate cancer PC-3 cells, also obtained from
American Type Culture Collection (ATCC; Manassas, VA, USA), were
cultured in RPMI-1640 medium, supplemented with 10% FBS, 100
U/ml penicillin and 100 μg/ml streptomycin. All cells were maintained
at 37˚C with 5% CO2. A whole-cell extract was prepared, as described
previously (22). Briefly, cells were harvested, washed with PBS and
homogenized in a lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl fluoride and 0.5
mM dithiothreitol) for 30 min at 4˚C. Afterwards, the lysates were
centrifuged at 12,000 g for 12 min at 4˚C and the supernatants were
collected as whole-cell extracts. Protein concentration was determined
using a bicinchoninic acid protein assay (Pierce Biotechnology,
Rockford, IL, USA) with bovine serum albumin standards.

MTT assay and colony formation. MTT assays were performed in
96-well plates and were plated with 3.5×103 cells per well for PC-
3 cells and 5×103 cells per well for MDA-MB-231 cells. After
complete cell adherence, cells were treated with triptolide at the
concentrations indicated for 48 h. Inhibition of cell proliferation was
measured using the MTT method, as described in detail elsewhere
(22). Absorbance was measured using a Wallac Victor3TM
multilabel counter (PerkinElmer, Waltham, MA, USA) at a
spectrophotometer of 540 nm, and viability was expressed relative
to the control. In individual experiments, each treatment condition
was set up in quadruplicate and each experiment was repeated one
to five times independently. Colony formation assays were
performed in 6-well plates and cells were seeded into plates at 350
cells per well. After complete cell adherence, the cells were treated
with triptolide at the concentrations indicated or with DMSO for 24
h (in triplicate). The drugs were subsequently removed and the cells
were kept in culture by refreshing growth medium every two days,
during which time the surviving cells produced a colony of
proliferating cells. Colonies were visualized by staining for 4 h with
1% methylene blue (in methanol) and images were taken on day 10.

Nucleophilic susceptibility analysis. A CAChe workstation (Fujitsu,
Fairfield, NJ, USA) was used for the construction of chemical
structures. After being constructed, the molecules were subjected to
geometry optimization using PM5 geometry in water as the
parameter. Nucleophilic susceptibility analysis was determined by
using PM5 geometry and PM5 wave function in water and saved in
PDB format using CAChe conversion filters. Surface analysis was
also performed. A colored ‘bull’s-eye’ with a red center denotes
atoms that are highly susceptible to nucleophilic attack.

Inhibition of purified 20S proteasome activity. Purified rabbit 20S
proteasome (0.1 μg) was incubated with 40 μmol/l of various
fluorogenic peptide substrates in 100 μl assay buffer (20 mmol/l Tris-
HCl; pH 7.5), in the presence of triptolide or Velcade at different
concentrations or in the solvent, DMSO, for 2 h at 37˚C. After
incubation, production of hydrolyzed AMC groups was measured
using a Wallac Victor3TM multilabel counter (PerkinElmer, Waltham,
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MA, USA) with an excitation filter of 355 nm and an emission filter
of 460 nm, as described previously (23).

Inhibition of proteasomal chymotrypsin-like activity in intact cells.
Cells (5.0-8.0x103) were plated in each well of a 96-well plate and
treated with either DMSO or triptolide at different concentrations
for 8 h, or treated with triptolide for different time periods as
indicated and incubated an additional 2 h with Z-Gly-Gly-Leu-AMC
(at 40 μmol/l). Subsequently, hydrolyzed AMC group production
was measured, as previously described (24).

Caspase-3 activity assay and Western blot analysis. Cell-free
caspase-3 activities were determined by measuring the release of the
AMC groups from a caspase-3 specific substrate, Ac-Asp-Glu-Val-
Asp-AMC. Additionally, cells were treated with triptolide at
different concentrations or DMSO for different time periods as
indicated in the figure legends, followed by preparation of whole
cell extracts. Subsequently, the cell extract (25 mg) was incubated in
100 μl of the assay buffer (50 mM Tris–HCl, pH 7.5) along with 40
mM caspase-3 substrate in a 96-well plate. The reaction mixture
was incubated at 37˚C for 2 h and the hydrolyzed fluorescent AMC
groups were quantified as previously described. Western blot assays
using enhanced chemiluminescence reagent were done, as
previously described (24).

Statistical analysis. Data are expressed as mean±standard deviation.
Student’s t-test was applied to evaluate the differences between
treated groups and controls. Data from multiple groups were
analyzed by one-way analysis of variance (ANOVA), followed by
Tukey-Kramer multiple comparison. For all the tests, the level of
p<0.05 was considered statistically significant.

Results

Inhibition of cell viability and colony formation in both PC-
3 cells and MDA-MB-231 cells by triptolide. Triptolide was
first characterized as a diterpenoid triepoxide lactone in 1972
(25). Since then, a large body of literature has demonstrated
that triptolide at low concentrations can inhibit growth of
different types of cancer cells, including those of
hematologic malignancies and some solid tumors (4, 5, 26).
To understand the involved molecular mechanisms, it was
first investigated whether triptolide affects cell growth and
survival of two selected cancer cell lines, PC-3 (prostate
cancer) and MDA-MB-231 (breast cancer). MTT assays
using both cell lines were performed to verify whether
triptolide affects cell growth. Cells were treated with
different concentrations of triptolide for 48 h, with DMSO
as a control. The results revealed that triptolide at a
concentration of 25 nM significantly inhibited cell viability.
At a concentration of 50 nM triptolide inhibited nearly 50%
of cell viability in both cell lines within 48 h (Figure 1A, B).
MDA-MB-231 cells appeared to be more sensitive to high
concentrations of triptolide than PC-3.

Both cell lines were also treated with different
concentrations of triptolide for 24 h and the number of long-
term surviving cells (ten days) was determined by colony-

formation assay. As shown in Figure 1C, D, triptolide
significantly inhibited colony formation in both cell lines at
concentration as low as 12.5 nM. There were nearly no
colonies formed when cells were treated with triptolide at a
concentration of 50 nM.

There are two bonds to hinder triptolide binding to and
inhibiting the proteasome as shown in an in silico model.
Previously, it was reported that some natural compounds,
such as celastrol, quercetin and kaempferol have proteasome-
inhibitory activities and that their aromatic ketone structure
may play a direct role in this inhibition (16-19). Triptolide
(Figure 2A) is a triterpenoid, not a flavonoid. Components of
terpenoids that may inhibit the proteasome have never been
reported before. Among the many small molecules extracted
and purified from TWHF, triptolide is the key biologically
active component that mediates immunosuppression and anti-
inflammation. Furthermore, several studies have reported that
triptolide is a potent inhibitor of NF-κB, one of the main
targets of the proteasome. It is known that most proteasome
inhibitors have immunosuppressive and anti-inflammatory
effects. From these data, it was, therefore, hypothesized that
triptolide may act as a proteasome inhibitor in tumor cells. To
test this hypothesis, a computational electron density analysis
was first performed for the triptolide molecule to speculate
whether it can bind and inhibit the β5 subunit of proteasome
in an in silico model. The computational molecular modeling
was performed by using CAChe for triptolide. The
susceptibility to a nucleophilic attack was generated by a
MOPAC/PM5 wave function for the chemical sample, at a
geometry determined by performing an optimized geometry
calculation in MOPAC using PM5 parameters and including
solvation effects of water simulated by COSMO. The results
showed that carbonyl carbon and oxygen at the 12th and 13th
positions are highly susceptible to nucleophilic attack forming
a ‘bull’s-eye’ with a red center in both structures (Figure 2B).
While optimizing the geometry, two additional bonds were
formed that may hinder triptolide binding and inhibiting the
20S proteasome as shown in the in silico model (Figure 2B).

Triptolide has no inhibitory effect on purified 20S
proteasomal activity. Because the chemical structure analysis
of triptolide did not provide conclusive evidence of its
proteasome-inhibitory activities, a cell-free proteasome
activity assay was subsequently performed with purified
rabbit 20S proteasome in the presence of triptolide at different
concentrations to determine whether triptolide inhibits the
proteasomal activity. There were no changes in the activity of
purified 20S proteasome caused by triptolide at
concentrations up to 200 nM (Figure 2C). Furthermore,
Velcade was used as a positive control, and as shown in
Figure 2D, Velcade inhibited the activity of purified 20S
proteasome by approximately 50% at 5 nM, while the
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inhibition reached approximately 70% at 10 nM. An MTT
assay was also performed to determine cell viability and it
was observed that Velcade at 10 nM was able to kill 60% of
PC-3 cells and MDA-MB-231 cells (data not shown).
However, triptolide at 50 nM killed approximately 50% of
PC-3 cells and MDA-MB-231 cells (Figure 1A, B), but had
no effect on purified 20S proteasome. These data suggest that
triptolide cannot inhibit the proteasome in a cell-free system.

Triptolide inhibits proteasome and induces apoptosis in PC-3
cells in a time-dependent manner. Although docking and cell-
free analyses showed that triptolide was ineffective against the
proteasome, the present study aimed to determine whether it
was able to inhibit 26S proteasome in intact PC-3 prostate
cancer cells. First, PC-3 cells were treated with 100 nM
triptolide in a 96-well plate, followed by measurement of
proteasome activity by the cellular proteasomal chymotrypsin-
like activity assay at different time-points. Surprisingly, the
results showed that triptolide significantly inhibited the
proteasomal chymotrypsin-like activity in PC-3 cells in a time-
dependent manner (Figure 3A). After only 2-h treatment with

100 nM triptolide, proteasome activity decreased by
approximately ~50% compared to that of control cells treated
with DMSO (Figure 3A). Inhibition increased to approximately
80% after 12-h treatment. Kinetic experiments were
subsequently performed on PC-3 cells to observe whether
triptolide caused accumulation of ubiquitinated proteins and
three well-known target proteins of the proteasome (IκB-α,
Bax and p27) in cells. Consistently, ubiquitinated proteins
accumulated as early as 1 h after treatment with triptolide and
further accumulated in a time-dependent manner were
compared to cells treated with DMSO for 8 h (Figure 3C).
There was an increase in the ubiquitinated IκB-α band at 56
kD after 1-h treatment with triptolide which remained high
afterwards. The level of Bax protein also began increasing after
1-h treatment with triptolide and further increased in a similar
manner as ubiquitinated proteins (Figure 3C). The expression
of p27 protein remained stable until 4-h but increased
significantly after 8-h treatment with triptolide (Figure 3C).

It has been shown that inhibition of tumor cellular
proteasome activity is associated with apoptosis induction (17,
18, 22, 23). Following determination of proteasome activity,
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Figure 1. Dose effects of triptolide on cell viability (A, B) and colony formation (C, D). PC-3 cells (A, C) and MDA-MB-231 cells (B, D) were
treated with either solvent DMSO(DM) or different concentrations of triptolide for 48 h (horizontal axis), followed by measurement of cell viability
(vertical axis) via MTT assay (A, B) or the number of long-term surviving cells (10 days) determined by colony formation assays (C, D; left to right,
top row: DM, 3.13 and 6.25 nM triptolide, bottom row: 12.5, 25 and 50 nM triptolide). Images were taken of representative 6-well plates. *p<0.05.
Data are expressed as mean±standard deviation of three experiments.



apoptotic cell death was estimated by measuring caspase-3
activity levels, PARP cleavage and cellular apoptotic
morphologic changes (condensation and fragmentation) from
1 to 36 h after addition of triptolide in PC-3 cells. As shown in
Figure 3B, triptolide induced caspase-3 activity by 2-fold at 8
h and 4-12-fold from 12 to 36 h compared to cells treated with
DMSO for 8 h. Consistently, cell death was observed from 12
h after treatment with triptolide (data not shown). p85/PARP
fragments were also detected at 12 h after triptolide were
applied. Almost 40% PARP protein was cleaved in cells
treated with 800 nM triptolide at 36 h (Figure 3C). These data
suggest that triptolide inhibits proteasome activity and induces
apoptosis of PC-3 cells in a time-dependent manner.

Triptolide inhibits proteasome and induces apoptosis in PC-3
cells in a dose-dependent manner. As triptolide inhibited almost
75% of proteasomal chymotrypsin-like activity in PC-3 cells at
4 h, the study examined the dose effects of triptolide on PC-3
cells with different concentrations of triptolide for 4 h in 96-
well plates. As shown in Figure 4A, even at a concentration of
12.5 nM, triptolide inhibited 40% of chymotrypsin-like activity

and the inhibition reached approximately 70% at a
concentration of 100 nM, which was consistent with the results
of the kinetic experiments (Figure 3A, 4A). Proteasomal target
protein levels were measured by Western blotting. Consistently,
50 nM triptolide caused significant accumulation of levels of
ubiquitinated proteins in a dose-dependent manner. Additionally,
IκB-α decreased and ubiquitinated IκB increased in a dose-
dependent manner (Figure 4C). Levels of p27 increased at
triptolide concentrations up to 100 nM (Figure 4C). A slightly
increased ubiquitinated Bax and increasing Bax expression was
also observed in PC-3 cells. These data support the conclusion
that triptolide inhibits cellular proteasome activity in intact PC-
3 cells.

To observe the dose effects of triptolide on apoptosis
induction, caspase-3 activity was measured. Cells treated with
triptolide at a concentration of 50 nM showed a significant
increase in caspase-3 activity compared with DMSO-treated cells
and the increase occurred in a dose-dependent manner (Figure
4B). The increase reached 12-fold when treated with triptolide
at a concentration of 400 nM and the p85/PARP fragments were
also detected at 400 nM (Figure 4B, C). Cellular apoptotic
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Figure 2. The effect of triptolide on the chymotrypsin (CT)-like activity of a purified rabbit 20S proteasome. The chemical structure of triptolide is
shown in A. The nucleophilic susceptibility of triptolide was analyzed by using CAChe software (B). There are two bonds to block the docking of
triptolide to the β5 subunit of proteasome. To determine whether triptolide is able to inhibit the proteasome activity directly, a purified rabbit 20S
proteasome was incubated with different concentrations of triptolide (C, D) or solvent DMSO (DM) (C, D) or three different doses of Velcade as
positive controls (D). *p<0.05; Data are expressed as mean±standard deviation of three experiments.



morphologic changes were also obvious after 18-h treatment
with a concentration of 400 nM (data not shown).

Triptolide inhibits proteasome and induces apoptosis in
MDA-MB-231 cells in a time-dependent manner. To
determine whether the proteasome-inhibitory and apoptosis-
inducing effects of triptolide are specific to PC-3 cells or are
general to cancer cells, MDA-MB-231 breast cancer cells
were treated with triptolide. First, kinetic experiments were
performed with 50 nM triptolide on MDA-MB-231cells. The
results showed that triptolide significantly inhibits the
proteasomal chymotrypsin-like activity in MDA-MB-231
from 0.5 h up to 12 h and the inhibition occurred in a time-
dependent manner (Figure 5A). Also with the treatment of
50 nM triptolide, the levels of proteasomal target proteins,
measured by Western blotting, increased in a time-dependent
manner. Ubiquitinated proteins and ubiquitinated form of
IκB-α began to increase after 1 h and Bax increased
significantly after 4 h (Figure 5C). Also, p27 increased 4-fold
after 4-h treatment with triptolide (Figure 5C).

The kinetic effects of triptolide on apoptosis induction
were also determined by measuring caspase-3 activity levels,
PARP cleavage and cellular apoptotic morphologic changes.

Caspase-3 activity increased slightly after 2 h, approximately
2-fold at 8 h, 4.3-fold at 12 h and reached a maximum of
approximately 8.9-fold at 36 h (Figure 5B) with the
treatment of 400 nM triptolide. p85/PARP fragments were
clearly detected up to 12-h treatment with 400 nM triptolide
(Figure 5C) and cellular apoptotic morphologic changes
came forth after 12 h (data not shown). In both MDA-MB-
231 and PC-3 cell lines, the levels of ubiquitinated proteins
began increasing as early as 1 h after treatment with 50 nM
triptolide and cell death induction occurred after 12 h, as
shown in Figures 3 and 5. These data confirm that
proteasome inhibition occurs prior to cell death induction.

Triptolide inhibits proteasome and induces apoptosis in
MDA-MB-231 cells in a dose-dependent manner. To confirm
triptolide inhibits proteasome activity and induces apoptosis
in tumor cells in a dose-dependent manner, the dose effects
of triptolide on MDA-MB-231cells were examined. At a
concentration of 6.25 nM, triptolide inhibited approximately
50% of chymotrypsin-like activity and at 25 nM it inhibited
almost 70% of chymotrypsin-like activity compared with
DMSO (Figure 6A). The inhibiting effect seemed to plateau
at a concentration of 25 nM. As shown in Figure 6C,
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Figure 3. Kinetic effects of triptolide on proteasome inhibition and apoptosis induction of PC-3 cells. 50 nM triptolide was added to 96-well plates
at the indicated times, followed by measuring inhibition of the proteasomal chymotrypsin (CT)-like activity using Z-GGL-AMC (A). PC-3 cells were
either untreated (NT) or treated with DMSO (DM) for 8 hr or 50 nM or 800 nM of triptolide for the indicated times, followed by measurement of
caspase-3 (Cas-3) activity (B) and of the levels of ubiquitinated proteins, IκB, Bax, p27, PARP and β-actin (C) by Western blot assay using specific
antibodies. *p<0.05. Data are expressed as mean±standard deviation of three experiments.



ubiquitinated proteins and ubiquitinated IκB-α, as well as
p27, accumulated significantly in a dose-dependent manner.
Bax increased initially and then decreased and there were
ubiquitinated Bax appearing after treatment with different
concentrations of triptolide (Figure 6C).

Importantly, caspase-3 activity increased significantly at a
triptolide concentration of 6.25 nM and at 50 nM, while caspase-
3 activity in MDA-MB-231 cells increased nearly 6-fold
compared to cells treated with DMSO (Figure 6B). P85/PARP
fragments were also detected at 50 nM after 24-h treatment of
MDA-MB-231 cells (Figure 6C). These data show that MDA-
MB-231 cells are more sensitive to triptolide than PC-3 cells.

Discussion

Proteasome inhibitors represent a novel class of anticancer
drugs. Bortezomib (PS-341), the first proteasome inhibitor
approved by the FDA in clinical trials, has been
demonstrated to cause tumor cell death in vivo, consistent
with the hypothesis that inhibition of the proteasome causes
induction of tumor cell death (27). Triptolide is a small
(molecular weight, 360), diterpenoid triepoxide, originally
purified from the Chinese herb TWHF. It has well-
documented use in the treatment of rheumatoid arthritis as a

result of its anti-inflammatory and immunosuppressive
effects (1-3). In addition, triptolide has been reported to
inhibit proliferation and induce apoptosis of cancer cells in
vitro and suppress the growth and metastasis of tumors.
However, the mechanism of triptolide on tumor proliferation
and invasion still remain unclear. The present study showed
that triptolide inhibits cell proliferation and colony formation
and induces apoptosis in two tumor cell lines. Kinetic and
dose-effect studies showed that triptolide inhibits the
proteasome in both PC-3 and MDA-MB-231 cancer cell
lines, associated with cell-death induction. It was also shown
that triptolide exposure causes elevations in caspase-3
activity, indicating that triptolide-mediated cell death occurs
through an apoptotic pathway. Though many previous studies
reported that triptolide induces cancer cell apoptosis, this is
the first study showing that triptolide is capable of
suppressing tumor proteasome activity, associated with
cancer cell death. It has also been reported that triptolide-
induced cell death is associated with autophagy (5); however,
whether autophagy induction is associated with proteasome
inhibition by triptolide remains to be investigated.

The ubiquitin-proteasome pathway is known to degrade
many endogenous proteins, including transcription factors,
cyclins, tumor suppressor proteins and misfolded or damaged
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Figure 4. Dose effects of triptolide on proteasome inhibition and apoptosis induction of PC-3 cells. PC-3 cells were either not treated (NT) or
treated with solvent DMSO (DM) or different concentrations of triptolide for 4 h, followed by measuement of inhibition of the proteasomal
chymotrypsin (CT)-like activity (A) or for 18 h, followed by measurement of caspase-3 (Cas-3) activity (B) and of the levels of ubiquitinated proteins
(4 h), IκB, Bax, p27, PARP and β-actin (18 h) (C) by Western blot assay using specific antibodies. *p<0.05. Data are expressed as mean±standard
deviation of three experiments.



proteins. Most studies have shown that inhibition of the
proteasomal chymotrypsin–like activity results in the
accumulation of several target proteins, such as IκB-α, Bax
and p27 and the induction of apoptosis in various types of
tumor cells (11, 14-18). Until recently, several studies
emphasized the inhibitory effect of triptolide on NF-κB
activation, since this is critical for both inflammation and
tumorigenesis. The antiproliferative effects of triptolide have
also been reported to be associated with down-regulation of
NF-κB activity (20, 28). It was found that triptolide inhibits
transactivation of NF-κB in MDA-MB-231 breast cancer cells
(29). Although the precise molecular targets remain elusive, it
has been proposed that triptolide inhibits NF-κB activity after
NF-κB binding to DNA (29). However it is also reported that
triptolide pretreatment neither affects the phosphorylation-
mediated degradation of IκB-α after LPS stimulation nor
decreases the DNA-binding activity of NF-κB in cell nuclear
(28). These observations are in agreement with the findings
that DNA binding activity of NF-κB is not affected by
triptolide. These investigators have postulated that triptolide
blocks NF-κB-mediated transcription by interfering with p65
modification or the recruitment of a transcriptional cofactor.
Additionally, recent studies in cancer cells have revealed that

RNA polymerase may be an important target of triptolide (4).
The present study found that triptolide causes the
accumulation of ubiquitinated form of IκB. It is well known
that, following IKK activation by various stimuli, IκB proteins
are rapidly phosphorylated, polyubiquitinated and,
subsequently, degraded by the proteasome (9). If degradation
of IκB-α is delayed in the presence of a proteasome inhibitor,
NF-κB cannot be activated by exotic and translocated to
nuclear. Consequently, inflammatory cytokines cannot be
synthesized. This may be an important mechanism for
triptolide-mediated anti-inflammatory and antitumor activities.

Several known proteasome inhibitors, such as
bortezomib/Velcade (a peptide boronate), lactacystin and
peptide aldehydes (MG132, MG115), target catalytic residues
for proteolysis in the 20S proteasome catalytic core particle.
TRIP1/S8 and possibly other ATPase subunits in the 19S
regulatory complex may be useful additional targets for
inhibition of the proteasome activity (6, 7). Though the present
study found that triptolide does not inhibit the chymotrypsin-
like activity in tumor cells and cause accumulation of
ubiquitinated proteins, surprisingly it did not inhibit purified
20S proteasome activity. Furthermore, the results of
nucleophilic susceptibility analysis showed that the carbonyl
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Figure 5. Kinetic effects of triptolide on proteasome inhibition and apoptosis induction of MDA-MB-231 cells. A total of 50 nM triptolide were
added to 96-well plates at the indicated times, followed by measurement of inhibition of the proteasomal chymotrypsin (CT)-like activity using Z-
GGL-AMC (A). MDA-MB-231 cells were either not treated (NT) or treated with solvent DMSO (DM) or triptolide (50 or 800 nM) for the indicated
times, followed by measurement of caspase-3 (Cas-3) activity (B) and of the levels of ubiquitinated proteins, IκB, Bax, p27, PARP and β-actin (C)
by Western blot assay using specific antibodies. * p < 0.05. Data are expressed as mean ± standard deviation of three experiments.



carbon and oxygen at the 12th and 13th positions are highly
susceptible to nucleophilic attack, forming a ‘bull’s-eye’ with
a red center in the structure. As geometry was not optimized
properly, an AutoDock experiment did not run. Therefore, it
was not possible to predict whether triptolide would inhibit the
β5 subunit of the proteasome as it was done with other natural
compounds. There are at least two possible explanations for
why triptolide has no effect on 20S proteasome directly, but
can inhibit chymotrypsin-like activity in cells. First, some
chemical bonds within triptolide block its binding with the
20S proteasome. After entering the cell, the chemical bonds
may be modified by cellular enzymes. Therefore, the
metabolites of triptolide may be effective to inhibit the
proteasome. Secondly, it is possible that triptolide may inhibit
the 19S regulatory particles or other sites on the proteasome.
Regardless of these possibilities, the present data suggested
that triptolide acts as a tumor-cellular proteasome inhibitor.

Natural compounds may have multiple cellular targets in
order to achieve their beneficial biological effects such as
tumor growth inhibition (30). Clinical trials in China revealed
that triptolide achieved a total remission rate of 71% in
mononucleocytic leukemia and 87% in granulocytic leukemia,
which is more effective than any chemotherapeutic agents

currently available. A phase I clinical trial of the effect of a
water-soluble derivative of triptolide on solid tumors is ongoing
in Europe (31). The results of the present study showed that
triptolide acts as a tumor proteasome-inhibitor that has great
potential for the prevention and treatment of various types of
human cancer. It is possible that triptolide has multiple cellular
targets for inducing cancer-cell death. It is expected that this
small-molecule natural product may prove to be a candidate for
the systemic therapy of cancer and it has great potential either
as a single agent or in combination with conventional therapies.
However, additional studies exploring the in vivo biological
activity of triptolide are needed and will provide compelling
support for triptolide as a potential drug for human cancer.
Modulating the structure, and therefore function, of triptolide
may lead to the development of a promising strategy applied
to a broad spectrum of cancer treatments.
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Figure 6. Dose effects of triptolide on proteasome inhibition and apoptosis induction of MDA-MB-231cells. Cells were either not treated (NT) or
treated with solvent DMSO (DM) or different concentrations of triptolide for 4 h, followed by measurement of inhibition of the proteasomal
chymotrypsin(CT)-like activity using Z-GGL-AMC (A), or for 24 h, followed by measurement of caspase-3 (Cas-3) activity (B) and of the levels of
ubiquitinated proteins (4 h), IκB, Bax, p27, PARP and β-actin (18 h) by Western blot assay using specific antibodies (C). * p < 0.05. Data are
expressed as mean ± standard deviation of three experiments.
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