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Parthenolide (PTL), a major active sesquiterpene lactone
from the herbal plant Tanacetum parthenium, has been
applied in traditional Chinese medicine for centuries.
Although PTL demonstrates potent anticancer efficacy in
numerous types of malignant cells, the cellular targets of PTL
have not been well defined. We reported here that PTL interacts
with both cytosolic thioredoxin reductase (TrxR1) and mito-
chondrial thioredoxin reductase (TrxR2), two ubiquitous sel-
enocysteine-containing antioxidant enzymes, to elicit reactive
oxygen species-mediated apoptosis in HeLa cells. PTL selec-
tively targets the selenocysteine residue in TrxR1 to inhibit the
enzyme function, and further shifts the enzyme to an NADPH
oxidase to generate superoxide anions, leading to reactive oxy-
gen species accumulation and oxidized thioredoxin. Under the
conditions of inhibition of TrxRs in cells, PTL does not cause
significant alteration of cellular thiol homeostasis, supporting
selective target of TrxRs by PTL. Importantly, overexpression of
functional TrxR1 or Trx1 confers protection, whereas knock-
down of the enzymes sensitizes cells to PTL treatment. Target-
ing TrxRs by PTL thus discloses an unprecedented mechanism
underlying the biological activity of PTL, and provides deep
insights to understand the action of PTL in treatment of cancer.

The highly conserved and ubiquitous thioredoxin system,
composed of thioredoxin reductase (TrxR),> thioredoxin (Trx),
and NADPH, plays pivotal roles in maintaining intracellular
redox homeostasis and regulating multiple redox signaling
pathways (1-3). Two major isoforms of TrxR/Trx distribute in
different cellular organelles: TrxR1/Trx1 are predominant in
cytosol and nucleus, whereas TrxR2/Trx2 mainly localize
within mitochondrion. TrxR1 and TrxR2 have similar overall
structures and share the same catalytic mechanism. TrxRs cat-
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alyze the NADPH-dependent reduction of disulfide bonds in
oxidized Trxs to generate reduced Trxs, which interact with a
broad spectrum of downstream targets to regulate diverse cel-
lular redox events during cell proliferation, differentiation, and
death (1, 4). Mammalian TrxRs, compared with those from bac-
teria, are large selenocysteine (Sec)-containing flavoenzymes
with a unique C-terminal -Gly-Cys-Sec-Gly active motif. The
physiological significance of TrxRs is to catalyze the reduction
of Trxs, and hence the function of the thioredoxin system des-
perately relies on the activity of the selenoenzymes. The thiore-
doxin system is often overexpressed in many cancer cells (5, 6),
and TrxR deficiency or transfection with dominant-negative
mutant Trx leads to a retardation in tumor progression and
metastasis (7-9). In addition, high Trx expression is associated
with the resistance to tumor chemotherapy (10, 11) and results
in increased tumor angiogenesis (12). Supported by these
observations, the thioredoxin system has been emerging as an
important target for cancer treatment. Consequently, various
small molecules targeting the thioredoxin system have been
discovered and developed as potential cancer chemotherapeu-
tic agents in past years (13-20).

Herb plants have been a source of medical agents since
ancient time. With the development of modern molecular
medicine, an increasing number of active components from
herbal plants have been identified and their putative cellular
targets have been disclosed. Parthenolide (PTL, Fig. 1) is a ses-
quiterpene lactone and principal active molecule present in the
medicinal plant feverfew (Tanacetum parthenium), whose
extract has been used in traditional Chinese medicine for cen-
turies (21). PTL has been applied in treatment of inflammation
through inhibiting NF-kB activation (22—24). In recent years,
increasing attention has been drawn to its potent anticancer
activity, and PTL is currently being tested in cancer clinical
trials (21). Among various mechanisms in accounting for the
anticancer activity of PTL (25), such as targeting EGF receptor
(26) as well as AP-1 and mitogen-activated protein kinases (27),
modulating the Akt/NF-«B pathway (28, 29) and protein kinase
C (30), inhibiting STAT3 (31) and tubulin carboxypeptidase
(32), activating Bcl-2 members (33) and p53 (34), depleting his-
tone deacetylase 1 (35), and inducing autophagy (36), accumu-
lating evidence supports that induction of reactive oxygen spe-
cies (ROS) is critical for the cellular action of PTL (28, 29, 31,
36 —40). However, the mechanism(s) of ROS induction by PTL
remains poorly defined, and the primary cellular target and
mode of action of PTL are still in debate.
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As our continuous efforts in discovering and developing
novel small molecules manipulating the cellular redox system
as potential therapeutic agents, we reported here that both
TrxR1 and TrxR2 are novel cellular targets of PTL in human
cervical carcinoma HeLa cells. PTL appears specifically binding
to the Sec residue of TrxRs to suppress their Trx-reduction
ability, but further elicits a new function to generate ROS, lead-
ing to disruption of cellular redox homeostasis, and eventual
induction of apoptosis. Overexpression of the functional TrxR1
or Trx1 attenuates the cytotoxicity of PTL, whereas knockdown
of TrxR1 or TrxR2 enhances the cytotoxicity, supporting the
physiological significance of interaction of TrxRs with PTL.
Targeting TrxRs by PTL thus reveals an unprecedented mech-
anism underlying the biological action of PTL, and would shed
light on the potential application of PTL in the treatment of
cancer.

Experimental Procedures

Materials—Recombinant rat TrxR1 was prepared as de-
scribed (41), and was a gift from Prof. Arne Holmgren, Karo-
linska Institute, Sweden. The recombinant U498C TrxR1
mutant (Sec—Cys) was produced as described (15, 42). The
recombinant TrxR1 and U498C TrxR1 have a specific activity
of ~50 and ~5% of the wild type (WT) TrxR1 with the 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB) assay, respectively. The
recombinant Escherichia coli Trx and PAO-Sepharose were
prepared as described (15). Dulbecco’s modified Eagle’s me-
dium (DMEM), L-buthionine-(S,R)-sulfoximine (BSO), NADPH,
N-acetyl-L-cysteine (NAC), pL-dithiothreitol (DTT), G418, 2,3-
dimercapto-1-propanesulfonic acid, Sephadex G-25, DTNB,
N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA),
reduced and oxidized glutathione (GSH and GSSG), bovine
insulin, yeast glutathione reductase (GR), superoxide dismu-
tase (SOD), tris(2-carboxyethyl)phosphine, Hoechst 33342,
2',7'-dichlorfluorescein diacetate (DCFH-DA), and dihydro-
ethidium (DHE) were from Sigma. Polyclonal rabbit anti-Trx1
(AB61173a, 1:1000 dilution for Western blots), cytochrome c,
and the plasmid for overexpressing Trx1 (pEGFP-Trx1) and the
control vector (pEGFP) were obtained from Sangon Biotech
(Shanghai, China). PTL, monoclonal mouse anti-TrxR1 (sc-
28321, 1:1000 dilution for Western blots), polyclonal goat anti-
TrxR2 (sc-46279, 1:500 dilution for Western blots), and HRP-
conjugated secondary antibodies (sc-2031, sc-2004 and
sc-2020, 1:4000 dilution for Western blots) were from Santa
Cruz (Santa Cruz, CA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), penicillin, and streptomy-
cin were products of Amresco (Solon, OH). Fetal bovine serum
(FBS) was from Sijiging (Hangzhou, China). Bovine serum
albumin (BSA), phenylmethylsulfonyl fluoride (PMSF), and
monoclonal mouse anti-actin (AA128-1, 1:1000 dilution for
Western blots) were from Beyotime (Nantong, China). HeLa
cells, HL-60 cells, A549 cells, and HepG2 cells were from the
Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences. HEK cells stably overexpressing TrxR1
(HEK-TrxR1) and those stably transfected with a vector (HEK-
IRES), short hairpin RNA (shRNA) plasmids targeting TrxR1
(shTrxR1), and nontargeting control (shNT) were gifts of Pro-
fessor Constantinos Koumenis from the University of Pennsyl-
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vania School of Medicine (43, 44). The shRNA plasmids target-
ing coding regions of the human TrxR2 gene (shTrxR2) and the
control nontargeting shRNA (shNT) were purchased from
GenePharma (Shanghai, China). GeneTran III transfection re-
agent was obtained from Biomiga (San Diego, CA). Mitochon-
drial superoxide indicator MitoSOX was a product of Invitro-
gen. All other reagents were of analytical grade. A 100 mm
solution of PTL was prepared in dimethyl sulfoxide and stored
at —20°C.

Cell Cultures—Cells were cultured in DMEM with 10% FBS,
2 mMm glutamine, and 100 units ml ™" of penicillin/streptomycin
and maintained in a humidified atmosphere of 5% CO, at 37 °C
(standard culture conditions). HEK-TrxR1 and HEK-IRES were
cultured under the standard culture conditions supplemented
with 0.1 um sodium selenite and 0.4 mg/ml of G418. HeLa cells
stably transfected with the shTrxR1 plasmid (HeLa-shTrxR1),
shTrxR2 (HeLa-shTrxR2), or shNT plasmid (HeLa-shNT) were
kept under the standard culture conditions supplemented with
1 pg/ml of puromycin.

MTT Assay—Unless otherwise noted, 8 X 10 cells were
incubated with PTL or other agents in triplicate in 96-well
plates for the indicated times at 37 °C in a final volume of 100 pl.
Cells treated with DMSO alone were set as controls. At the end
of the treatment, 10 ul of MTT (5 mg/ml) was added to each
well and incubated for an additional 4 h. An extraction buffer
(100 ul, 10% SDS, 5% isobutanol, 0.1% HCI) was added, and the
cells were incubated overnight at 37 °C. The viability was cal-
culated by measuring the absorbance at 570 nm using a micro-
plate reader (Multiskan GO, Finland).

DTNB Reduction Assay—TrxR activity was determined at
room temperature using a microplate reader. NADPH-reduced
TrxR (170 nm) or U498C TrxR (700 nm) was incubated with
different concentrations of PTL for the indicated times at room
temperature (final volume of the mixture was 50 ul). A master
mixture in 50 ul of TE buffer (50 mMm Tris-HCI, pH 7.5, 1 mm
EDTA) containing DTNB (4 mMm) and NADPH (0.4 mm) was
added, and the linear increase of absorbance at 412 nm during
the initial 3 min was recorded for calculating the relative
enzyme activity.

End Point Insulin Reduction—NADPH-reduced TrxR (170
nMm) was incubated with different concentrations of PTL for 2 h
at room temperature in a final volume of 50 ul. A master mix-
ture in TE buffer (50 ul) containing 4 um E. coli Trx, 0.4 mm
NADPH, and 0.32 mum insulin was added to the solution, and
the incubation continued at room temperature for 0.5 h. The
reaction was terminated by addition of 1 mM DTNB in 6 M
guanidine hydrochloride (100 ul, pH 8.0) and the absorbance at
412 nm was measured using a microplate reader. The activity
was expressed as the percentage of the control.

GR Assay—NADPH-reduced GR (0.25 units/ml) in TE buffer
was incubated with different concentrations of PTL for 2 h at
room temperature in a total volume of 100 ul. Reactions were
initiated by the addition of GSSG and NADPH (50 pul, final
concentration: 1 mm and 400 M, respectively). The GR activity
was determined by measuring the decrease of absorbance at
340 nm during the initial 3 min. The activity was expressed as
the percentage of the control.
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In Vitro Trx Assay—Reduced E. coli Trx was prepared by
incubation of the stock protein with DTT (100 mm). Excessive
DTT was subsequently removed by a Sephadex G-25 desalting
column. The reduced Trx (5 uM) was incubated with different
concentrations of PTL for 2 h at 37 °C in a final volume of 50 ul.
A master mixture in TE buffer (30 ul) containing DTT and
insulin was added (final concentration: 2 and 0.16 mm, respec-
tively). The Trx activity was measured at room temperature by
monitoring the increase of absorbance at 650 nm.

Trx Activity in Cells—HeLa-Trx1 and HeLa-EGFP-Trx1 cells
were harvested. Total cellular proteins were extracted by RIPA
buffer (50 mm Tris-HCI, pH 7.5, 2 mm EDTA, 0.5% deoxy-
cholate, 150 mm NaCl, 1% Triton X-100, 0.1% SDS, 1 mMm
Na,VO, and 1 mm PMSEF), and quantified using the Bradford
procedure. Trx activity in cell lysates was measured by the end
point insulin reduction assay (45, 46), and the activity was
expressed as the percentage of the control.

TrxR Activity in Cells—After HeLa cells were treated with 5
or 10 um PTL for 12 h, the cells were harvested. Total cellular
proteins were extracted by RIPA buffer, and quantified using
the Bradford procedure. TrxR activity in cell lysates was mea-
sured by the end point insulin reduction assay according to our
previously published protocol (18, 19).

Imaging TrxR Activity—TRES-green is a cell membrane per-
meable dye to specifically detect TrxR activity in cultured cells
(47). HeLa cells (2 X 10° cells/well) were seeded into 12-well
plates and allowed to grow overnight. After the cells were
treated with PTL for 8 h, TRFS-green was added to a final con-
centration of 10 uM, and the incubation was continued for 4 h at
37 °C. The cells were visualized and photographed by a FLoid
Cell Imaging Station (Life Technologies, USA). The intensity of
the green fluorescence reflects the relative activity of TrxR in
cells.

Determination of Trx Redox States—Reduced Trx was distin-
guished from the oxidized forms based on the binding of the
vicinal dithiols to phenylarsine oxide (PAO) (15, 48, 49). PAO-
Sepharose was prepared by immobilization of PAO on Sephar-
ose 4B according to our published procedures (15). The
reduced Trx was pulled down on the beads, whereas the oxi-
dized forms were retained in the solution. The cells were
treated with PTL (20 um) or vehicle for 24 h. The cellular pro-
teins were extracted by RIPA buffer and quantified by the Brad-
ford procedure. The fully oxidized and reduced controls were
prepared by treating the non-treated cell lysate with diamide (5
mwm) and tris(2-carboxyethyl)phosphine (5 mm) for 30 min at
37 °C, respectively. After incubating the samples with PAO-
Sepharose on a rotating shaker at room temperature for 30 min,
the supernatant was collected and the beads were washed with
RIPA buffer. Reduced Trx was eluted by the addition of RIPA
buffer containing 2,3-dimercapto-1-propanesulfonic acid (20
mwm). All samples were separated by 15% SDS-PAGE and elec-
troblotted onto a PVDF membrane for Western blots analysis.

Induction of Superoxides—NADPH-reduced TrxR (1.3 um)
was incubated with PTL (50 uMm) at room temperature for 2 h in
TE buffer. The remaining enzyme activity was less than 10% of
the control as monitored by the DTNB reduction assay. After
removal of excessive PTL by a Sephadex G-25 desalting col-
umn, the modified enzyme (44 ul) was added to 256 ul of TE
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buffer containing 200 um NADPH. Superoxides production
was determined by the cytochrome ¢ reduction assay. The con-
trol enzyme without incubation with PTL was treated in the
same manner. Briefly, to the above reaction mixture was added
34 ul of 0.82 mm cytochrome ¢, and the absorbance spectra
from 500 to 600 nm were recorded. After the indicated time,
SOD was added to reach a final amount of 300 units. The inhi-
bition of the increment of the absorbance at 550 nm after addi-
tion of SOD indicates the production of superoxides.

Assessment of Intracellular ROS—HeLa cells were plated in
12-well plates and allowed to grow for 24 h. The cells were
incubated with PTL with or without NAC (1 mm) for 6 h. After
removal of the medium, the ROS indicator DCFH-DA (10 um)
or DHE (10 uM) in fresh FBS-free medium was added and incu-
bated for an additional 30 min at 37 °C. For monitoring the
mitochondrial superoxides, MitoSOX (5 uMm) in fresh FBS-free
medium was added and incubated for an additional 20 min at
37 °C. Phase-contrast and fluorescence images were acquired
by a FLoid Cell Imaging Station.

Imaging TrxR2 Activity—Mito-TREFS, a selective TrxR2
probe, was used to image the TrxR2 activity in live HeLa cells
(50). Briefly, the cells were treated with the indicated concen-
trations of PTL for 10 h followed by further incubating with
Mito-TRES (2 um) for 2 h. The bright field and fluorescence
images were acquired by a FLoid Cell Imaging Station.

Trx1 Overexpression and TrxR2 Knockdown—For generation
of the Trxl-overexpressing cell line, HeLa cells were trans-
fected with pEGFP-Trx1 or the control vector (p-EGFP) using
GeneTran III transfection reagent according to the manufac-
turer’s instructions. To generate a TrxR2-knockdown cell line,
HeLa cells were transfected with sh-TrxR2 or sh-NT plasmids
using the GeneTran III transfection reagent. Overexpression of
Trx1 was confirmed by measuring the total Trx activity in cells,
and knockdown of TrxR2 was analyzed by Western blots.

Hoechst 33342 Staining—HeLa cells were plated in 12-well
plates and incubated with the indicated concentrations of PTL
and NAC (0.1 mm) for 24 h followed by addition of 5 ug/ml of
Hoechst 33342. Phase-contrast and fluorescence images were
acquired by a FLoid Cell Imaging Station.

Measurement of Caspase 3 Activity—HeLa cells were treated
with different concentrations of PTL for 12 or 24 h. The cells
were collected and then lysed with RIPA buffer. The protein
content was quantified using the Bradford procedure. The
caspase 3 activity was determined by a colorimetric assay using
the Ac-DEVD-pNA as a substrate according to the published
protocols (18, 19).

Annexin V/PI Staining—HelLa cells were treated with the
indicated concentrations of PTL and NAC (0.1 mm) for 24 and
48 hin 12-well plates. The cells were harvested and washed with
PBS. Apoptotic cells were identified by double staining with
fluorescein 5-isothiocyanate-conjugated Annexin V and PI
according to the manufacturer’s instructions (Zoman Biotech,
Beijing, China). Data were obtained and analyzed using a
FACSCanto™ flow cytometer (BD Biosciences, USA) with the
Cell Quest software.

Statistics—Data were presented as mean * S.E. Statistical
differences between two groups were assessed by the Student’s
t test. Comparisons among multiple groups were performed
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Parthenolide (PTL)
FIGURE 1. Chemical structure of PTL.

using one-way analysis of variance followed by a post hoc
Scheffe test. p < 0.05 was set as the criterion for statistical
significance.

Results

Inhibition of TrxR in Vitro—PTL contains an a-methylene-
y-lactone moiety (Fig. 1), which is reminiscent of many known
TrxR inhibitors, such as curcumin and its analogues (20, 51, 52),
cinnamaldehydes (53, 54), adenanthin (14), gambogic acid (18),
and xanthohumol analogues (13). Thus we speculated that PTL
might be also an inhibitor of TrxR. Initially, we determined the
inhibition of TrxR by PTL in vitro. Preincubation of PTL with
the reduced recombinant rat TrxR1 (WT TrxR1) elicits a dose-
dependent inhibition of the enzyme with an IC,, value of ~3
uM (Fig. 24). The enzyme activity could not be recovered after
removal of PTL by a Sephadex G-25 desalting column (data not
shown), indicating an irreversible inhibition occurs. Next, we
examined the inhibition potency of PTL toward GR and U498C
TrxR1. As shown in Fig. 24, PTL exhibits very weak inhibition
to GR or U498C TrxR1 (IC,, > 20 um). Selective inhibition of
WT TrxR1 but not U498C TrxR1 or GR suggests the Sec resi-
due is specifically targeted by PTL. Also, PTL shows a marginal
effect on the activity of Trx (Fig. 2B). The potency of TrxR
inhibition is dependent on incubation times (Fig. 2C). As
DTNB is an artificial substrate of TrxR, we further measured
the ability of PTL to inhibit the reduction of Trx, the physiolog-
ical substrate of TrxR, by TrxR. PTL dose-dependently inhibits
TrxR to reduce Trx determined by the Trx-mediated insulin
reduction assay (Fig. 2D). Taken together, PTL selectively
inhibits TrxR in vitro, and this inhibition appears primarily tar-
geting the Sec residue of the enzyme.

Cytotoxicity and Inhibition of TrxR in Cells—To extend the in
vitro observation of TrxR inhibition by PTL, we then deter-
mined the action of PTL in cells. PTL inhibits the growth of
HeLa cells in both dose- and time-dependent manners (Fig.
3A), and an IC, value of ~5 uM could be obtained after a 72-h
treatment. We further examined the cytotoxicity of PTL to
other cancer cell lines. As shown in Fig. 3B, PTL also potently
inhibits the proliferation of A549 (human lung carcinoma cell),
HL-60 (human promyelocytic leukemia cell), and HepG2 cells
(human hepatocellular carcinoma cell). Next, we determined
the inhibition of TrxR in HeLa cells. First, we employed the
TRES-green, a specific TrxR probe developed by our group (47),
to image the cellular TrxR activity. As illustrated in Fig. 3C, the
control cells display bright fluorescence. However, treatment of
the cells with PTL causes dose-dependent decline of the fluo-
rescence, indicating the inhibition of TrxR. Quantification of
the fluorescence intensity in individual cells was shown in Fig.
3D. We then performed the classic Trx-mediated insulin reduc-
tion assay to confirm the TrxR inhibition by PTL. Again, treat-
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FIGURE 2. Inhibition of TrxR in vitro. A, dose-dependent inhibition of TrxR,
U498C TrxR, and GR by PTL. NADPH-reduced WT TrxR1, U498C TrxR1, and GR
were incubated with the indicated concentrations of PTL for 2 h at room
temperature, and their activity was determined by the DTNB assay. B, no
significant inhibition of Trx by PTL. Representative results are shown from 3
independent experiments. C, time-dependent inhibition of TrxR by PTL.
NADPH-reduced WT TrxR1 was incubated with PTL (5 um) for the indicated
times at room temperature, and the activity was determined by the DTNB
assay. D, inhibition of TrxR by PTL detected by the end pointinsulin reduction
assay. Datain A, C, and D are from 3 independent experiments done in tripli-
cate, and all the activity was expressed as the percentage of the control. **,
p < 0.01 versus the control groups.

ment of the cells with PTL impairs the cellular TrxR activity
dose-dependently (Fig. 3E), consistent with the observation
from the live cell imaging experiment. PTL contains the «,f3-
unsaturated ketone structure (Fig. 1), a potentially thiol-reac-
tive motif and key pharmacophore of the sesquiterpene lac-
tones. We then assayed the cellular thiol homeostasis after
PTL treatment. As shown in Fig. 3F, the total thiol level in cells
treated with 10 um PTL remains similar as that in the control
cells. It should be noted here that at this concentration, cellular
TrxR activity was severely inhibited (Fig. 3, C and E). Stimula-
tion of the cells with a low concentration of PTL (5 uM) causes
up-regulation (~30% elevation) of total cellular thiols. This is
likely due to activation of the ARE-Nrf2 cytoprotective path-
ways as molecules with the «,B-unsaturated ketone structure
are usually potent Nrf2 activators (45, 46, 55). Collectively, PTL
inhibits TrxR in HeLa cells and displays remarkable cytotoxic-
ity to a variety of cancer cells.

Accumulation of Oxidized Trx in Cells—Because TrxR plays a
critical role to catalyze the NADPH-dependent reduction of
disulfide bond(s) in oxidized Trx in vivo, we next determined
the ratio of reduced Trx to oxidized Trx in HeLa cells after PTL
treatment. We prepared PAO-Sepharose to pull down the
reduced Trx and retain the oxidized Trx in the solution. After
addition of 2,3-dimercapto-1-propanesulfonic acid, the
reduced Trx was released from the PAO-Sepharose (49). To
validate this “capture and release” assay, we treated the cell
lysate with diamide or tris(2-carboxyethyl)phosphine to gener-
ate the fully oxidized Trx or reduced Trx, respectively. As illus-
trated in Fig. 44, Trx from the diamide-treated lysate (oxidized
Trx, O) is only present in the supernatant (S), whereas that from
the tris(2-carboxyethyl)phosphine-treated lysate (reduced Trx,
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FIGURE 3. Cytotoxicity of PTL and inhibition of TrxR in cells. A, cytotoxicity
of PTL to HeLa cells. The cells were treated with varying concentrations of PTL
for 24, 48, or 72 h, and the viability was determined by the MTT assay. B,
cytotoxicity of PTL to different types of cancer cells. The cells were treated
with the indicated concentrations of PTL for 48 h, and the viability was deter-
mined by the MTT assay. C, imaging TrxR activity by TRFS-green in live HelLa
cells. Images are representative of 3 independent experiments done in tripli-
cate. Scale bar: 15 um. D, 10 cells were randomly selected and relative fluo-
rescence intensity (R.F.l.) was quantified in individual cells from Cby Imagel. E,
inhibition of TrxR in HeLa cells determined by the end point insulin reduction
assay. F, alteration of cellular thiol levels after PTL treatment. HeLa cells were
treated with the indicated concentrations of PTL for 12 or 24 h, and total
cellular thiols were determined by the DTNB titration. Datain A, B, E, and F are
from 3 independent experiments done in triplicate. **, p < 0.01 versus the
control groups.
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FIGURE 4. Accumulation of oxidized Trx in HeLa cells. A, Hela cells were
treated with PTL (20 um) for 24 h. The oxidized and reduced Trx1 were deter-
mined by the PAO-Sepharose pulldown assay. Relative protein level was
quantified by densitometry using ImageJ, and the ratio shown in B. C, no
significant alteration of Trx1 expression in Hela cells after PTL treatment. The
cells were treated with varying concentrations of PTL for 24 h, and the Trx1
level was determined by Western blot analysis. Data in A and C are represen-
tative of 3 independent experiments. **, p < 0.01 versus the control groups.

R) is fully captured by the PAO-Sepharose (P), demonstrating
this assay is suitable to distinguish the reduced Trx from the
oxidized one. As shown in Fig. 44, the majority of Trx was
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found in the reduced form in the vehicle-treated cells. However,
the oxidized Trx was elevated notably upon treatment of the
cells with PTL. The reduced Trx and oxidized Trx were quan-
tified by measuring the bands intensity, and the ratio of the
reduced Trx to the oxidized one was shown in Fig. 4B. There is
no apparent alteration of the total Trx level after PTL treatment
(Fig. 4C).

Inflation of ROS in Cells—Many TrxR inhibitors, such as
DNCB (56), curcumin (20, 52), and shikonin (19) could modify
the enzyme to inhibit its reduction of the oxidized Trx, but
further shift the enzyme to an NADPH oxidase to generate
ROS. Thus we determined whether PTL has a similar effect. As
shown in Fig. 54, the PTL-modified TrxR1 displayed steady
cytochrome c¢ reduction activity, which was inhibited by the
addition of SOD, suggesting production of superoxides in such
a process. The kinetic change of A.., was determined to be
6.8 X 10~ >/min before addition of SOD. Under the same con-
ditions, the change of A, caused by the native non-inhibited
enzyme was less than 2.0 X 10~?/min. One of the outstanding
functions of the thioredoxin system is to maintain intracellular
redox homeostasis and defend against oxidative stress. PTL
inhibits TrxR, and further shifts the enzyme to a ROS generator.
We next determined the ROS level in HeLa cells after PTL
treatment. DCFH-DA is a general ROS probe. DCFH-DA stain-
ing indicates the burst of ROS after stimulation of the cells with
PTL (Fig. 5B). Pretreatment of the cells with antioxidant NAC
blocks ROS accumulation. DCFH-DA-based ROS assay is
prone to artifacts as extensively discussed in the literature (57).
We next employed another dye, DHE, to confirm the ROS pro-
duction in the cells (Fig. 5C). DHE readily penetrates plasma
membrane to intercept ROS, especially the superoxides, to
form a product that intercalates with nucleic acids and emits
red fluorescence. Again, the PTL-treated cells evoke the fluo-
rescence, which is blocked by pretreatment of the cells with
NAC. We further applied the mitochondrial-specific ROS dye
MitoSox to determine the mitochondrial ROS level. As shown
in Fig. 5D, MitoSox staining also gives a bright signal after PTL
insult, indicating the elevation of ROS in mitochondrial. Alto-
gether, PTL promotes ROS accumulation in HeLa cells.

Protection of Cell Death by NAC and Promotion of Cell Death
by GSH Depletion—NAC is a known antioxidant and precursor
for biosynthesis of GSH. Pretreatment of HeLa cells with NAC
impairs the cytotoxicity of PTL (Fig. 6A4), consistent with the
prevention of ROS accumulation by NAC (Fig. 5, B-D). Next,
we determined the effect of GSH on the cytotoxicity of PTL. In
line with the protective role of NAC, depletion of cellular GSH
by pretreatment of the cells with BSO enhances the cytotoxicity
of PTL (Fig. 6B). Under our experimental conditions, pretreat-
ment of HeLa cells with 100 um BSO for 24 h has no apparent
cytotoxicity but decreases the intracellular GSH level to less
than 20% of the control. GSH is a pivotal component of the
glutathione system, which is another redox regulation network
in cells besides the thioredoxin system and also acts as a backup
of the thioredoxin system (58). Sensitizing the cells to PTL
treatment by depletion of cellular GSH suggests the involve-
ment of the thioredoxin system in the cellular action of PTL.

Involvement of TrxR for PTL Cellular Action—PTL inhibits
TrxR both in vitro and in HeLa cells, and causes ROS accumu-

JOURNAL OF BIOLOGICAL CHEMISTRY 10025



Parthenolide Inhibits Thioredoxin Reductase

084 0.80 ) —
3 T
0.78 <

80.7- T SOD 300 units
s
3 0.76
S 0 2 4 6 8 10
5 0.6+ Time (min)
<

05 R T T T T T

520 540 560 580 600
Wavelength (nm)

B Control 10 uMm 10 uM+NAC

DCFH-DA

- - o

-«v'QVJ MitoSox

- - - .

FIGURE 5. Induction of ROS by PTL. A, induction of superoxides by the PTL-
modified TrxR. Superoxides production was monitored by the cytochrome ¢
reduction assay. The inset shows the change of absorbance at 550 nm after
addition of cytochrome c and SOD. SOD was added as indicated by the arrow
in the inset. Data are representative of 3 independent experiments done in
duplicate. ROS accumulation in cells determined by DCFH-DA staining (B),
DHE staining (C), and MitoSox staining (D). Top panels, bright field; bottom
panels, fluorescencefield (green channel for DCFH-DA staining, and red chan-
nel for DHE and MitoSox staining). Images in B-D are representative of 3
independent experiments done in triplicate. Scale bar: 20 um.

lation and Trx oxidation. To further address whether the cyto-
toxicity of PTL is related to its interaction with TrxR, we then
compared the sensitivity of HEK cells stably overexpressing
TrxR1 (HEK-TrxR1) and the cells that stably transfected with a
vector (HEK-IRES) to PTL treatment. The transfection effi-
ciency was confirmed by determining protein expression and
enzyme activity in our previous publications (18, 19). As shown
in Fig. 6E, PTL exhibits significantly higher cytotoxicity to
HEK-IRES cells. Next, we overexpressed Trx1 in HeLa cells
(HeLa-Trx1), and compared the cytotoxicity of PTL to HeLa-
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FIGURE 6. The role of TrxR in PTL-induced cell death. A, protection of the
cells by NAC. Hela cells were incubated with the indicated concentrations of
NAC and PTL for 48 h. B, augmentation of cytotoxicity by GSH depletion. HeLa
cells were treated with BSO for 24 h to lower the intracellular GSH level, fol-
lowed by PTL treatment for an additional 48 h. C, determination of Trx activity
in HeLa-EGFP and HeLa-EGFP-Trx1 cells. D, protection of cells by Trx1 overex-
pression. The cells were treated with the indicated concentrations of PTL for
48 h. E, cytotoxic effects of PTL on HEK-IRES and HEK-TrxR1 cells. The cells
were treated with the indicated concentrations of PTL for 48 h. F, cytotoxic
effects of PTL on HelLa-shNT and HelLa-shTrxR1 cells. The cells were treated
with the indicated concentrations of PTL for 48 h. The cell viability was deter-
mined by the MTT assay in all experiments. All data are from 3 independent
experiments done in triplicate. **, p < 0.01 versus the control groups.

Trx1 cells and those transfected with a control vector (HeLa-
EGFP). The overexpression of Trx1 was confirmed by measur-
ing the cellular total Trx activity (Fig. 6C). Overexpression of
Trx1 in HeLa cells (HeLa-Trx1) protects the cells from PTL-
induced cell death (Fig. 6D). To further address the physiolog-
ical relevance of TrxR-mediated PTL cytotoxicity, we trans-
fected shRNA plasmid specifically targeting TrxR1 to generate
HeLa cells stably knocking down the expression of TrxR1
(HeLa-shTrxR1). The non-targeting shRNA plasmid was trans-
fected for the control cells (HeLa-shNT). Knockdown of TrxR1
in HeLa cells was fully evaluated in our previous publications
(18, 19). TrxR knockdown could yield drug-specific alteration
of cytotoxicity of therapeutic small molecules (59). In our case,
PTL shows elevating potency to HeLa-shTrxR1 cells (Fig. 6F).

Because the ROS level in mitochondrial increases after PTL
treatment (Fig. 5D), we next asked whether the mitochondrial
TrxR (TrxR2) is also involved in the cellular actions of PTL.
First, we determined the TrxR2 activity after the cells were
treated with PTL. We employed our recently developed TrxR2
probe Mito-TRES to stain TrxR2 activity in live HeLa cells (50).
As shown in Fig. 74, the cellular TrxR2 activity was severely
inhibited by PTL. This is not surprising as mammalian TrxR1
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FIGURE 7. Involvement of TrxR2 for PTL cellular actions. A, inhibition of
TrxR2 by PTL determined by the Mito-TRFS staining. Representative images
are shown from 3 independent experiments done in triplicate. Scale bar: 20
m. B, evaluation of TrxR2 knockdown efficiency by different shRNAs. Repre-
sentative results are shown from 3 independent experiments. The ratio of
Western blot samples was normalized to total protein loading (TPL). C, TrxR2
knockdown enhances the cytotoxicity of PTL. Cells were treated with the
indicated concentrations of PTL for 48 h, and their viability was determined by
the MTT assay from 3 independent experiments done in triplicate. **, p < 0.01
versus the control groups.

and TrxR2 have similar structures and share the same catalytic
mechanism. Second, we generated TrxR2-knockdown HeLa
cells (HeLa-shTrxR2), and compared the cytotoxicity of PTL to
the HeLa-shTrxR2 cells and those transfected with a control
shNT plasmid (HeLa-shNT2). After evaluating the knockdown
efficiency by different shRNAs, we noticed that shTrxR2-1356
is the most potent one to lower the TrxR2 expression (Fig. 7B).
Thus we chose this shRNA to generate HeLa-shTrxR2 cells for
the following experiment. Consistent with the inhibition of
TrxR2 by PTL, knockdown of TrxR2 also enhances the cytotox-
icity of PTL (Fig. 7C). Collectively, these results indicated that
cytotoxicity of PTL to HeLa cells is related to its interaction
with both TrxR1 and TrxR2.

Induction of Apoptosis—Cell apoptosis is mediated by a series
of precisely controlled events that are frequently altered in
malignant cells. Abrogation of apoptotic pathways is often
found in cancer cells arising from a complex interplay of genetic
aberrations and misregulated pathways (60). We demonstrated
here that cytotoxicity of PTL to HeLa cells is predominantly
through the induction of apoptosis (Fig. 8). Multiple assays
were employed to confirm the apoptosis. First, the morpholog-
ical changes of the nuclei were characterized by Hoechst stain-
ing. Hoechst 33342 is a cell membrane-penetrating dye that
specifically binds to double strand DNA and gives blue fluores-
cence. As shown in Fig. 84, the control cells displayed normal,
round nuclei with faint and even fluorescence. However, after
PTL treatment, cells exhibited condensed and highly fluores-
cent nuclei, a characteristic morphology of cells undergoing
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FIGURE 8. Induction of apoptosis of Hela cells. A, nuclear morphological
changes by Hoechst 33342 staining. Representative images are shown from 3
independent experiments done in triplicate. Scale bar: 20 um. B, activation of
caspase 3 by PTL. Caspase 3 activity in cell extracts was determined from 3
independent experiments done in triplicate. C, analysis of apoptosis by the
annexin V/Pl double-staining assay. Hela cells were treated with varying con-
centrations of PTL for 24 or 48 h, and representative FACS analysis scatter-
grams for 10,000 cells from 3 independent experiments were shown. The cells
show four different cell populations designated as the follows: double nega-
tive (unstained) cells showing the live cell population (lower left, Q3), annexin
V positively and Pl negatively stained cells showing early apoptosis (lower
right, Q4), annexin V/P| double stained cells showing late apoptosis (upper
right, Q2), and finally Pl positively and annexin V negatively stained cells
showing necrotic cells (upper left, Q1). D, the quantification of the necrotic
cells (Q1), live cells (Q3), and apoptotic cells (Q2 and Q4) is illustrated. *, p <
0.05; and **, p < 0.01 versus the control groups.

apoptosis. Pretreatment of the cells with NAC alleviates
nuclear morphological changes. Next, we determined activa-
tion of caspase 3 after PTL treatment. Caspase 3 is an essential
component of the apoptotic machinery, and activation of
caspase 3 is a central event in the process of apoptosis. PTL
activates caspase 3 in both concentration- and time-dependent
manners (Fig. 8B). Finally, we employed the Annexin V-fluo-
rescein 5-isothiocyanate/PI double staining assay to quantify
the apoptotic population by flow cytometry. The scattergrams
were shown in Fig. 8C, and the corresponding quantification
results were shown in Fig. 8D. Treatment of the cells with 10 um
PTL for 24 h causes ~35% cell apoptosis. Longer time treat-
ments (48 h) elicits more prominent apoptosis. The apoptotic
population increases to ~40 and ~90% by 5 and 10 um PTL
treatments, respectively. Again, NAC antagonizes the apopto-
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sis. A slight increase of the necrotic cells was observed after the
cells were treated with PTL for 48 h. This could be due to the
excessive oxidative stress caused by PTL. Thus, we concluded
that PTL predominantly triggers the apoptotic cell death in
HelLa cells.

Discussion

Accumulating evidence supports that ROS are double-edged
swords in cellular processes: low level ROS are indispensable
for redox signaling, whereas high dose ROS generally induce
oxidative stress. ROS and oxidative stress have long been asso-
ciated with cancer. Two key features of malignant cells are their
unlimited proliferation and hyperactive metabolism (60). As
generation of ROS is a byproduct of cell growth and metabo-
lism, tumor cells usually have increased ROS levels compared
with normal cells (61, 62). Therefore, elevation of ROS produc-
tion or inhibition of the cellular antioxidant systems is increas-
ingly considered as a therapeutic strategy to the treatment of
cancers (63, 64). We disclosed that PTL, a sesquiterpene lac-
tone from the medical plant feverfew, selectively targets the Sec
residue to inhibit the physiological function of the antioxidant
enzyme TrxR. Furthermore, PTL-modified TrxR gains a new
function to keep producing ROS. Among various putative
mechanisms, induction of ROS has been rationally adopted in
accounting for the cellular action of PTL. Nevertheless, how the
ROS are formed is not clear. We demonstrated that PTL-mod-
ified TrxR directly generates ROS, thus providing a mechanistic
interpretation for the previous observations. Our attempt to
link the ROS amount induced by PTL to the TrxR level in HeLa-
shNT and HeLa-shTrxR1 cells failed (data not shown). We rea-
soned that this might be due to dual roles of TrxR in cells:
antioxidant function of the non-modified TrxR and prooxidant
function of the PTL-modified TrxR. Knockdown of TrxR
decreases both active TrxR (for ROS scavenging) and PTL-
modified TrxR (for ROS production). The two counteracting
interactions might contribute to the nonsignificant change of
the ROS level in HeLa-shNT and HeLa-shTrxR1 cells after PTL
treatment. As a consequence of inhibition of TrxR and induc-
tion of ROS, PTL causes accumulation of oxidized Trx, and
eventually elicits apoptosis in HeLa cells. The physiological sig-
nificance of targeting TrxR by PTL was further demonstrated as
overexpression of functional TrxR lowers the cytotoxicity of
PTL, whereas knockdown of the enzyme expression sensitizes
cells to PTL treatment.

Sesquiterpene lactones are a class of natural compounds dis-
tributed predominantly in the flowers of plants belonging to the
Asteraceae family, most of which are widely used in folk medi-
cine. Sesquiterpene lactones exhibit a broad spectrum of bio-
logical effects, including cytotoxic, anti-inflammatory, and
anti-tumor activity. Among various sesquiterpene lactones,
PTL, commonly extracted from the feverfew herb, is actively
being investigated as an anticancer agent (25). The biological
activity of PTL is thought to be mediated through its a-meth-
ylene-vy-lactone moiety (Fig. 1), which was supposed to cova-
lently bind to sulthydryl groups within proteins, thereby mod-
ulating their functions (22-24, 35). Mammalian TrxRs contain
a selenol side chain (from the Sec residue) at their C-terminal,
and this Sec residue determines the function of TrxR (42). Sec,
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compared with its counterpart Cys, is more reactive and prone
to be modified by various electrophiles (13, 14, 16 -20, 49, 52).
Thus, PTL likely follows the same mechanism to bind to the Sec
residue in TrxR to modify the enzyme (52).

The specific interaction of PTL with TrxR was demonstrated
by the following evidence. First, we measured the in vitro inhi-
bition potency of PTL to TrxR1, U498C TrxR1, GR, and Trx
(Fig. 2, A and B). Single mutation of Sec to Cys sharply
decreased the sensitivity of the enzyme to PTL, indicating that
the Sec residue is a primary target of PTL. The structure of GR
is closely related to TrxR, however, very weak inhibition of GR
was observed under our experimental conditions. The small
redox protein Trx is also little affected by PTL. The selective
inhibition of WT TrxR1 but not U498C TrxR1, GR, or Trx
suggests a specific interaction of PTL and TrxR1. In addition,
PTL does not cause significant alteration of cellular thiol home-
ostasis under the conditions of TrxR inhibition, further under-
pinning the selective target of TrxR by PTL. Second, we pro-
vided evidence to support the unique role of TrxR for the
biological action of PTL in cellular contexts. Cells overexpress-
ing TrxR1/Trx1 show less sensitivity to PTL compared with the
cells only transfected with vectors (Fig. 6, D and E). More phys-
iologically relevant evidence that genetic knockdown of
TrxR1/TrxR2 elevates the cytotoxicity of PTL further sup-
ports that TrxRs are critically involved in the biological
effects of PTL (Figs. 6F and 7C). Third, the glutathione sys-
tem and thioredoxin system are two major networks that
work independently but with a few cross-talks to serve as
mutual backup in regulating cellular redox events (58, 65).
Our observation that depletion of GSH by BSO enhances the
cytotoxicity of PTL, whereas up-regulation of GSH by NAC
alleviates the cytotoxicity (Fig. 6, A and B) also suggests that
TrxR is involved in the cellular action of PTL. Taken
together, our data indicate that PTL targets TrxR in HeLa
cells with high specificity.

Evading apoptosis, arising from a complex interplay of
genetic aberrations and misregulated signaling pathways, is one
of the hallmarks of malignant cells (60). Activation of apoptotic
pathways in cancer cells is thus critical for cancer therapy. Mul-
tiple assays demonstrated that the cytotoxicity of PTL is
through induction of apoptosis (Fig. 8), hence potentiating the
clinical use of PTL in treatment of tumors. The apopto-
sis-inducing ability of PTL in HeLa cells could be attributed to
its inhibition of TrxR. First, inhibition of TrxR by PTL directly
promotes ROS production and restricts the availability of the
reduced Trx. Because the reduced Trx is an electron donor for
many antioxidant systems, TrxR inhibition may lead to the col-
lapse of cellular antioxidant defense. Thus, inhibition of TrxR
could elicit oxidative stress-mediated apoptosis. Second, the
reduced Trx, but not the oxidized Trx, directly interacts with
various apoptosis-related enzymes, such as ASK1 (66), pro-
caspase 3 (67), and apoptosis inducing factor (68), to suppress
apoptosis. TrxR inhibition causes accumulation of oxidized
Trx, which would be expected to promote apoptosis. Third, the
PTL-modified TrxR resembles the selenium compromised thi-
oredoxin reductase-derived apoptotic proteins (SecTRAPs),
where the Sec residue is modified by electrophiles. These Sec-
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TRAPs may trigger rapid cell apoptosis (69). Collectively, tar-
geting TrxR by PTL elicits apoptosis eventually.

In conclusion, we have disclosed TrxR as a novel target of
PTL, and demonstrated that PTL induces apoptosis of tumor
cells through a previously unrecognized mechanism. The elu-
cidation of PTL-TrxR interaction in cells may shed light to
understand how this sesquiterpene lactone acts in vivo, and this
novel targeting mechanism could lead to development of small
molecule inhibitors of TrxR as potential cancer chemothera-
peutic agents.
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