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Abstract

Background and Objective: In most cases of acute myeloid leukemia (AML), relapse frequently occurs due to chemoresistance.
Modulating intracellular reactive oxygen species (ROS) levels may be a promising strategy to address the chemoresistance in AML. This
study aimed to evaluate the potential of dihydroartemisinin (DHA) and its mechanism in improving the efficiency of cytarabine (Ara-C)
in AML cells. Materials and Methods: After exposing HL-60 cells to Ara-C, DHA or their combination, the following analyses were carried
out: CCK-8 assay for cell viability, the SynergyFinder tool for analyzing synergistic effect based CCK8 assay result, fluorometric assay with
2,7 -dichlorodihydrofluorescein for intracellular ROS levels, the flow cytometry for FITC/propidium iodide double staining and CD11b
staining toinvestigate cell apoptosis and differentiation, western blot for the expression of Bax, Bcl-2, nuclear Nrf2 and HO-1 and Autodock
tool assay for predicting the binding site of DHA. Results: The combination of Ara-C and DHA synergistically promoted the apoptosis and
differentiation of HL-60 cells. Mechanistically, synergistic cytotoxic effects of Ara-C/DHA on HL-60 cells may be mediated by decreasing
intracellular ROS levels. Combined with DHA blocked the activation of Nrf2/HO-1 anti-oxidant signaling caused by Ara-C. However, DHA
only caused the down-regulation of HO-1, whereas the expression level of nuclear Nrf2 was unaffected. Molecular docking and Nrf2
transcriptional activity analysis revealed the effect of DHA is mediated by its suppression of Nrf2 transcriptional activity.
Conclusion: The DHA can serve as an effective alternative in AML treatment, especially for patients exhibiting Ara-C resistance.
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INTRODUCTION

As an uncommon but aggressive hematopoietic
malignancy, acute myeloid leukemia (AML) is characterized by
uncontrolled clonal proliferation and the blockage of myeloid
differentiation with historically high mortality rates'. To date,
AML’s initial treatment remains the anchor pro-drug
Cytarabine (Ara-C), which is basically unchanged as the gold
standard for over 30 years?. Generally, for newly diagnosed
AML patients under the age of 60, the complete remission
after this treatment is ~65%?. However, more than 60% of
them relapse due to the development of Ara-C resistance and
there is no salvage regimen at present*. Therefore, it's of
significance to search for strategies for preventing or
overcoming Ara-C resistance in order to improve the
prognosis of AML patients. Much effort made to understand
the mechanisms behind Ara-C resistance in AML, but only a
little progress has been made in the past two decades>.

One of the mechanisms that have been found to
participate in the occurrence and development of Ara-C
resistance in AML is reactive oxygen species (ROS) signaling®.
Multiple compelling studies demonstrated that targeting
redox homeostasis, a process involving the balance of ROS
production and elimination, might be a potential strategy for
sensitizing resistant cells to chemotherapy’?. It's known that
ROS is mainly produced from the endoplasmic reticulum
oxidase, mitochondrial electron transport chain, as well as
NADPH oxidase®, while the elimination of ROS is associated
with high abundance redox proteins, antioxidant enzymes
and Nuclear Factor Erythroid 2-related Factor 2 (Nrf2)°,

The Nrf2, a critical transcription factor related to cell
homeostasis, plays an important role in modulating various
physiological processes, such as redox homeostasis,
proteasome degradation and energy metabolism''. Increasing
reports supported that targeting Nrf2 signaling to regulate
redox homeostasis may help improve the outcomes of
chemotherapy for drug-resistant patients in many types of
cancers'?, including AML'™. For example, inhibition of Nrf2 by
brusatol was shown to effectively sensitize AML to Ara-C'“,
Recently, a report emphasizes the contribution of Nrf2 in
Ara-C resistance during AML treatment and proposes a
potential therapeutic strategy by targeting Nrf2 for AML
resistance’.

As the first-generation derivative of artemisinin,
dihydroartemisinin (DHA) is a widely used drug for patients
with malaria, which has been proven to inhibit malignant
tumors in many cancers'®. The DHA exerts many anticancer
effects, which include inhibiting proliferation, tumor
metastasis and angiogenesis, inducing apoptosis and
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autophagy and promoting immune function'’. The potential
value and the mechanism of DHA for patients with AML have
been reported in the last decade'®'®. Meanwhile, multiple
research reported that DHA regulates ROS signaling to
potentiate the efficacy of chemotherapy in drug-resistant
tumors, including colorectal cancer?® and ovarian cancer?',
However, whether DHA has the capacity of enhancing the
sensitivity of AML cells to Ara-C remains not yet investigated.

Based on these, the present study investigated whether
DHA could target the ROS signaling to sensitize AML cells to
Ara-C with an attempt to uncover a novel alternative therapy
for preventing or reversing Ara-C resistance in AML treatment.

MATERIALS AND METHODS

Study area: The whole study was conducted at Zunyi Medical
and Pharmaceutical College, Affiliated Hospital of Zunyi
Medical University from January, 2022 to November, 2022.

Cell culture and treatment: Human AML cell line (HL-60)
supplied by Procell (cat.no CL-0110) was grown in complete
RPMI 1640 medium, which contained 10% FBS (10%, v/v) and
penicillin/streptomycin (100 U mL™").

The HL-60 cells were seeded in the 96-well or six-well
plates at a density of 1.5X10* or 2X10° cells per well
respectively, prior to the treatment 24 hrs. For experiments
with DHA or/and HL-60 cells were incubated with diverse
concentrations of DHA (0.1,0.2,0.4,0.6,0.8 and 1 uM for CCK-8
assay, 0.6 UM for other assays) combined with or without
Ara-C (0.01, 0.02, 0.04, 0.06, 0.08 and 0.1 uM for CCK-8 assay,
0.04 uMfor other assays) at 37°C. Untreated HL-60 cells served
as the experimental control.

Cell viability detection: The CCK-8 kit purchased from
Dojindo (Kumamoto, Japan) was applied to detect the viability
of HL-60 cells. Briefly, after finishing 48 hrs treatment, the
media containing the drug was replaced by media containing
10% CCK-8 solution (v/v) for another 1.5 hrs cultivation.
Afterward, by using a Microplate reader (Bio-Rad, California,
USA), the absorbance at 450 nm was measured for the
calculation of cell viability. Finally, the synergy effects between
DHA and Ara-C were analyzed by SynergyFinder?? based on
the result of the CCK-8 assay.

Cell apoptosis analysis: The apoptotic HL-60 cells were
investigated after 48 hrs treatment by Annexin
V-FITC/propidium iodide (PI) double staining and analyzing
the expression of apoptosis-related proteins (Bax and Bcl-2).
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Table 1: Antibodies used in this research

Antibody Manufacturer Cat.No

Bax Bioss Inc. bsm-52316R
Bcl-2 GeneTex GTX100064
Nuclear Nrf2 GeneTex GTX103322
HO-1 Biorbyt orb650009
Lamin B Bioss Inc. bs-24328R
B-actin GeneTex GTX109639

For Annexin V-FITC/PI double staining, the HL-60 cells
were collected and washed twice with phosphate-buffered
saline (PBS). Then, 5 pL of Annexin-V dye solution and 10 pL of
Pl dye solution (Sigma-Aldrich, MO, USA) were added to stain
HL-60 cells for 30 min at 4°C in the dark. The apoptosis rate
was checked by using flow cytometry (BD Biosciences, New
Jersey, USA).

The detection of Bax and Bcl-2 expression was described
in the western blot analysis part.

AML cell differentiation analysis: After 48 hrs treatment,
HL-60 cells were collected and washed with
phosphate-buffered saline (PBS). Then, HL-60 cells were
resuspended in FACS buffer prior to incubation with
antibodies specific for CD11b (a well-known differentiation
marker) for 1 hr at 37°C in the dark. Finally, the cells were
subjected to a flow cytometer for analyzing CD11b positive
cells.

ROS measurement: Intracellular ROS of HL-60 cells with
diverse treatment was detected by fluorometric assay with
2,7-Dichlorodihydrofluorescein Diacetate (DCFDA). Briefly,
after treating with HL-60 cells for 48 hrs, DCFDA fluorescent
dye (Sigma-Aldrich) was added to cells at a concentration of
25 uM per well for 20 min. The production of ROS was
observed and analyzed by a BX51 microscope (Olympus,
Tokyo, Japan) and flow cytometer, respectively.

Western blot analysis: Afterisolating total protein from HL-60
cells with Radio-Immunoprecipitation Assay (RIPA) buffer
(10X) (Cell Signaling, Massachusetts, USA), protein
quantification was performed with a bicinchoninic acid (BCA)
assay kit (Sigma-Aldrich). In the meantime, the nuclear
extraction kit (Thermo Scientific, Massachusetts, USA) was
applied to the purification of the nuclear proteins. The protein
was subjected to separation using SDS-PAGE gel before being
transferred onto Polyvinylidene Difluoride (PVDF) membranes.
Afterward, membranes were blocked with 5% skim milk and
subsequently incubated with primary antibodies specific
for Bax, Bcl-2, Nrf2, Lamin B, HO-1 and Glyceraldehyde
3-phosphate dehydrogenase (GADPH) overnight. Next,
membranes were washed thrice before the incubation with
HRP-conjugated secondary antibody for 2 hrs. Finally, an ECL
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detection reagent (Sigma-Aldrich, Missouri, USA) was used to
visualize protein bands. The information on antibodies usedin
this study was described in Table 1.

Molecular docking: The «crystal structure of Nrf2
(Identifier: AF-Q60795-F 1) and the molecular structure of DHA
(Compound CID: 3000518) were downloaded from UniProt
and PubChem, respectively. Autodock tools were exploited for
docking simulation of DHA and predicting its binding affinity
with the Nrf2. The results were visualized by the PyMol tool
(Version 1.3, Schrodinger, LLC, New York, USA).

Nrf2 transcriptional activity analysis: In order to assess Nrf2
transcriptional activity, the antioxidant response element
(ARE) luciferase reporter assay was performed with the
Dual-Glo luciferase assay kit (Promega, Germany). In brief, cells
were transfected with a pGL3-basicluciferase reporter plasmid
containing eight copies of AREs (5-GTGACAAAGCA-3).
Meanwhile, the same amount of Renifla included in each
transfection was utilized to standardize transfection efficiency.
Treated or untreated HL-60 cells were collected with RIPA
buffer and subsequently incubated with the Dual-Glo
luciferase assay reagent for 10 min. After detecting the firefly
luminescence activities, Dual-Glo Stop and Glo reagent was
added for another 10 min incubation. Finally, the Renilla
luminescence activities were detected and further normalized
by the Renilla activities.

Statistical analysis: All data were expressed as
MeanzStandard error of the mean. The Student’s t-test
was used for comparison between the two groups. For
multiple-group conditions, one-way ANOVA was performed
with Bonferroni's method. The p<0.05 were considered
statistically significant.

RESULTS

Synergistically DHA and Ara-C have a suppressive effect on
the progress of AML cells: The chemical molecular structure
was shown in Fig. 1a. To determine whether the combination
of Ara-C and DHA exerts a synergistic effect to inhibit the
proliferation of AML cells, HL-60 cells exposed to DHA, Ara-C
and the combination of them. In comparison with the single
drug, the combined treatment remarkedly decreased the
absolute number of viable HL-60 cells (Fig. 1b). To detect the
synergistic efficacy, the synergy analysis was performed with
the online Synergyfinder tools. The DHA were found to act
synergistically with Ara-C in HL-60 cells (Synergy scores >10,
Fig. 1c). These results revealed an obvious synergistic effect of
the combination of Ara-C and DHA in the HL-60 cell line.
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Fig. 1(a-c): Synergistically DHA and Ara-C have an inhibitory effect on the progress of HL-60 cells, (a) Chemical structure of DHA,
(b) CCK8 assay was carried on to detect the cell viability of HL-60 cells after being treated with increasing
concentrations of DHA (0.1, 0.2, 0.4, 0.6, 0.8 and 1 uM), Ara-C (0.01, 0.02, 0.04, 0.06, 0.08 and 0.10 uM) and their
combination for 48 hrs and (c) HSA model heatmap was drawn by SynergyFinder

SynergisticallyDHA and Ara-Chave a promotional effecton
the apoptosis of AML cells: Since the major mechanism
underlying most chemotherapeutic drug work is stimulating
the apoptosis of cancer cells, flow cytometry was carried out
on HL-60 cells stained with Annexin V-FITC/PI in order to
investigate the effect of the combination of Ara-C and
DHA on apoptosis. As expected, it was observed that the
apoptosis of HL-60 cells was induced in response to
treatments (Fig. 2a).

A 24 hrs exposure to Ara-C and DHA led to a
significant increase in the apoptotic ratio of HL-60 cells
(control: 3.87£1.19%, Ara-C: 11.27%£1.50%, p<0.05, DHA:
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11.00%+0.41%, p<0.05) (Fig. 2b). Of note, the combination of
Ara-Cand DHA furtheraggravated the apoptosisin HL-60 cells
(Ara-C+DHA: 20.54%+1.91%, p<0.05) (Fig. 2b). Moreover,
western blot analysis showed that the protein expression
levels of Bax (a pro-apoptosis protein) and Bcl-2
(an anti-apoptosis protein) were significantly up-regulated
and down-regulated, respectively, after all, treatments
(Fig. 2c). Among the three types of treatments, the
combination of Ara-C and DHA exerted the strongest role in
apoptosis induction (Fig. 2c¢), demonstrating that the
synergism between Ara-C and DHA is related to the
aggravation of apoptosis.
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Fig. 2(a-b): Synergistically DHA and Ara-C have promotional effects on the apoptosis and differentiation of HL-60 cells. As HL-60
cells were treated with 0.06 uM of Ara-C, 0.4 uM of DHA and their combination for 48 hrs, (a) Annexin V-FITC/Pl double
staining was performed with flow cytometry to assess cell apoptosis and (b) Western blot analysis detected

apoptosis-related proteins
*p<0.05, **p<0.01 and **p<0.005

Synergistically DHA and Ara-C have a promotional effect
on the differentiation of AML cells: As differentiation
arrest is a well-known hallmark of AML clinically, forcing
cancer cells to differentiate is one of the target strategies
for AML treatment. After diverse treatments, the detection
of the CD11b marker on the cell surface was carried out to
investigate the effect of Ara-C and/or DHA on the
differentiation of HL-60 cells (Fig. 3a). The result showed
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that all treatments can induce cell differentiation of
HL-60 cells, as revealed by the percentage of CD11b-positive
cells was significantly elevated from 2.03+0.28 to
20.23£1.45%, 9.82+0.72 and 40.04 = 1.24% after HL-60 cells
being treated with Ara-C, DHA and Ara-C+DHA (Fig. 3b).
Together, our findings indicate that synergistically DHA
and Ara-C can enhance the differentiation of AML cells in
culture.
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Fig. 3(a-b): Synergistically DHA and Ara-C have a promotional effect on the differentiation of HL-60 cells, (a) HL-60 cells were
treated with 0.06 uM of Ara-C, 0.4 uM of DHA and their combination for 48 hrs. CD11b staining was performed with
flow cytometry to investigate HL-60 cell differentiation and (b) Percentage of CD11b positive cells in each group
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Synergistically DHA and Ara-C elevate the ROS levels of HL-60 cells. HL-60 cells were treated with 0.06 uM of Ara-C, 0.4 uM

of DHA and their combination for 48 hrs. DCFDA fluorometric assay was performed to detect ROS levels in HL-60 cells

#*p<0.05, **p<0.01 and ***p<0.005

SynergisticallyDHA and Ara-Celevate the ROS levels of AML
cells: Since the critical role of ROS has been implicated in
triggering apoptosis and even drug resistance, the effects of
Ara-C and/or DHA on the levels of ROS in HL-60 cells after
treatment for 48 hrs were observed with DCFDA staining.
Compared to the untreated HL-60 cells, the ROS levels in

HL-60 cells with Ara-C were increased slightly, while those
with DHA were elevated markedly, as expected (Fig. 4).
Moreover, the HL-60 cells with the combined treatment
triggered the strongest intracellular ROS levels, which
suggested that the ROS induction role of Ara-C is
strengthened in combination with DHA.
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Fig. 5(a-c): DHA enhances the sensitivity of HL-60 cells to Ara-C by blocking the activation of the Nrf2/HO-1 signaling cascade,
(a) Western blot analysis detected the nuclear NRF2 and HO-1 proteins in HL-60 cells after being treated with 0.06 uM
of Ara-C, 0.4 uM of DHA and their combination for 48 hrs, (b) Molecular docking diagram of DHA with NRF2 and
(c) ARE luciferase reporter assay analyzed the inhibition of NRF2 ARE activity in HL-60 cells after being treated with
0.06 uM of Ara-C, 0.4 uM of DHA and their combination for 48 hrs

**p<0.01, ***p<0.005 and ns: None significance

DHA enhances the sensitivity of AML cells to Ara-C by
blocking the activation of the Nrf2/HO-1 signaling cascade:
Accumulated data have highlighted the close relationship
between the Nrf2/HO-system and ROS production over the
last three decades. To protect cells against the damage of
chemical agents caused by ROS overproduction, most cancer
cells have endogenous defense strategies, one of which is the
activation of the Nrf2/HO-1 signaling cascade. Hence, whether
DHA isinvolved in regulating Nrf2/HO-system to promote ROS
production, thereby enhancing the sensitivity of AML cells to
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Ara-C was further explored. Western blot analysis revealed
whether a single drug or combination treatment led to the
up-regulation of NRF2 in the nuclear HL-60 cells (Fig. 5a).
However, there is no difference in nuclear NRF2 expression
among the three types of treatment (Fig. 5a). Additionally,
HO-1, the downstream protein of NRF2 with the strong ability
to scavenge ROS, was markedly up-regulated in HL-60 cells
after Ara-C treatment. Notably, the HO-1 up-regulation
induced by Ara-C in HL-60 cells was blocked in combination
with DHA (Fig. 5a).
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In an attempt to uncover the mechanism behind the
regulation of HO-1 expression by DHA, molecular docking
analysis was performed. The analysis predicted a binding site
of DHA in the Neh3 domain of NRF2, a domain responsible for
transactivation (Fig. 5b). Finally, the NRF2-inducing
transcriptional activity was analyzed by the luciferase reporter
assay with an ARE. The Ara-C treatment strongly induced the
transcriptional activity of NRF2, as revealed by the significant
increase of ARE-luciferase activity in HL-60 cells (Fig. 5c).
Compared with the controls, NRF2 transcriptional activity in
HL-60 cells was reduced when exposed to DHA (Fig. 5c).
Collectively, these results indicated that DHA enhances the
sensitivity of AML cells to Ara-C by impairing NRF2
transcriptional activity.

DISCUSSION

Herein, this study, for the first time, proved the potential
of DHA on improving Ara-C efficiency in AML therapy and
preliminarily uncovered the underlying mechanism. The Ara-C
is one of the key standard agents in AML therapy.
Nevertheless, the application of Ara-C is still limited by
acquired resistance. While approximately 65% of AML patients
respond to Ara-C initially, most relapse as resistance to Ara-C
develops*. An effective strategy for enhancing the sensitivity
of AML to Ara-C or overcoming Ara-C resistance is therefore
critical for patients with AML. In the last twenty years, the
success of rational combination therapeutic strategy has been
proven in other malignancies, suggesting a preferred efficacy
over single-agent, which may be the approach to pursue in
AML23,24.

The value of natural compounds as clinical agents for
patients to treat pathological conditions and enhance
physiological functions has been proven over the last three
decades®. For example, paclitaxel has been widely used in
clinical therapy for multiple malignancies, including non-small
cell lung cancer and ovarian cancer?®. Several natural
compounds exerted high potential in synergizing and
reducing drug resistance in  combination  with
chemotherapeutic drugs, thereby leading to tumor
regression?. It has been reported that ginkgetin is capable of
strengthening the antitumor effects of cisplatin by promoting
ROS production and suppressing NRF2/HO-1%,

As one of the most efficient anti-malarial analogs of
artemisinin, DHA has been found to exert an antitumor effect
on many cancer cells,including AML?. Evidence suggests that
the therapeutic effect of DHA in several disorders relies on its
regulation in ROS signaling'®30, A previous study reported that
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DHA improves the sensitivity of human glioma cells to
radiation by inducing ROS production®'. Moreover, DHA
triggers ROS production to synergize the therapeutic efficacy
of gemcitabine in ovarian cancer®’. The potential of DHA in
synergizing and even reversing drug resistance when
combined with Ara-C in AML remains elusive. In this study,
Ara-Calone exerted no more than 50% of inhibition on HL-60
cell viability at 0.1 pM. Based on SynergyFinder, the cell
viability of treated HL-60 cells was assessed using matrices
with increasing concentrations of Ara-C or/and DHA. By using
the highest single-agent model, the synergistic effects of the
potential could be analyzed. It means a potentially synergistic
effect between the two drugs when a score >1033. The current
result showed that the synergy score of DHA/Ara-C was 16.85
in HL-60 cells. The combination dose (0.06 uM of Ara-C with
0.4 uM of DHA) presented a potent synergistic effect among
the combinations, which was therefore chosen in the
subsequent experiment. The following /n vitro experiment
revealed that the combination of Ara-C with DHA displayed a
significantly stronger antitumor effect than Ara-Calone, which
suggested that it is promising to develop DHA as an adjuvant
chemotherapy drug in AML.

Multiple mechanisms have beenimplicatedin the process
of chemoresistance, including enhancing DNA repairment,
facilitating detoxification by metabolizing enzymes and
inducing the activity of efflux transporter proteins®**. The
NRF2 has been suggested as a potent therapeutic target
to enhance drug efficacy via the up-regulation of
antioxidant-related enzymes, including HO-1%. Brusatol, an
NRF2 inhibitor, improved the sensitivity of cancer cells to
multiple chemotherapeutic drugs by suppressing NRF2
protein expression®. Tang et a/*® found that, luteolin
regulated NRF2 signaling to reduce cellular GSH levels,
thereby enhancing the sensitivity of lung cancer cells to
anticancer agents. In the current study, it was found that DHA
could significantly inhibit the activity of NRF2 and HO-1
expression, which might through interacting with the Neh3
domain of NRF2 suppress its transactivation.

Taken together, the data of this study revealed the drug
synergism of Ara-C/DHA /n vitro. the current study findings
may provide a novel adjuvant chemotherapy drug for AML
treatment. However, several shortcomings exist in this study.
Firstly, it remains to be validated the effects of the
combination of Ara-C and DHA in the context of drug
resistance. Further studies were therefore essential to exploit
the function of DHA on Ara-C-resistant AML cell lines. Besides,
additional /n vivo experiment also needs to be further
explored in order to substantiate current findings.
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CONCLUSION

The results demonstrated that DHA effectively enhances
the responsiveness of AML cells to Ara-C, which may rely on
the regulation of the Nrf2/HO-1 anti-oxidant signaling. Current
findings indicated the potential application of DHA as a
promising new target to further enhance the efficacy of Ara-C
chemotherapy. Future studies are also needed to assess the
potential of DHA on Ara-C-resistant AML cell lines.

SIGNIFICANCE STATEMENT

The initial treatment of AML remains the anchor pro-drug
Ara-C, while relapse frequently occurs in most cases of AML
due to chemoresistance. An effective strategy for enhancing
the sensitivity of AML to Ara-C or overcoming Ara-C resistance
is therefore critical for patients with AML. This study, for the
first time, demonstrated the potential of DHA in enhancing
the responsiveness of AML cells to Ara-C, which may rely on
the suppression of the Nrf2/HO-1 anti-oxidant signaling.
These findings reveal the potential application of DHA as a
promising new target to further enhance the efficacy of Ara-C
chemotherapy.
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