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Triptolide promotes ferroptosis by suppressing Nrf2 to
overcome leukemia cell resistance to doxorubicin
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Abstract. Doxorubicin (DOX) is an extensively used chemo-
therapeutic drug to treat leukemia. However, there remains
a pivotal clinical problem of resistance to DOX in patients
with leukemia. Erythroid 2-related factor 2 (Nrf2) is a master
regulator of antioxidation response which serves a critical
role in maintaining cellular oxidative homeostasis. However,
whether Nrf2 is involved in DOX resistance is not totally
clear. It is well-documented that triptolide, a widely used drug
to treat autoimmune disorders, possesses anti-cancer activi-
ties, yet whether triptolide affects leukemia cell sensitivity to
DOX remains to be elucidated. The present study aimed to
determine the role of triptolide-mediated downregulation of
Nrf2 in regulating leukemia cell ferroptosis and resistance to
DOX. For this purpose, low-dose DOX was used to establish
DOX-resistant K562 cells and HL-60 cells. Nrf2 mRNA and
protein expression were examined by quantitative PCR and
western blotting assays. The effects of triptolide on leukemia
cell viability, reactive oxygen species (ROS) levels, or lipid
oxidation were determined by CCKS8 assay, DCFH-DA assay,
or BODIPY 581/591 Cl11 assay, respectively. The results
show that Nrf2 expression was significantly upregulated in
DOX-resistant leukemia cells and clinical leukemia samples.
Silencing of Nrf2 significantly sensitized leukemia cells to
DOX. Furthermore, it was demonstrated that triptolide inhib-
ited Nrf2 expression and induced leukemia cell ferroptosis,
as evidenced by increased ROS levels and lipid oxidation as
well as decreased glutathione peroxidase 4 expression. Ectopic
expression of Nrf2 significantly rescued triptolide-induced
leukemia cell ferroptosis. Notably, the present study showed
that triptolide re-sensitized DOX-resistant leukemia cells to
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DOX. In conclusion, the present study indicated that Nrf2
served a critical role in leukemia cell resistance to DOX
and triptolide-induced ferroptosis and suggested a potential
strategy of combination therapy using triptolide and DOX in
leukemia treatment.

Introduction

Leukemia is the sixth most lethal cancer accounting for 4%
of all cancer cases (1) and arises from the bone marrow and
the lymphatic system (2). Based on the rapidity of prolif-
eration (acute or chronic) and originator cell (myeloid cell
or lymphoid cell), leukemia can be classified into four types:
Acute lymphocytic leukemia (ALL), acute myeloid leukemia
(AML), chronic lymphocytic leukemia (CLL), chronic myeloid
leukemia (CML) and chronic myelomonocytic leukemia
(CMML) (3). In 2020, the American Cancer Society reported
that leukemia developed 474,519 new cases globally and
caused 311,594 deaths (4). Clinical treatment for leukemia
includes chemotherapy, radiotherapy, immunotherapy, bone
marrow transplantation and even traditional Chinese medi-
cine (5,6). Among them, chemotherapy is the first choice for
leukemia therapy (2,7). Doxorubicin (DOX), an anthracycline
antibiotic that can inhibit topoisomerase and induce oxidative
stress to kill cells, is a well-established chemotherapeutic
drug for leukemia treatment (8-10). DOX resistance is a major
clinical problem in the leukemia treatment and can lead to
rapid deterioration in leukemia (10). It has been demonstrated
that the amplification of the multi-drug resistance gene mdrl
or increased expression of glyoxalase I contributes to DOX
resistance of leukemia cells (11-13). In addition, epigenetic
mechanisms, such as DNA modification and histone modi-
fication, have been involved in DOX resistance of leukemia
cells (14-16).

Ferroptosis is a novel form of cell death, first defined in
2012 (17). Intracellular iron ion accumulation and reactive
oxygen species (ROS)-mediated lipid peroxidation are two
hallmarks of ferroptosis (18). It has been documented that a
series of extrinsic or intrinsic pathways can trigger ferroptosis,
such as inhibition of cystine/glutamate transporter, activation
of the iron transporter transferrin, or blockade of glutathione
peroxidase GPX4 (19). Ferroptosis has been shown to link
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a number of human diseases including neurodegenerative
diseases, organ injury and cardiovascular diseases (20). In
addition, recent evidence indicates that induction of ferroptosis
is a potential strategy to eliminate cancer cells (21). Currently,
a series of anti-tumor drugs associated with ferroptosis have
been developed, such as nuclear factor erythroid 2-related
factor 2 (Nrf2) inhibitors, GSH inhibitors and iron acti-
vators (21).

Triptolide is a natural diterpenoid epoxide, extracted from
the Chinese traditional herb thunder god vine (Tripterygium
wilfordii) (22). Triptolide has been used to treat autoimmune
disorders, such as rheumatoid arthritis and systemic lupus
erythematosus for a number of years (23). Accumulating
evidence indicates that triptolide also exhibits anti-tumor
activities in multiple types of human cancer, including
leukemia, lung cancer, breast cancer, colon cancer and prostate
cancer (24-28). Currently, several triptolide derivatives are in
clinical phase I/II trials for cancer therapy (29). However, the
molecular mechanisms underlying the anti-cancer activity of
triptolide remain to be elucidated.

The present study showed that Nrf2 served a critical role
in leukemia cell resistance to DOX. Triptolide can induce
leukemia cell ferroptosis via downregulation of Nrf2 to
overcome leukemia cell resistance to DOX. Thus, the present
study suggested that a combination of triptolide and DOX is a
potential strategy for leukemia treatment.

Materials and methods

Collection of patient samples. A total of 30 patients with
leukemia (15 men and 15 women; age range, 15-35 years)
admitted to Jin'an District Hospital (Fuzhou, China) between
May 1, 2020, and December 1, 2020, were enrolled in the
current study. Leukemia patient blood samples (n=10; 4 men
and 6 women) and DOX-resistant Leukemia patient blood
samples (n=20; 11 men and 14 women) were collected
according to institutional regulation of the Hospital Clinic
Ethical Committee and according to the declaration of
Helsinki. Informed written consent was given by all patients.
The blood samples were separated to obtain peripheral blood
mononuclear cells (PBMCs) using a cell isolator (LTS1077-1;
Tianjin Haoyang Biological Manufacture Co., Ltd.) (30).
Cells were subjected to western blot analyses or reverse
transcription-quantitative (RT-q) PCR analyses.

Cell culture and drug treatment. Human leukemia chronic
myelogenous leukemia K562 and acute promyelocytic
leukemia HL-60 cells were cultured in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% fetal bovine serum (FBS; Hyclone; Cytiva). HEK293T
(Human embryonic kidney) cells were cultured in DMEM
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS (Hyclone; Cytiva). All cells were purchased
from The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences and were grown in a medium supple-
mented with 100 gg/ml streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) and 100 U/ml penicillin (Gibco; Thermo Fisher
Scientific, Inc.). Cells were maintained in a humidified 37°C
incubator under a 5% CO, atmosphere. Cells at 80% conflu-
ence were treated with 1 pgg/ml DOX (cat. no. HY-15142A;

MedChemExpress) for 48 h, 40 nM berberine (cat.
no. HY-N0716; MedChemExpress) for 24 h, 40 nM metformin
(cat. no. HY-15763; MedChemExpress), 40 nM artemisinin
(cat. no. HY-B0094; MedChemExpress) for 24 h, 40 nM
curcumin (cat. no. HY-NOOOS5; MedChemExpress) for 24 h,
2 uM erastin (cat. no. HY-B0627; MedChemExpress) for 48 h
and 40 nM triptolide (cat. no. HY-32735; MedChemExpress)
for 24 or 48 h at 37°C.

Plasmid transfection and lentiviral infection. Recombinant
lentiviruses were amplified by transfecting HEK 293T cells at
75% confluence with 6 g pMD2.G and 6 ug psPAX2 packaging
plasmids (the 2nd generation lentiviral packaging plasmid;
Addgene, Inc.) and 6 pg lentivirus-based Nrf2 expression
plasmid (pLV X-puro; Addgene, Inc.) or 6 pg lentiviral-based
short hairpin (sh)RNAs (pLKO.1-puro; Addgene, Inc.) specific
for green fluorescent protein (GFP, CAAATCACAGAATCG
TCGTAT; negative control) or Nrf2 (#1, GCTCCTACTGTG
ATGTGAAAT; 2#, GGAGTGTCAGTATGTTGAA) using
Lipofectamine® 2000 (cat. no. 11668; Invitrogen; Thermo
Fisher Scientific, Inc.) at 37°C. Viruses were collected at 72 h
after transfection. K562 or HL-60 cells at 40% confluence
were infected with a recombinant lentivirus in the presence
of 10 pg/ml polybrene, followed by 12 h incubation at 37°C
with 5% CO,. After 36 h of infection, cells were treated with
2 pug/ml puromycin for 24 h. The viable cells were used to
further experiments. The infection efficiency was ~85%.

Western blot analyses. Cells were collected, washed with cold
PBS and resuspended in EBC250 lysis buffer (250 mM NacCl,
50 mM Tris pH 8.0, 0.5% Nonidet P-40, 50 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, 2 ug/ml aprotinin and 2 pg/ml
leupeptin) (31). The protein concentration was assessed using
the BCA method. Equal amounts of total protein (20 ug) were
loaded, separated by SDS-PAGE (4% stacking gel, 10% running
gel), transferred to PVDF membranes (MilliporeSigma). The
membrane was then blocked with 5% skimmed milk powder for
1 hatroom temperature and hybridized to an appropriate primary
antibody (4°C, overnight) and HRP-conjugated secondary anti-
body (anti-rabbit: 1:3,000; cat. no. ABO101; anti-mouse: 1:3,000,
cat. no. AB0102; Shanghai Abways Biotechnology Co., Ltd.;
room temperature, 1 h) for subsequent detection by enhanced
chemiluminescence using an ECL kit (cat. no. POO18S;
Beyotime Institute of Biotechnology). The images was analyzed
using ImageJ software 1.8.0 (National Institutes of Health).
Primary antibodies for GAPDH (cat. no. AF7021; 1:1,000), Nrf2
(cat. no. AF0639; 1:1,000), catalase (cat. no. DF7545; 1:1,000),
superoxide dismutase (SOD)2 (cat. no. AF5144; 1:1,000), gluta-
thione peroxidase (GPX)4 (cat. no. DF6701; 1:1,000) and were
purchased from Affinity Biosciences. Antibody for Lamin B
(cat. no. ab32535; 1:1,000) was purchased from Abcam.

RT-gPCR. Total RNA was extracted from 1x10° cells using
RNA easy Plus Mini kit (Qiagen) according to the manufac-
turer's protocol. RNA was reverse-transcribed into cDNAs
using M-MLYV First Strand kit (Invitrogen) according to the
manufacturer's protocol. qPCR analyses of Nrf2 (forward:
GGTTTCTTCGGCTACGTTT,; reverse: ACTTCTTTTTCC
ATTGAGGGTATA), catalase (forward: CTCCGGAACAAC
AGCCTTCT; reverse: ATAGAATGCCCGCACCTGAG),
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Figure 1. Nrf2 serves a critical role in leukemia cell resistance to DOX. K562 or HL-60 cells were grown in a regular RPMI-1640 medium in the presence or
absence of 0.8 yg/ml DOX for 24 h alternatively. On day 40, viable DOX-resistant K562 or HL-60 cells (K562-DR or HL-60-DR) were collected for further
experiments. (A) K562 cells, K562/DR, HL-60 cells, or HL-60/DR were treated with an indicated concentration of DOX (DOX) for 48 h. Cell viability was
determined using CCK8 assays. K562, K562/DR, HL-60, or HL-60/DR cells were subjected to (B) western blot or (C and D) qPCR analyses. (E) K562,
K562/DR, HL-60, or HL-60/DR cells were subjected to fractionation of cytoplasm and nucleus, followed by western blot analyses. (F) K562/DR or HL-60/DR
cells stably expressing shGFP, shNrf2-1, or shNrf2-2 were subjected to western blot analyses. (G and H) Cells were treated with 1 yg/ml DOX for 48 h. Cell
viability was determined using CCKS assays. Peripheral blood mononuclear cells (PBMC) from leukemia patients (n=10) or DOX-resistance leukemia patients
(n=20) were examined by (I and J) western blot analyses or (K) qPCR analyses. Data were derived from at least three independent experiments and were
presented as means + standard deviation. ““P<0.001; “P<0.01; "P<0.05. Nrf2, nuclear factor erythroid 2-related factor 2; DOX, doxorubicin; qPCR, quantitative

PCR.

SOD2 (forward: TAGCTCTTCAGCCTGCACTG:; reverse:
GCTTCCAGCAACTCCCCTTT), GPX4 (forward: TGGACG
AGGGGAGGAGC; reverse: GGGACGCGCACATGGT)
and GAPDH (forward: TCAAGAAGGTGGTGAAGCAGG;
reverse: TCAAAGGTGGAGGAGTGGGT) were performed
in CFX96 Real-Time PCR System (Bio-Rad Laboratories,
Inc.) using SoFast EvaGreen Supermix (Bio-Rad Laboratories,
Inc.), according to the manufacturer's protocol. The reactions
were carried out in a 96-well plate at 95°C for 5 min, followed
by 40 cycles of 95°C for 15 sec and 58°C for 30 sec. GAPDH
expression was used as an inner control to normalize gene
expression by the 2-24% method (31). All experiments were
performed three times in triplicate.

Cell viability analyses. Cell viability assay (CCK-8) was
performed using a CCK-8 assay Kit (cat. no. CK04; Dojindo
Molecular Technologies, Inc.) as described in the manu-
facturer's instruction (32). Briefly, 10 1 CCK-8 reagent was
incubated with the cells at 37°C for 4 h, and absorbance was

quantified at 450 nm using an ELx800 Absorbance Microplate
Reader (BioTek Instruments Inc.).

Measurement of ROS levels and lipid oxidation by flow
cytometry. K562 or HL-60 cells (2x10°) were seeded in
24-well plates in the absence or presence of triptolide. For
the measurement of ROS levels, cells were washed and
subjected to the procedures as described in the Reactive
Oxygen Species Assay kit (cat. no. D6470, Beijing Solarbio
Science & Technology Co., Ltd.) (33). Measurement of lipid
oxidation was performed using BODIPY 581/591 Cl11 assay
kit (cat. no. D3861; Invitrogen; Thermo Fisher Scientific, Inc.)
as described in the manufacturer's instruction (33). Then the
2x10* cells were analyzed using a flow cytometer (Beckman
Coulter, Inc.) and the data were analyzed using FlowJo
software V10 (FlowJo, LLC).

Statistical analyses. GraphPad Prism 6.0 (GraphPad Software
Inc.) was used for data recording and calculation. All
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Figure 2. Triptolide inhibits Nrf2 expression and induces leukemia cells ferroptosis. (A) K562 cells were treated with an indicated chemical compound (40 nM)
for 24 h prior to western blot analyses. K562 or HL-60 cells were treated with or without triptolide (40 nM) for 24 h. Cells were subjected to the measure-
ment of ROS levels (B and C) or lipid oxidation (D and E), as described in Materials and methods. (F) K562 or HL-60 cells were treated with an indicated
concentration of triptolide for 48 h or (G) were treated with 40 nM triptolide for the indicated time course. Cell viability was determined using CCK8 assays.

Data were derived from at least three independent experiments and were presented as means + standard deviation.

2-related factor 2; TPL, triptolide.

experiments were performed at least three times. Data were
presented as means + standard deviation. Quantitative data
were analyzed statistically using unpaired Student's t-test for
two groups (Figs. 1 and 2) and one-way ANOVA followed by
Tukey's post-hoc test for >2 groups (Figs. 3 and 4) to assess the
significance.

Results

Nrf2 is essential for leukemia cell resistance to DOX.
Chemotherapy is the first choice for leukemia treatment. DOX
is a well-established chemotherapeutic drug for leukemia treat-
ment. However, DOX resistance is a major clinical problem in
leukemia treatment. Currently, the molecular mechanism(s) by
which leukemia cells resistance to DOX remains to be elucidated.
To explore this issue, DOX-resistant K562 cells (K562/DR) and
DOX-resistant HL-60 cells (HL-60/DR) were first established
upon a low dose of DOX treatment. As shown in Fig. 1A,
compared with normal K562 or HL-60 cells, K562/DR or
HL-60/DR cells exhibited strong resistance to DOX. Oxidative
stress is an important hallmark of cancer cells (34). It is reported
that DOX can induce the production of ROS to kill cancer
cells (9). Next, the present study examined whether oxidative
stress also served a role in leukemia cell resistance to DOX.
As shown in Fig. 1B, K562/DR or HL-60/DR cells had higher
Nrf2, a master regulator of the antioxidant response, protein
expression than normal K562 or HL-60 cells, as evidenced by
western blot analyses. It has been documented that Nrf2 is a

ok

P<0.001. Nrf2, nuclear factor erythroid

transcription factor that regulates a series of genes expression
involved in oxidative stress response, including catalase, SOD2
and GPX4. Consistent with Nrf2, K562/DR or HL-60/DR
cells also exhibited higher catalase, SOD2 and GPX4 protein
expression than normal K562 or HL-60 cells (Fig. 1B). In addi-
tion, JPCR analyses also showed that compared with normal
K562 or HL-60 cells, K562/DR or HL-60/DR cells had higher
Nrf2, catalase SOD2 and GPX4 mRNA levels (Fig. 1C and D;
P<0.001). It is reported that Nrf2 can both localize in the cyto-
plasm and nucleus (35). However, only nuclear localization of
Nrf2 can regulate antioxidant genes transcription. Therefore,
the localization of Nrf2 was also examined in our system. As
shown in Fig. 1E, compared with normal leukemia cells, nuclear
localization of Nrf2 protein expression significantly increased
in K562/DR or HL-60/DR cells. Notably, silencing of Nrf2
significantly sensitized K562/DR or HL-60/DR cells to DOX
(Fig. 1F-H; P<0.05).

To further investigate whether the expression of Nrf2
and its downstream target genes are also upregulated in
clinical DOX-resistant leukemia samples, leukemia patient
blood samples (n=10) and DOX-resistant leukemia patient
blood samples (n=20) were harvested. Levels of Nrf2,
catalase, SOD2 and GPX4 in leukemia PBMC (n=10) and
DOX-resistant leukemia PBMC (n=20) were then examined
by western blot and quantitative PCR analyses. As shown in
Fig. 1I-K, DOX-resistant leukemia PBMC exhibited signifi-
cantly upregulated Nrf2, catalase, SOD2 and GPX4 protein
and mRNA expression than normal leukemia PBMC (P<0.05).
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Figure 3. Ectopic expression of Nrf2 inhibits triptolide-mediated ferroptosis. (A) K562 or HL-60 cells stably expressing Nrf2 or vector control were subjected
to western blot analyses. K562-Vec, K562-Nrf2, HL-60-Vec, or HL-60-Nrf2 cells were treated with or without 40 nM triptolide for 48 h. Cells were subjected
to (B) western blot analyses, (C-E) the measurement of ROS levels or (F-H) lipid oxidation, or were subjected to (I and J) CCKS analyses for cell viability.
Data were derived from at least three independent experiments and were presented as means + standard deviation. “"P<0.001; “"P<0.05. Nrf2, nuclear factor

erythroid 2-related factor 2; Vec, vector control.



6 WU et al: TRIPTOLIDE OVERCOMES LEUKEMIA CELL RESISTANCE TO DOXORUBICIN

A DOX - + - + - + B pox - -t -t C 1.5 .
TPL - - - - + + kDa TPL = =~ — + + a -
NRF2 -..“.-._ 100 NRF2 | o= = Gy 9 = = | Z 10+
| ' g
| - >
GPX4 | o w QD QN === e 15 GPX4 | e e D D e e 3 05
B T IRV N "_ O Rok
) ‘ |
GAPDH | e @ @i e g @ | 35 GAPDH | e ane s ape e aun 35
- B 0.0
DOX - + -+ - +
HL-60 HL-60/DR
K562 K562/DR L - - L
D E = K562 K562/DR
1.5
*kk 15- *k -
*kk kk 1 5 fadalad
_ —_ -
Z 10 z
3 5 107 Z 1.0-
S S g
8 05+ 8 05 2
- : |_'L| T 054
ﬂ o
y i il
DOX — + -+ - 4+ DOX -+ + -+ 0.0
TPL - - - - 4+ o+ Erastin —  — - - + + DOX - + -+ -+
HL-60 HL-60/DR K562 K562/DR Erastin —__— el . 2
HL-60 HL-60/DR
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DOX, doxorubicin.

Together, these results suggested that Nrf2 may play a role
in leukemia cell resistance to DOX.

Triptolide inhibits Nrf2 expression and induces leukemia
cells ferroptosis. The aforementioned data indicated that Nrf2
served a critical role in leukemia cell resistance to DOX. It
was thus hypothesized that inhibition of Nrf2 may be a
potential strategy for overcoming DOX resistance in leukemia
cells. To search for potential small chemical Nrf2 inhibitors,
the effects of several known chemical compounds on Nrf2
expression were examined. As shown in Fig. 2A, triptolide,
a clinical-approved chemical drug used to treat autoimmune
disorders, remarkedly inhibited Nrf2 protein expression,
concomitant with reduced GPX4 expression. The effects
of triptolide on cellular ROS levels were also examined. As
shown in Fig. 2B and C, triptolide markedly increased ROS
levels in K562 and HL-60 cells, as evidenced by DCFH-DA
analyses (P<0.001). Triptolide also significantly promoted
lipid oxidation in K562 and HL-60 cells, as evidenced by
BODIPY 581/591 Cl11 analyses (Fig. 2D and E; P<0.001).
Since increased ROS and lipid oxidation and decreased GPX4
expression are hallmarks of ferroptosis, the effects of trip-
tolide on leukemia cell viability were therefore examined. As
shown in Fig. 2F and G, triptolide markedly inhibited K562
or HL-60 cell viability, indicating that triptolide induced
leukemia cell ferroptosis. Together, these results demonstrated
that triptolide can inhibit Nrf2 expression and induce leukemia
cell ferroptosis.

Ectopic expression of Nrf2 inhibits triptolide-induced
ferroptosis. Next, the present study investigated the role of Nrf2
in triptolide-induced leukemia cell ferroptosis. To examine this

issue, K562 or HL-60 cells which stably express Nrf2 were
first established. As shown in Fig. 3A, ectopic expression Nrf2
significantly increased GPX4 protein expression, consistent
with the previous report (36). Furthermore, ectopic expression
of Nrf2 restored GPX4 protein expression inhibited by triptolide
(Fig. 3B). In addition, ectopic expression of Nrf2 also markedly
reduced endogenous ROS levels and triptolide-induced ROS
levels in K562 and HL-60 cells (Fig. 3C-E; P<0.001). Next, the
role of Nrf2 on triptolide-induced leukemia cell lipid oxidation
was examined. As shown in Fig. 3F-H, triptolide significantly
induced lipid oxidation in K562 and HL-60 cells, which can be
significantly rescued by ectopic expression of Nrf2 (P<0.001),
suggesting that Nrf2 is critical in triptolide-induced ferrop-
tosis. Indeed, it was found that ectopic expression of Nrf2
can inhibit triptolide-induced downregulation of K562 and
HL-60 cell viability (Fig. 31-J; P<0.001). Together, these results
indicated that triptolide promotes leukemia cell ferroptosis via
downregulation of Nrf2 expression.

Triptolide sensitizes leukemia cells to DOX. The aforemen-
tioned data indicated that Nrf2 served a critical role in leukemia
cell resistance to DOX (Fig. 1) and triptolide inhibits Nrf2 expres-
sion to induce leukemia cell ferroptosis (Figs. 2 and 3). Therefore,
it was hypothesized that treatment with triptolide may overcome
leukemia cell resistance to DOX. To examine this hypothesis,
triptolide was used to treat K562/DR or HL-60 cells. As shown in
Fig.4A and B, triptolide significantly suppressed Nrf2 and GPX4
expression. Furthermore, DOX significantly inhibited normal
K562 or HL-60 cell viability (P<0.001), but it had little effect on
K562/DR or HL-60 cell viability (Fig. 4C and D). Notably, treat-
ment with low-dose triptolide did not affect K562/DR or HL-60
cell viability, but it could re-sensitize K562/DR or HL-60 cells
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to DOX (Fig. 4C and D). In addition, consistent with triptolide,
erastin, a ferroptosis inducer, could also re-sensitize K562/DR
or HL-60 cells to DOX (Fig. 4E and F). Together, these results
suggested that triptolide promotes ferroptosis via suppressing
Nrf2 to sensitize leukemia cells to DOX.

Discussion

The present study showed that the expression of Nrf2,
the master regulator of cellular antioxidation response, is
significantly increased in the clinical DOX-resistant leukemia
sample. Notably, the silencing of Nrf2 markedly sensitized
DOX-resistant leukemia cells to DOX. In addition, the present
study showed that triptolide, a natural diterpenoid epoxide used
to treat autoimmune disorders, can inhibit Nrf2 expression to
induce leukemia cells ferroptosis and sensitize DOX-resistant
leukemia cells to DOX.

DOX is widely used to treat leukemia. However, DOX resis-
tance is a major clinical problem for leukemia therapy. Therefore,
it is important to investigate the molecular mechanism by which
leukemia cells resistance to DOX and explore new strategies to
overcome DOX resistance. It is reported that piperlongumine,
a ROS inducer, can reverse leukemia cell resistance to DOX
via the PI3K/Akt pathway (37). In addition, indomethacin, a
cyclooxygenase inhibitor, can also overcome DOX resistance
by decreasing glutathione (38). The present study indicated
that Nrf2 served an important role in leukemia cell resistance
to DOX and highlighted a potential strategy of combination
therapy using triptolide and DOX in leukemia treatment.

Nrf2 mRNA and protein levels were significantly upregu-
lated in DOX-resistant leukemia cells and clinical DOX-resistant
leukemia samples. An important question is: How Nrf2 is
upregulated in DOX-resistant leukemia? It is reported that
Nrf2 protein stability is tightly regulated by Kelch-like
ECH-associated protein 1 (Keapl) in the cytoplasm (34). Upon
oxidative stress, Keapl separates from Nrf2, which leads to the
stabilization of Nrf2 protein and results in Nrf2 translocation
to the nucleus (34). In addition, activation of ERK signaling
also can promote Nrf2 translocation to the nucleus and stabilize
Nrf2 protein (35,39). It has been documented that oncogenic
K-Ras®?P can increase the transcription of Nrf2 via activating
ERK signaling (40). Notably, DOX can induce ROS production
and activate ERK signaling (41,42). Therefore, it is plausible that
DOX promotes Nrf2 expression via induction of ROS or activa-
tion of ERK, which needs to be further investigated.

The present study clearly demonstrated that triptolide
can significantly inhibit Nrf2 expression in leukemia cells.
A recent report shows that triptolide can suppress Nrf2 target
genes expression via decreasing nuclear localization of Nrf2 in
lung cancer cells (43). In addition, triptolide can also serve as an
inhibitor of Nrf2, which suppresses Nrf2 transcriptional activity
in glioma cells (44). Together, these observations demonstrate
that triptolide can inhibit Nrf2 in multiple levels, including
protein expression, nuclear localization and transcriptional
activity.

Notably, the present study indicated that triptolide-mediated
downregulation of Nrf2 led to leukemia cells ferroptosis. It also
showed that Nrf2 serves a critical role in the DOX resistance
of leukemia cells. Therefore, it is plausible that triptolide can
promote leukemia cell sensitivity to DOX via downregulation

of Nrf2 expression. Indeed, the present study indicated that
treatment with triptolide sensitized DOX-resistant leukemia
cells to DOX. Together, the present study suggested that the
combined use of triptolide and DOX may be a promising
therapeutic strategy for leukemia therapy.
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