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Dihydroartemisinin induces ferroptosis in T cell acute
lymphoblastic leukemia cells by downregulating SLC7A11
and activating the ATF4-CHOP signaling pathway
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Abstract. The present study aimed to investigate the
anti-leukemic effects of dihydroartemisinin (DHA) on T-cell
acute lymphoblastic leukemia (T-ALL) cell lines, Jurkat and
Molt-4, and the underlying mechanisms. Cell Counting Kit-8
was performed to measure cell viability. Cell apoptosis and
cell cycle distribution were assessed by flow cytometry. The
expression levels of ATF4 and CHOP mRNA were assessed by
reverse transcription-quantitative PCR, while the protein abun-
dance of SLC7A11, GPX4, ATF4 and CHOP was determined
by western blotting. Moreover, malondialdehyde, glutathione
(GSH) and reactive oxygen species (ROS) assays were used
to detect the levels of ferroptosis. The results showed that
DHA suppressed T-ALL cell viability in vitro, and induced
cell cycle arrest at S or G,/M phase. DHA also induced ROS
burst, activated endoplasmic reticulum (ER) stress, disrupted
the system Xc-GSH-GSH peroxidase 4 antioxidant system,
and increased lipid peroxide accumulation, resulting in cell
death. By contrast, the pharmacological inhibition of ferrop-
tosis alleviated DHA-induced cell death, confirming that DHA
induces T-ALL cell death via ferroptosis. Mechanistically,
the effect of DHA on ferroptosis was partly mediated by
downregulating SLC7A11 and upregulating the ATF4-CHOP
signaling pathway, which is associated with ER stress. These
results indicated that DHA may induce ferroptosis in T-ALL
cell lines and could represent a promising therapeutic agent for
treating T-ALL.
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Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a disease
characterized by the uncontrolled proliferation of mature or
immature T cells (1). T-ALL is more common in adults than
in children, although the incidence starts to diminish with
age after 10 years old. Notably, T-ALL accounts for 15% of
childhood and 25% of adult cases of ALL (2). The outcomes
of patients with T-ALL have improved as novel therapies have
been identified and existing therapies have improved; however,
the 5-year survival rate has remained poor, with event-free and
overall survival rates of <25% for relapsed disease (3). In addi-
tion, treatment resistance, disease recurrence, treatment-related
deaths and long-term harmful side effects of chemotherapy
in cancer survivors remain serious issues that need to be
addressed. Therefore, discovering more effective but less toxic
strategies for treating T-ALL is a priority.

According to statistics, >50% of modern clinical antitumor
drugs are directly or indirectly derived from natural products
and their derivatives (4). Dihydroartemisinin (DHA; Fig. 1A),
a water-soluble semi-synthetic derivative of artemisinin, is a
sesquiterpene lactone with a peroxide moiety that has long
been an essential component of anti-malarial therapy (5).
Increasing evidence has demonstrated that DHA possesses
multiple pharmacological actions, including, but not limited
to, anti-viral, anti-inflammatory and anticancer effects (6).
Based on the safety profile of DHA, a number of studies have
assessed the antitumor effects of DHA on glioma (7), liver
cancer (8) and breast malignancies (9).

DHA has been shown to possess a number of anti-
tumor mechanisms, including induction of apoptosis- and
autophagy-mediated cell death, adjustment of the tumor
immune microenvironment, and suppression of metastasis
and angiogenesis (10,11). DHA has also been reported to
suppress the invasion and migration of bladder cancer cells via
the downregulation of histone demethylase KDM3A expres-
sion and induction of p21 expression (12). The role of DHA
in inducing apoptosis in T-ALL cells was first reported by
Sun ef al (13). A recent study has revealed that the anticancer
effects of DHA are highly reliant on the cleavage of the endo-
peroxide bridge within its molecular structure and subsequent
reactive oxygen species (ROS) generation (14). In addition, the
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selective cytotoxic effects of DHA on some cancer cells are
associated with ferroptosis, which is a non-apoptotic type of
cell death (15,16).

Ferroptosis is characterized by the accumulation of intra-
cellular soluble and lipid ROS, which can be counteracted
by the glutathione (GSH)-dependent activity of the GSH
peroxidase 4 (GPX4) enzyme (17). System Xc, also named
cystine-glutamate antiporter, is composed of the light chain
SLC7AL11 (also commonly known as xCT) linked via a disulfide
bridge to the heavy chain SLC3A2. It is an essential intracel-
lular antioxidant element and functions as a regulator for GSH
synthesis (18). Suppressing system Xc~ triggers an excess of
ROS and lipid peroxidation, ultimately resulting in cell death
and diseases such as neurodegenerative and cardiovascular
diseases (19-21). In addition, Dixon ef al (22) proposed that
the inhibition of system Xc™ leads to endoplasmic reticulum
(ER) stress, evidenced by transcriptional upregulation of genes
associated with the ER stress response, and posited a close
correlation between ER stress elevation and erastin-induced
ferroptosis.

To the best of our knowledge, no study has determined
whether DHA can affect ferroptosis in T-ALL cells. Therefore,
the present study aimed to investigate the regulatory mecha-
nisms of DHA for ferroptosis in T-ALL, and to develop novel
approaches for treating T-ALL.

Materials and methods

Reagents and antibodies. DHA and ferrostatin-1 (Fer-1),
purchased from Glpbio Technology, Inc., were dissolved
in DMSO and stored at -20°C. In all experiments, the final
DMSO concentration was 0.1% (v/v), and DMSO alone had
no demonstrable effect on cultured cells. DMSO (0.1%)
served as the vehicle control. RPMI-1640 medium, fetal
bovine serum (FBS), penicillin (5,000 U/ml), streptomycin
(5,000 mg/ml) and SparkZol reagent were purchased from
Shandong Sparkjade Biotechnology Co., Ltd. The prop-
idium iodide (PI)/RNase staining buffer and the fluorescein
isothiocyanate (FITC) Annexin V apoptosis detection kit
were purchased from BD Biosciences. Anti-SLC7A11/xCT
antibody [cat. no. ab175186; 1:2,000 for western blotting
(WB)] was purchased from Abcam; anti-GPX4 antibody
(cat. no. 67763-1-Ig; 1:1,000 for WB) and anti-GAPDH anti-
body (cat. no. 60004-1-Ig; 1:10,000 for WB) were purchased
from Wuhan Sanying Biotechnology; anti-ATF4 antibody
(cat. no. A18687; 1:1,000 for WB) and anti-CHOP antibody
(cat. no. A21902; 1:1,000 for WB) were purchased from
ABclonal Biotech Co., Ltd. HRP Goat Anti-Mouse IgG
(cat.no. AS003; 1:10,000 for WB) and HRP Goat Anti-Rabbit
IgG (cat. no. AS014; 1:10,000 for WB) were also purchased
from ABclonal Biotech Co., Ltd.

Cell lines and cell culture. Jurkat T-ALL cells were acquired
from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH, and Molt-4 T-ALL
cells were purchased from The Cell Bank of Type Culture
Collection of The Chinese Academy of Sciences. Both cell
lines were cultured in RPMI-1640 medium supplemented with
10% FBS and 1% penicillin-streptomycin solution. Cells were
cultured in a humidified incubator at 37°C with 5% CO,.

Isolation of peripheral blood mononuclear cells (PBMCs)
from cord blood. Cord blood samples were collected from
three healthy mothers who gave birth at the Affiliated
Hospital of Weifang Medical University (Weifang, China) in
March 2024 after providing written informed consent. Briefly,
~20 ml cord blood was collected from each sample into EDTA
anticoagulant tubes and diluted with 20 ml PBS. Subsequently,
20 ml diluted cord blood was layered onto 15 ml Ficoll-Paque
(Beijing Solarbio Science & Technology Co., Ltd.) in a 50-ml
conical tube and centrifuged at 400 x g for 30 min at 18°C.
The PBMC fraction was then transferred to another tube and
washed twice with PBS. Cell viability was required to exceed
90% of total cells determined by trypan blue assay for each
sample. In brief, the cell suspension was mixed with 0.4%
Trypan Blue solution (cat. no. 93595, Sigma-Aldrich, Beijing,
China) in a 9:1 ratio, mix gently and allow to stain for 3-5 min.
The stained cell suspension was loaded onto the hemocytom-
eter, the number of viable (unstained, clear) and non-viable
(stained, blue) cells were counted in the gridded area of the
hemocytometer using a microscope. Cell viability was calcu-
lated as a percentage using the formula: Viability=(Number of
viable cells/Total number of cells) x100%.

Cell viability and proliferation assay. To evaluate the
viability and proliferation of T-ALL cells, the Cell Counting
Kit-8 (CCK-8; Beijing Solarbio Science & Technology
Co., Ltd.) was used. Jurkat and Molt-4 cells were seeded
in 96-well plates at a density of 5,000 cells/well and
were treated with DHA at the indicated concentrations
0, 2.5, 5, 10 and 20 M for Molt-4; 0, 5, 10, 20 and 40 uM
for Jurkat) for 24, 48 and 72 h at 37°C. Cytotoxic effects
of DHA on PBMC:s isolated from cord blood were evalu-
ated PBMCs were seeded into 96-well plates (1x10° cells
per well) and treated with various DHA concentrations
(0, 5, 10, 20 and 40 uM) for 24, 48 and 72 h at 37°C.
Furthermore, Jurkat and Molt-4 cell lines were treated
with DHA (10 uM), Fer-1 (1 uM) or both for 48 h at 37°C.
Following the treatment, 10 x1 CCK-8 solution was added to
each well and incubated for 3 h, according to the manufac-
turer's protocol. The optical density (OD) was measured at a
wavelength of 450 nm using a microplate reader (Multiskan
GO; Thermo Fisher Scientific, Inc.). Cell viability was calcu-
lated as the OD value of treated cells/OD value of control
cells. The IC,, for each cell line was calculated based on the
OD value corresponding to 50% inhibition by DHA.

Cell apoptosis assay. Jurkat and Molt-4 cells were plated in
6-well plates at a density of 5x10° cells/well and were treated
with DHA (0, 5, 10, and 20 M) for 48 h at 37°C. In addition,
cells (5x10°/ml) were treated with DHA (10 M) in the pres-
ence or absence of Fer-1 (1 M) for 48 h at 37°C. Subsequently,
the cells were collected, washed twice in cold 1X PBS, and
resuspended in 300 pl binding buffer containing 5 1 PI and
5 pl Annexin V-FITC for 30 min in the dark at room tempera-
ture. The percentage of apoptotic cells was determined using a
Flow Cytometer (DxFLEX; Beckman Coulter, Biotechnology
(Suzhou) Co., Ltd.). The data were analyzed using CytExpert
software for DXFLEX (version 2.0.0.283, Beckman Coulter,
Inc.) and FlowlJo software (version 10.8.1, Becton, Dickinson
& Company).
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Cell cycle analysis. A PI/RNase Staining Solution kit was used
to assess cell cycle distribution. After 48 h of treatment at 37°C
with various doses of DHA (Jurkat cells: 5, 10, and 20 uM,
Molt-4 cells: 2.5, 5, and 10 uM) or vehicle control, both cells
were then harvested and washed twice with pre-cooled PBS.
The cells were then fixed with 70% cold ethanol at -20°C over-
night. Subsequently, the cells were then stained with 500 ul
PI/RNase buffer at room temperature in the dark for 15 min,
according to the manufacturer's instructions. The cell cycle
was examined using flow cytometry (DxFLEX; Beckman
Coulter, Inc.) and data were analyzed using FlowJo software
(version 10.8.1; Becton, Dickinson & Company).

ROS analysis. ROS levels in cells were measured using
2'7'-dichlorofluorescin diacetate (DCFH-DA; Beijing Solarbio
Science & Technology Co., Ltd.). Jurkat and Molt-4 cells were
seeded in 6-well plates at a density of 1x10° cells/well. The
cells were treated with DHA at the indicated concentrations
(0, 5, 10, 20, and 40 uM for Jurkat; 0, 2.5, 5, 10, and 20 uM
for Molt-4) for 48 h at 37°C. Furthermore, both cell lines were
treated with DHA (10 uM), Fer-1 (1 uM), or a combination
of both for 48 h at 37°C. After the indicated treatments, cells
were harvested and washed twice with PBS and suspended in
serum-free culture medium containing DCFH-DA at a final
concentration of 10 gmol/1 at 37°C for 30 min. Finally, fluores-
cence intensity was determined by flow cytometry (DxFLEX;
Beckman Coulter, Biotechnology (Suzhou) Co., Ltd.) and the
results were analyzed using FlowJo software.

GSH and malondialdehyde (MDA) assays. Intracellular GSH
levels were detected using a Reduced GSH Content Assay Kit
(Beijing Solarbio Science & Technology Co., Ltd.). MDA,
as an end product of lipid peroxidation, was evaluated using
the MDA Content Assay Kit (Beijing Solarbio Science &
Technology Co., Ltd.). All assays were performed in strict
accordance with the kit protocol.

WB. Jurkat and Molt-4 (5x10° cells/per well) were cultured
in 6-well plates with 10, 20, 40 yM and 5, 10, 20 M DHA
for 48 h at 37°C, respectively. Pretreated cells were lysed on
ice with RIPA buffer (Shandong Sparkjade Biotechnology
Co., Ltd.) containing 0.1% protease inhibitor and 1% phenyl-
methylsulfonyl fluoride. The soluble fraction was isolated
by centrifugation at 12,000 x g for 10 min at 4°C, and the
supernatant was transferred to a new tube. Subsequently,
a BCA kit was used to determine protein concentration.
Equal amounts of protein from each sample (20 pg) were
separated by SDS-PAGE on 12.5 or 15% gels, and were then
transferred to 0.22-ym polyvinylidene fluoride membranes,
which were sealed with 5% nonfat dry milk in Tris-buffered
saline-0.1% Tween-20 (TBST) for 2 h at room temperature.
The membranes were then incubated overnight at 4°C with
primary antibodies against GAPDH, SLC7A11, GPX4, ATF4
and CHOP, followed by incubation with secondary antibodies
for 1 h at room temperature, before being washed with TBST
three times. Finally, an Ultra High Sensitivity ECL Kit
(cat. no. GK10008, Glpbio Technology) was used to visualize
the proteins on the membranes using an Amersham Imager
600 (GE Healthcare Bio-Sciences), and Image J software
version 1.53t (National Institutes of Health) was subsequently

employed for semi-quantitative analysis of the obtained
images.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from the control and DHA-treated,
Fer-1-treated, and combination-treated Jurkat and Molt-4
cells using SparkZol reagent and was quantified using an
ultra-micro spectrophotometer (NanoDrop OneC; Thermo
Fisher Scientific, Inc.). According to manufacturer's protocol,
RNA (1 ug) was reverse transcribed into cDNA using the Evo
M-MLV RT Premix (Hunan Aikeru Bioengineering Co., Ltd.).
The mRNA expression levels of ATF4, CHOP and GAPDH
were measured by qPCR in 96-well plates with cDNA as
the template using a 7500 Fast Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and 2X
SYBR® Green Premix Pro TagHS qPCR Kit (Hunan Aikeru
Bioengineering Co., Ltd.). The reaction conditions for ampli-
fication were set according to the manufacturer's instructions:
Initial denaturation, 95°C for 30 sec, followed by 40 cycles
of denaturation (95°C for 10 sec), annealing (55°C for 20 sec)
and extension (72°C for 30 sec). The relative gene expression
levels were calculated using the 2224 method (23). GAPDH
was used as the internal control. The primer sequences were as
follows: ATF4, forward 5'-AAGCCTAGGTCTCTTAGATG-3',
reverse 5S"TTCCAGGTCATCTATACCCA-3"; CHOP, forward
5'-GGAAACAGAGTGGTCATTCCC-3, reverse 5-CTGCTT
GAGCCGTTCATTCTC-3'; and GAPDH, forward 5'-ACA
ACTTTGGTATCGTGGAAGG-3' and reverse 5'-GCCATC
ACGCCACAGTTTC-3.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 8.0 software (Dotmatics). All data
are presented as the mean + SD and experiments were
performed in triplicate. The differences between two groups
were determined using the unpaired two-tailed Student's
t-test. Comparisons among multiple groups were analyzed by
one-way ANOVA followed by Tukey's multiple comparisons
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

DHA treatment suppresses T-ALL cell viability in vitro. To
assess whether DHA can inhibit the proliferation of T-ALL
cells in vitro, the CCK-8 assay was used to detect the effects
of DHA on the viability of T-ALL cell lines. Jurkat and
Molt-4 cells were treated with DHA at various concentrations,
ranging from O to 40 uM for 24, 48 and 72 h. As demon-
strated in Fig. 1B, the results showed that at the same dosages
used to treat the T-ALL cell lines Jurkat and Molt-4, DHA
displayed minimum toxicity in PBMCs. Compared with in the
control groups, the viability of the two T-ALL cell lines after
DHA treatment was significantly decreased in a time- and
dose-dependent manner. DHA at 2.5 and 5 uM significantly
reduced the viability of Molt-4 and Jurkat cells at 24 h
compared to the control group, respectively. When the DHA
concentration was =20 uM, DHA exhibited a certain level of
toxicity towards PBMCs. However, in comparison to PBMCs,
20 uM DHA was more inclined to induce cell death in T-ALL
cells. After 48 h of incubation, the IC,, of DHA was 8.324 uM
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Figure 1. DHA inhibits the viability of T-ALL cells. (A) Chemical structure of DHA. (B) Cell viability was assessed using Cell Counting Kit-8 after treatment
of Jurkat cells, Molt-4 cells and PBMCs with DHA at 24, 48 and 72 h. (C) ICs, values of DHA at 48 h in T-ALL cell lines. "P<0.05, “P<0.01, "“P<0.001 vs.
0 uM DHA. DHA, dihydroartemisinin; PBMCs, peripheral blood mononuclear cells; T-ALL, T-cell acute lymphoblastic leukemia.

(Jurkat) and 4.938 uM (Molt-4) (Fig. 1C). Molt-4 cells were
more sensitive than Jurkat cells to DHA. For the selection of
DHA doses in subsequent experiments, the concentrations
were based on preliminary CCK-8 experiments as specified
above. These experiments helped determine the appropriate
range of DHA concentrations that would not cause excessive
cell death while still eliciting a biological response.

DHA induces apoptosis in T-ALL cells. The present study
subsequently evaluated the effects of DHA treatment on the
induction of cell death in T-ALL cells. Jurkat and Molt-4 cells
were treated with different doses of DHA (5, 10 and 20 xM)
for 48 h, and cell death was detected by FITC-Annexin V

staining. As depicted in Fig. 2A and B, following a 48-h
exposure of the two T-ALL cell lines to DHA, there was a
dose-dependent increase in cell death. Cells treated with DHA
were predominantly clustered in the right upper quadrant of
the scatter plots (Annexin V- and PI-positive cells), indicating
late apoptotic cells. In the presence of 10 uM DHA, the
proportion of early and late apoptotic Molt-4 and Jurkat cells
were 28.41+0.67 and 16.33+0.93%, respectively. Molt-4 cells
treated with 20 uM DHA exhibited a 52.6% proportion of
late apoptotic or dead cells. However, the proportion of cells
in the right upper quadrant decreased after Fer-1 treatment
compared with that in the DHA group. The proportion of
late apoptotic or dead cells in the DHA + Fer-1-treated Jurkat
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Figure 2. Changes in cell cycle progression and cell death induced by DHA in Jurkat and Molt-4 cells. (A) Cells were treated with DHA (0, 5, 10 and 20 xM)
for 48 h, followed by Annexin V/FITC and PI double staining, and flow cytometric analysis of apoptosis. (B) Quantification of the number of apoptotic cells in
(A). (C) Flow cytometric analysis of Annexin V/FITC and PI-stained T-cell acute lymphoblastic leukemia cell lines incubated with DHA (10 xM) for 48 h with
or without Fer-1 (1 uM). (D) Quantification of the number of dead cells in (C). (E) Jurkat cells were treated with DHA (5, 10 and 20 xM) and Molt-4 cells were
treated with DHA (2.5, 5 and 10 uM) for 48 h, followed by PI staining and flow cytometric analysis of cell cycle distribution. (F) Cell cycle distribution analysis
of (E). "P<0.01, "P<0.001, """P<0.0001 vs. 0 uM DHA. DHA, dihydroartemisinin; Fer-1, ferrostatin-1; FITC, fluorescein isothiocyanate; PI, propidium iodide.

and Molt-4 cells decreased by 6.7 and 8.9%, respectively,
compared with the DHA-treated group (Fig. 2C and D).
Initially, the selection of DHA concentrations was guided by
the CCK-8 data, focusing on those concentrations that were
close to the IC,. Notably, when treated with 20 xuM DHA,
there was a marked increase in cell apoptosis, particularly in
Molt-4 cells, where the apoptosis rate exceeded 50%. In order
to ensure comparability between Jurkat and Molt-4 cells,
the present study ultimately opted for a DHA concentration
of 10 uM when performing co-treatments with Fer-1. The
present findings suggested that DHA can induce apoptosis in

T-ALL cells; however, the results of Annexin V/PI staining
pointed towards a mechanism that may be involved in
ferroptosis other than apoptosis.

DHA induces cycle arrest in T-ALL cell lines. To determine
whether the decreased viability of DHA-treated T-ALL cells
was attributable to the induction of cell cycle arrest, flow
cytometry was applied to analyze the effect of DHA on cell
cycle distribution. By comparing the cell proportions at each
phase in response to different doses of DHA, it was revealed
that Jurkat cells began to accumulate in the S phase and G,/M
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phase in a dose-dependent manner following treatment with
DHA for 48 h. In Molt-4 cells, the proportion of cells in
G,/G, phase gradually decreased from 49.6 to 25%, while the
percentage of cells in the S phase increased from 35.4 to 51.3%,
with increasing concentrations of DHA (Fig. 2E and F).
Therefore, DHA may facilitate the transition of T-ALL cells
from the G, phase to S phase, subsequently inducing cell cycle
arrest in the S and G,/M phases, weakening their proliferative
capacity and reducing cell viability.

The present study also performed the experiments after
prolonged treatment of Jurkat and Molt-4 cells with DHA for
72 h. The results showed that DHA arrested the Jurkat cell
cycle in S and G,/M phases, and the Molt-4 cell cycle in G,/G,
phase (Fig. S1B), which may hinder cell proliferation and was
positively associated with the results of apoptosis analysis.
For example, when Jurkat cells were treated with 10 xM DHA
for 72 h, the cell cycle was arrested in S and G2/M phases,
and apoptotic cells increased by 35.84% (Fig. S1A). As
Molt-4 cells exhibited higher sensitivity to DHA, prolonged
treatment of the Molt-4 cells with DHA for 72 h resulted in
the majority of the cells exiting the cell cycle and ceasing
proliferation, thus resulting in an increased proportion of
cells in the G,/G, phase. These results suggested that the
distinct mechanism for cell cycle arrest serves a crucial role
in ensuring an appropriate response to DNA damage over
time.

DHA induces ferroptosis in T-ALL cells. Ferroptosis is a
type of programmed cell death driven by the accumulation
of ROS and lipid peroxides closely related to oxidative stress
and cystine metabolism (17). To investigate whether ferrop-
tosis is associated with DHA-induced cell death in T-ALL
cells, cytoplasmic ROS was quantified by flow cytometry
using DCFH-DA probe staining. As shown in Fig. 3A,
cytoplasmic ROS levels were markedly increased in Jurkat
and Molt-4 cells after DHA treatment. Following treatment
with 10 and 20 uM DHA, respectively, the FITC-A subsets
of Jurkat cells were 15.0 and 35.4, and those of Molt-4
cells were 38.0 and 55.7, which were consistent with the
previous results, indicating the higher sensitivity of Molt-4
cells to DHA. The present study subsequently examined
the protein expression levels of SLC7A11 and GPX4 after
48 h of treatment with different doses of DHA. Compared
with those in the control group, the expression levels of
SLC7A11 and GPX4 were significantly downregulated in
the DHA-treated groups (Jurkat cells with 20, 40 uM DHA,;
Molt-4 cells with 10, 20 uM DHA), as indicated in Fig. 3B.
A previous study revealed that lipid peroxides are typically
removed catalytically by the antioxidant enzyme GPX4, a
process that requires GSH as a cofactor (24). Therefore, the
present study examined MDA and GSH levels in the T-ALL
cells treated with DHA. As shown in Fig. 3C, in response to
treatment with 5 uM DHA, there was no discernible impact
on the MDA content in either Jurkat or Molt-4 cells. At
10 uM DHA, the MDA content in Jurkat and Molt-4 cells
was significantly increased compared with that in the control
group. In response to 20 M DHA, the MDA content doubled
in both Jurkat and Molt-4 cells compared to the control
group, indicating prolonged oxidative stress. Similarly,
DHA administration reduced GSH levels in T-ALL cells in

a dose-dependent manner compared with in the control cells,
indicating an impaired antioxidative response, and the GSH
content was decreased even in response to a low concentra-
tion of DHA (5 uM) (Fig. 3D). The effects of 40 xM DHA
on MDA and GSH in Jurkat and Molt-4 cells are not shown
because not enough cells obtained following high dose DHA
treatment. These results indicated that DHA may trigger
ferroptosis in T-ALL cells.

Fer-1 partially attenuates the ferroptosis of T-ALL cells
induced by DHA. Fer-1, a specific inhibitor of ferroptosis,
has been reported to inhibit lipid peroxidation, thereby
protecting cells from lipid peroxidation-induced cellular
damage (25). To further assess the effect of DHA on the
regulation of ferroptosis, Fer-1 was applied as a ferroptosis
inhibitor in the present study. The results revealed that the
combined treatment of DHA and Fer-1 inhibited viability
compared to the control group; however, cell viability
was higher in the DHA + Fer-1 group than in the DHA
alone group (Fig. 4A). In addition, the expression levels of
SLC7A11 and GPX4 were upregulated in the DHA + Fer-1
group compared with those in the DHA group, suggesting
that Fer-1 limited DHA-induced damage to the antioxidant
system (Fig. 4B). Subsequently, the effects of Fer-1 pretreat-
ment on ROS, MDA and GSH levels after DHA treatment
were examined. As shown in Fig. 4C-E, Fer-1 attenuated
the increase in ROS and MDA levels, and rescued the
DHA-induced reduction in GSH. These results suggested a
rescue role of Fer-1 in DHA-induced cell injury by blocking
ferroptosis. The results of WB indicated that there were no
statistically significant differences in protein expression
levels of SLC7A11, GPX4, ATF4, and CHOP between Jurkat
cells treated with 5 and 10 uM DHA (Figs. 3B and 5B).
Similarly, Molt-4 cells treated with 2.5 yM DHA did not
exhibit significant differences in protein expression of
SLC7A11, GPX4, ATF4, and CHOP compared with those
treated with 5 yM DHA (Figs. 3B and 5B). Therefore, 10 uM
for Jurkat cells and 5 uM for Molt-4 cells were selected as
the minimum concentrations for further WB experiments.
In the fer-1 rescue experiment, both cell lines were treated
with 10 uM of DHA, as shown in Figs. 4B and 5D.

DHA upregulates the expression of ER stress-related
genes. Boelens et al (26) studied ER stress in cells using
a synthesized cytotoxic artemisinin compound conjugated
with a fluorescent dansyl moiety, and revealed that the ER
is the main site of its accumulation by organelle-specific
dye co-localization. ER stress can be triggered by anti-
cancer chemicals, including pro-ferroptotic reagents such
as erastin (27). Based on the results of previous study (22),
the present study examined the transcription of ER
stress-related genes. The results demonstrated that DHA,
an emerging inducer of ferroptosis, induced ER stress in
T-ALL cells, as shown by elevated mRNA expression
levels of ATF4 and CHOP (Fig. 5A). Compared with in the
control group treated with DMSO, DHA also upregulated
the protein expression levels of ATF4 and CHOP in a dose
dependent manner in T-ALL cells (Fig. 5B). The present
study further investigated the effect of DHA with or without
Fer-1 on the expression levels of ATF4 and CHOP in Jurakt
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Figure 3. DHA induces ferroptosis in T-ALL cell lines. (A) Jurkat and Molt-4 cells were treated with DHA for 48 h, and cell ROS levels were measured using
flow cytometry. (B) Jurkat and Molt-4 cells were treated with DHA for 48 h, and western blotting was used to detect the protein expression levels of SLC7A11
and GPX4 in T-ALL cells. (C) MDA and (D) GSH levels were determined in T-ALL cells exposed to 5, 10 or 20 uM DHA. All the data are representative of
three independent experiments. "P<0.05, “P<0.01, ““P<0.001, ““P<0.0001 vs. 0 M DHA. DHA, dihydroartemisinin; FITC, fluorescein isothiocyanate; GPX4,
glutathione peroxidase 4; MDA, malondialdehyde; ns, no significance; T-ALL, T-cell acute lymphoblastic leukemia.

and Molt-4 cells. As expected, the enhancement induced by

DHA in Jurkat and Molt-4 cells was attenuated by Fer-1

co-treatment (Fig. 5C and D). These results suggested that
ER stress may serve an important role in DHA-induced

ferroptosis.

Discussion

The present study investigated the antitumor effect of DHA
on T-ALL cells and identified the mechanisms involved.
The results demonstrated that DHA significantly decreased
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Figure 4. Inhibition of ferroptosis can prevent DHA-induced T-ALL cell death. T-ALL cells were treated with 1 #M Fer-1 and 10 xM DHA for 48 h. (A) Cell
Counting Kit-8 was used to assess the viability of T-ALL cells. (B) Western blot analysis measured the protein expression levels of SLC7A11 and GPX4 in
different groups of T-ALL cells, with histograms constructed based on their respective relative grayscale values. (C) ROS levels in cells were measured using
flow cytometry, followed by assessment of MFI. (D) MDA content was measured. (E) GSH content was measured using a GSH assay kit. "P<0.05, “P<0.01,
“"P<0.001, *P<0.0001. DHA, dihydroartemisinin; Fer-1, ferrostatin-1; FITC, fluorescein isothiocyanate; GPX4, glutathione peroxidase 4; MDA, malondial-
dehyde; MFI, mean fluorescence intensity; ns, no significance; T-ALL, T-cell acute lymphoblastic leukemia.

T-ALL cell viability, and induced cell cycle arrest at S or
G,/M phase and apoptosis. Furthermore, in T-ALL cells
treated with DHA, ferroptosis was markedly induced, as
evidenced by elevated levels of MDA and ROS, coupled
with decreased GSH levels. Additionally, DHA triggered a

significant ER stress response in T-ALL cells. Notably, Fer-1
administration partially recovered the viability of T-ALL
cells, enhancing the protein expression levels of SLC7A11
and GPX4, while lowering those of ATF4 and CHOP. These
results further suggested the critical role of ferroptosis
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Figure 5. DHA upregulates the expression of ER stress-related genes. (A) Jurkat and Molt-4 cells were cultured in 10 and 5 xM DHA for 48 h, respectively.
RT-qPCR was performed to measure the mRNA expression levels of ATF4 and CHOP. (B) Jurkat and Molt-4 cells were cultured in DHA for 48 h. The protein
expression levels of ATF4 and CHOP were assessed via western blot analysis, followed by the generation of associated grayscale histograms. The T-cell
acute lymphoblastic leukemia cells were treated with 1 yM Fer-1 and 10 uM DHA for 48 h. (C) mRNA expression levels of ATF4 and CHOP were assessed
by RT-qPCR. (D) Protein expression levels of ATF4 and CHOP were measured by western blotting, with histograms constructed based on relative grayscale
values. "P<0.05, “P<0.01, "“P<0.001, “*"P<0.0001 vs. 0 uM DHA or as indicated. DHA, dihydroartemisinin; Fer-1, ferrostatin-1; ns, no significance; RT-qPCR,
reverse transcription-quantitative PCR.

in the suppressive effects of DHA on T-ALL biological

cells by inhibiting SLC7A11 expression and activating the

functions, whereby DHA triggers ferroptosis in T-ALL  ATF4-CHOP signaling pathway (Fig. 6).
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Figure 6. Illustration of the mechanism of DHA inhibiting T-ALL cell viability, inducing ferroptosis by modulating the SLC7A11-GPX4 signaling pathway
and provoking ER stress. DHA, dihydroartemisinin; ER, endoplasmic reticulum; GPX4, GSH peroxidase 4; GSH, glutathione; ROS, reactive oxygen species;

T-ALL, T-cell acute lymphoblastic leukemia.

In addition to its well-known anti-malarial applications,
DHA is currently being evaluated for its potential to treat
various types of cancer because of its high potency, low
toxicity and short half-life (28), as well as its documented
safety in patients with malaria. In the present study, the
anti-leukemic effects of DHA were assessed in T-ALL cells.
Initially, through the CCK-8 assay, it was demonstrated that
DHA inhibited the viability of T-ALL cells, accompanied
by a minor impact on normal human PBMCs. Cell cycle
arrest is considered a key element in the antitumor activity of
artemisinin derivatives (29). Consistent with the findings of
Jin et al (30), it was observed that DHA induced cell cycle
arrest at S phase and G,/M phase, thereby inhibiting the
viability of T-ALL cells. Apoptosis has been regarded as the
primary form of cell death (31,32). The present study observed
that, regardless of the concentration of DHA employed, dead
cells were predominantly clustered in the right upper quadrant
(Annexin V- and PI-positive) indicating late apoptotic cells.
In addition, ROS accumulation was present in DHA-induced
T-ALL cells. These findings suggested that, apart from apop-
tosis, there are other types of cell death induced by DHA in
T-ALL cells.

Ferroptosis is a form of cell death that is dependent on
ROS (33). The role of DHA in inducing ferroptosis in cancer
cells was first reported in head and neck cancer cells (34),
followed by acute myeloid leukemia cells (35). Ferroptosis
is mainly associated with iron accumulation and lipid

peroxidation (36). In the present study, the increased levels
of the lipid peroxidation marker MDA and the decreased
levels of GSH in the cells indicated a pronounced induction
of ferroptosis in DHA-treated T-ALL cells. To further assess
the contribution of ferroptosis to the anti-leukemic effects of
DHA, Fer-1 was employed to rescue cellular viability. Fer-1
is a ferroptosis inhibitor, extensively utilized both in vitro
and in vivo (37,38). Functioning as an antioxidant, the effi-
cacy of Fer-1 in the inhibition of ferroptosis is primarily
dependent on its suppression of lipid peroxidation (39). The
results of the present study indicated that the co-treatment
with DHA and Fer-1 exhibited a rescuing effect. It was
observed that Fer-1 treatment significantly attenuated the
function of DHA in decreasing the viability of T-ALL cells,
and the proportion of late apoptotic or dead cells in the
right upper quadrant of flow cytometry plots was decreased.
Notably, Fer-1 treatment reduced the levels of ROS and
MDA in the DHA group, while increasing the GSH levels.
This may be related to the inhibition of lipid peroxidation
by Fer-1; however, the underlying mechanisms still require
further research.

Recently, ferroptosis has been recognized as an adap-
tive trait contributing to cancer cell destruction (40). Lipid
ROS accumulation is a critical factor in triggering ferrop-
tosis (41). Inactivation of the cellular antioxidant system is
an important route leading to ROS generation. SLC7A11
and GPX4 are considered central regulatory elements
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in ferroptosis, with GPX4 acting as the primary defen-
sive enzyme against ferroptosis. The deficiency of GSH
inhibits GPX4 activity, thereby promoting ferroptosis (42).
In addition, it has been shown that system Xc" transports
cystine from the extracellular space into the intracellular
space, promptly converting it to cysteine, thus furnishing
the requisite materials for GSH synthesis. Inhibition of
the system Xc™ can impede cysteine uptake, leading to
decreased GSH levels and, consequently, insufficient GPX4
capacity to eliminate lipid ROS, ultimately inducing cell
death (43). In the present study, DHA treatment reduced
the expression levels of SLC7A11 and GPX4 in T-ALL
cells. Furthermore, administration of Fer-1 increased the
protein expression levels of SLC7A11 and GPX4 in Jurkat
and Molt-4 cells. These findings suggested that ferroptosis
serves a pivotal role in DHA-mediated inhibition of T-ALL,
and the ferroptosis induced by DHA may be achieved
through the inhibition of system Xc'.

Excessive ROS is a crucial stimulating factor in the ER
stress response. Lipid accumulation and oxidation are asso-
ciated with disturbances in ER protein homeostasis, known
as ER stress (44). Disturbances in ER homeostasis involve
a series of stress response signaling pathways, collectively
called the unfolded protein response (UPR). Although the
UPR is an adaptive protective mechanism, in the pres-
ence of unresolvable ER stress, activation of ER stress by
the UPR mediates cell death in tumor cells along with the
ER stress prolongation and accumulation (45). ER stress
has been reported to be a regulator of the progression of
ferroptosis and one of the mechanisms by which DHA exerts
its antitumor effects (10). A previous study reported that
DHA kills protoscoleces through ER stress and the CHOP
pathway (46). Dixon et al (22) demonstrated that erastin
induces ferroptosis in various cellular environments by
specifically inhibiting system Xc°, and that small molecule
inhibitors of system Xc trigger ER stress via the UPR. As an
emerging inducer of ferroptosis, the present study observed
that DHA can activate the ATF4-CHOP signaling pathway
and induce ER stress in Jurkat and Molt-4 cells, leading to
ferroptosis. Administration of Fer-1 decreased the protein
expression levels of ATF4 and CHOP in Jurkat and Molt-4
cells. A previous study has shown that ATF4 protects against
ferroptosis due to its ability to activate xCT transcrip-
tion (47). It transcriptionally regulates membrane transporter
proteins and enzymes required for GSH biosynthesis in
cancer cells involved in chemoresistance (48). Nevertheless,
ER stress has been shown to promote HMOX1-mediated
ferroptosis caused by BAY11-7085, a IxBa inhibitor (49).
A previous study evaluating the effects of artesunate on
Burkitt lymphoma cells supported the findings of the present
study (50).

The present study showed that DHA may activate
ATF4/CHOP-mediated ER stress, which may be related to
antioxidant system disturbances and excessive ROS accu-
mulation. The upregulation of ATF4 and CHOP may lead
to the degradation of GSH, thereby inducing ferroptosis.
However, the current results do not exclude the regulatory
role of other types of ROS, such as the increased ROS
mediated by iron accumulation in the Fenton reaction, on
DHA-induced ferroptosis in T-ALL cells. Further study is

required to better understand the role of the ER stress-xCT
axis in DHA-induced ferroptosis in T-ALL cells. Given the
potential interconnection between ER stress and ferroptosis,
a limitation of the present study lies in the need for deeper
exploration to comprehensively grasp the intricate mecha-
nisms underlying ferroptosis and the supplementary impacts
elicited by DHA in the treatment of T-ALL. Our future
studies would benefit from a combined approach that lever-
ages both flow cytometry and molecular assays to provide a
more complete understanding of the apoptotic mechanism
induced by DHA in T-ALL cells. Additionally, the absence
of in vivo animal experiments constitutes another constraint
of the present study.

In conclusion, the results of the present study demonstrated
that DHA may induce ferroptosis in different types of T-ALL
cells and elicit a significant ER stress response in tumor cells.
These findings may improve understanding of the antitumor
potential of DHA and provide novel insights for the develop-
ment of drugs for the treatment of T-ALL.
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