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Dihydroartemisinin-induced apoptosis in
human acute monocytic leukemia cells
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Abstract. Dihydroartemisinin (DHA) is a derivative of
artemisinin. The present study aimed to investigate whether
DHA induces apoptosis in the THP-1 human acute monocytic
leukemia cell line (AMoL), and to identify the relative molec-
ular mechanisms. The results of the present study demonstrated
that the viability of THP-1 cells were inhibited by DHA in a
dose- and time-dependent manner, which was accompanied
by morphological characteristics associated with apoptosis.
After 24 h of 200 M DHA treatment, the proportion of
apoptotic cells was significantly increased compared with the
untreated controls (P<0.01). In addition, DHA downregulated
the levels of B-cell lymphoma (Bcl)-2, protein kinase B (Akt)1,
Akt2 and Akt3 gene expression, and increased the expression
of the Bcl-2-associated X protein apoptosis regulator. The
protein expression of phospho-Akt and phospho-extracellular
signal-regulated kinase (ERK) was also decreased, and the
protein expression level of cleaved caspase-3 was increased
following treatment with DHA. Therefore, DHA may induce
apoptosis in the AMoL THP-1 cell line via currently unknown
underlying molecular mechanisms, including the downregula-
tion of ERK and Akt, and the activation of caspase-3.
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Introduction

Acute myeloid leukemia (AML) is a clonal disorder that
comprises a group of clonal malignant diseases, in which
the cancer cells originate from the bone marrow and display
genetic instability, leading to the accumulation of abnormal
immature myeloid cells in the bone marrow and blood (1).
The principal therapeutic strategies for patients with AML are
aggressive chemotherapeutic regimens and hematopoietic stem
cell transplantation (HSCT) (1-3). However, AML consists of
8 subtypes, including M, (minimally differentiated AML),
M, (AML without maturation), M, (AML with maturation),
M; (acute promyelocytic leukemia), M, (acute myelomonocytic
leukemia), M [acute monocytic leukemia (AMoL)], M (eryth-
roleukemia) and M, (acute megakaryoblastic leukemia).
Patients with AML who receive intensive chemotherapy may
achieve complete remission; however, the overall survival rate
of patients with AML is poor and the treatment is typically
associated with serious complications (4). In addition, there is
no optimal therapeutic schedule for each type of AMoL (5).
Therefore, the aim of the present study was to identify a novel
drug for treating M5 (AMoL).

The development of AMoL is a complex, multistep and
multifactorial process. Features of M; typically include
increased numbers of white blood cells, an increased rate of
marrow infiltration and an increase in chromosomal aberra-
tions including translocation, mutation, aneuploidy and the
formation of fusion genes (6,7). Furthermore, the clinical
complete remission rate is low with poor prognosis. A total
of 87 different translocations have been identified, with
11923 chromosomal abnormalities accounting for ~22% of
M; cases. There are various chemotherapy regimens used to
treat patients with AMoL including: i) Homoharringtonine,
cytarabine and etoposide; ii) daunorubicin, Ara-c and tenipo-
side; and iii) mitoxantrone, Ara-c and teniposide (7). However,
AMoL is insensitive to a number of chemotherapy regimens,
thus patients with AMoL exhibit a low remission rate and
decreased survival time (2,6,7). Therefore, novel effective
drugs are required.

Since novel antitumor drugs fell under investigation,
bioactive natural products have emerged and gained consid-
erable attention. Artemisinin is an effective drug for treating
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malaria and belongs to the family of sesquiterpene lactones,
which are produced by the Artemisia annua plant (8).
Dihydroartemisinin (DHA) is a water-soluble semi-synthetic
derivative of artemisinin (9), and it is commercially combined
with piperaquine as an effective therapy for malaria with
limited side effects (10,11). In addition, DHA has been identi-
fied to exhibit inhibitory effects on cancer cells, including lung
carcinoma (12), osteosarcoma (13) and ovarian cancer (14).
Previous studies have demonstrated that DHA may inhibit
molt-4 acute lymphoid cell leukemia cells (15,16). However,
the effects and underlying mechanisms of action of DHA in
AMOoL remain unknown.

Therefore, the aim of the present study was to analyze the
antitumor effects of DHA against AMoL and to investigate
its underlying biological mechanisms. An in vitro approach
(Fig. 1A) was used to elucidate the molecular mechanisms
underlying these effects of DHA. The results of the present
study verified that DHA exhibited effective antitumor
activity against AMoL in vitro via the downregulation
of phospho-protein kinase B (p-Akt) and p-extracellular
signal-regulated kinase (ERK) protein expression, and the
upregulation of cleaved caspase-3 levels.

Materials and methods

Reagents and antibodies. The chemical reagents, including
DHA, used in the present study were purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) unless
stated otherwise. A stock solution (200 mM) of DHA was
prepared in dimethyl sulfoxide (Sigma-Aldrich; Merck
KGaA) and stored at -20°C. Primary antibodies against
p-ERK (cat. no. 4348S), total (t)-ERK (cat. no. 4695S), p-Akt
(cat. no. 40608S), t-Akt (cat. no. 4685S), cleaved caspase-3
(cat. no. 10508S), B-actin (cat. no. 4970S) and secondary anti-
bodies (cat. no. 7074) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA).

Cell culture. The THP-1 human acute monocytic leukemia cell
line was purchased from the Chinese Academy of Sciences
(Shanghai, China). THP-1 cells were cultured in RPMI-1640
(HyClone; GE Healthcare, Logan, UT, USA) supplemented
with 10% fetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin (all from HyClone; GE Healthcare) at
37°C in a humidified atmosphere containing 5% CO,. All cells
were used within 20 passages.

Cell viability assay. DHA cytotoxicity was determined
using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular
Technologies, Inc., Kumamoto, Japan), which evaluated the
metabolic activity of viable cells. A total of 20,000 cells/well
were seeded into 96-well plates in RPMI-1640 medium,
which contained 100 nM phorbol 12-myristate 13-acetate to
induce adherence as THP-1 cells were suspending cells, and
subsequently treated with 0, 25, 50, 100, 150 or 200 uM DHA
for 24, 48, 72 and 96 h at 37°C. Following treatment with
DHA for 24, 48, 72 and 96 h, the RPMI-1640 medium was
removed and the cells were washed with PBS. Subsequently,
100 p1 RPMI-1640 medium and 10 ul CCK-8 solution was
added to each well and incubated at 37°C for 2.5 h. The optical
density (OD) at 450 nm was determined daily for the following
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4 days using a microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). All measurements were repeated in
triplicate. The cell viability compared with the control group
was calculated using the following equation: Cell viability to
control (%):ODdrug-treated group/ODcomrol group*

Apoptosis analysis. Cells were seeded at 1x10° cells/well
in 6-well plates and harvested 24 h after treatment with 0O,
25, 50, 100, 150 and 200 xuM DHA. Cells were centrifuged
at 500 x g for 5 min at 4°C and the supernatants were
discarded. Subsequently, the cells were resuspended in 1X
annexin-binding buffer (BD Biosciences, Franklin Lakes,
NIJ, USA). Apoptotic cells were determined using annexin
V-fluorescein isothiocyanate and propidium iodide staining
(BD Biosciences, Franklin Lakes, NJ, USA) and quantified
using a flow cytometer (BD Biosciences). FlowJo software
(version 7.6.1; FlowJo LLC, Ashland, OR, USA) was used to
analyze the rate of apoptosis. The cell proliferation results
presented in Fig. 1B and C demonstrate the inhibitory effect of
DHA on THP-1 cell proliferation. Therefore, further analysis
was used to determine whether DHA is able to induce apop-
tosis. In Fig. 2A, the lower right quadrant represents early
apoptosis, whereas the upper right quadrant represents late
apoptosis. The proportion of apoptotic cells identified includes
cells in early and late apoptosis.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). THP-1 cells (1x10° cells/well) were seeded at in
6-well plates and harvested following treatment with 0, 25, 50,
100, 150 and 200 M DHA for 24 h. Cells were centrifuged at
500 x g for 5 min at 4°C and the supernatants were discarded.
Total RNA was isolated from THP-1 cells treated with O,
25, 50, 100, 150 and 200 M DHA using the AxyPrep™
Multisource Total RNA Miniprep kit (Axygen Scientific, Inc.,
Union City, CA, USA). Equivalent amounts of RNA were
converted into cDNA using the PrimeScript™ RT Reagent kit
(Takara Bio, Inc., Otsu, Japan) at 37°C for 15 min and 85°C for
5 sec. cDNA was measured using a Nanodrop 2000 instrument
(Thermo Fisher Scientific, Waltham, MA, USA). qPCR was
performed using an ABI 7500 Sequencing Detection System
and SYBR® Premix Ex Taq (Takara Bio, Inc.). All procedures
were performed according to the manufacturers' protocols.
Cycling conditions included 40 cycles of 95°C for 5 sec and
60°C for 34 sec. Gene expression was quantified using the
2-4%¢4 method (17). B-actin was used as the reference gene and
all primer sequences are listed in Table 1.

Western blot analysis. THP-1 cells were analyzed using
gPCR and cells were lysed in lysis buffer containing
complete EDTA-free tablets which are a protease inhibitor
cocktail containing phenylmethylsulfonyl fluoride, aprotinin,
bestatin, E-64, leupeptin and pepstatin A (Roche Applied
Science, Penzbery, Germany). The protein concentration
was quantified using the bicinchoninic acid protein assay
kit (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). For
western blot analysis, 20 ug total protein were boiled and
subsequently separated by SDS-PAGE using a 10% gel for
p-Akt, total (t-) Akt, p-ERK, t-ERK and B-actin and a 12.5%
gel for cleaved caspase-3. Following electrophoresis, proteins
were blotted onto polyvinylidene difluoride membranes and
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Figure 1. Proliferation inhibition of THP-1 cells following treatment with DHA. (A) Schematic of the approach used in this study. (B) The morphology of
THP-1 cells at x40 and x100 following 0, 25, 50, 100, 150 and 200 xM DHA treatment. (C) CCK-8 assay indicated that DHA could inhibit the proliferation
of THP-1 cells in a dose- and time-dependent manner. Data are presented as the mean =+ standard deviation. “P<0.01, "P<0.05. All data were obtained from at
least three independent experiments. DHA, dihydroartemisinin; CCK-8, Cell Counting Kit-8.
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Figure 2. Apoptosis of THP-1 cells following DHA treatment. (A) Flow cytometry-based assessment of apoptosis in THP-1 cells with treated with various
concentrations of DHA. (B) Early apoptosis rates of THP-1 cells. (C) Late apoptosis rates of THP-1 cells. (D) Total apoptosis rates of THP-1 cells. Data are
presented as the mean + standard deviation. ““P<0.001, “P<0.01. All data were obtained from at least three independent experiments. DHA, dihydroartemisinin.
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Table I. Sequences of primers used in reverse transcrip-
tion-quantitative polymerase chain reaction.

Gene  Direction Primer sequence (5'-3')
Aktl  Forward ATGAGCGACGTGGCTATTGTGAAG
Reverse GAGGCCGTCAGCCACAGTCTGGA
TG
Akt2  Forward ATGAATGAGGTGTCTGTCATCAAA
GAAGGC
Reverse TGCTTGAGGCTGTTGGCGACC
Akt3  Forward CAGTCTGTCTGCTACAGCCTGGATA
Reverse ATGAGCGATGTTACCATTGT
Bcl-2  Forward GAACTGGGGGAGGATTGTGG
Reverse CCGTACAGTTCCACAAAGGC
Bax Forward CCAGAGGCGGGGTTTCAT
Reverse GGAAAAAGACCTCTCGGGGG
B-actin Forward CCAACCGCGAGAAGATGA
Reverse CCAGAGGCGTACAGGGATAG

ERK, extracellular-signal-regulated kinase; Akt, protein kinase B;
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

blocked by 5% skimmed milk suspended in Tris-buffered
saline with Tween-20 for 1 h at room temperature. Each
membrane was incubated with appropriate primary
antibodies against p-Akt, t-Akt, p-ERK, t-ERK, cleaved
caspase-3 and [-actin, with a dilution ratio of 1:1,000 at
4°C overnight. Blots were subsequently incubated with a
horseradish peroxidase-conjugated secondary antibody for
1 h at room temperature. Protein bands were visualized using
X-ray films and an enhanced chemiluminescence detection
system (GE Healthcare Life Sciences, Little Chalfont, UK).
Positive immunoreactive bands were densitometrically quan-
tified and normalized to f-actin. Adobe Photoshop (Creative
Suite 5; Adobe Systems, Inc., San Jose, CA, USA) was used
for densitometry.

Statistical analysis. SPSS software (version 19.0; IBM
Corp., Armonk, NY, USA) was used to analyze the data. The
differences between the experimental groups and controls
were assessed using the Student's t-test or one-way analysis
of variance as appropriate. The data are expressed as the
mean + standard deviation. All data were obtained from at
least three independent experiments. P<0.05 was considered
to indicate a statistically significant difference.

Results

THP-1 cell viability decreases following DHA treatment. To
investigate the effects of DHA, a cell viability assay using
CCK-8 was performed on THP-1 cells. The viability of
THP-1 cells was inhibited following treatment with DHA,
accompanied by the appearance of morphological character-
istics of apoptosis (Fig. 1B). The inhibitory effect of DHA on
the viability of THP-1 cells was markedly increased at higher
DHA concentrations following 96 h of treatment (P<0.05;
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Fig. 1C). DHA may inhibit the proliferation of THP-1 cells in
a dose- and time-dependent manner.

DHA induces the apoptosis of THP-1 cells. As presented
in Fig. 2, flow cytometry analysis was used to evaluate
DHA-induced apoptosis. DHA significantly increased the
total apoptosis rate (4.9 control vs. 12.77, 13.24, 20.28, 33.68
and 65.08% when treated with 25, 50, 100, 150 and 200 uM
DHA, respectively; P<0.05; Fig. 2A and D), and quantitative
data regarding the early and late apoptosis rate were consistent
with this (Fig. 2B and C). The results of the present study
validated the inhibitory function of DHA functioned via the
activation of the apoptosis pathway in THP-1 cells.

Downstream gene expression. To investigate the molecular
mechanisms underlying the inhibitory effects of DHA in
THP-1 human monocytic leukemia cells, RT-qPCR was used
to examine variations in gene expression. It was demonstrated
that the gene expression levels of Aktl, Akt2, Akt3 and B-cell
lymphoma 2 (Bcl-2) were decreased in DHA-treated THP-1
cells in a dose-dependent manner, whereas the expression of
Bcl-2-associated X protein (Bax) was upregulated (Fig. 3). The
results indicated that these genes are potential downstream
targets of DHA in monocytic leukemia treatment.

Akt, ERK and cleaved caspase-3 are potential downstream
targets of DHA. Western blot analysis was used to determine
the protein expression levels of phospho (p)-Akt/total-Akt,
p-ERK/total-ERK and cleaved caspase-3 in THP-1 cells,
following different concentrations of DHA treatment. The
results revealed that the levels of p-Akt and p-ERK with
increasing concentrations of DHA (Fig. 4A-C). However,
DHA increased the levels of cleaved caspase-3 in a
dose-dependent manner (Fig. 4A and D). Therefore, the results
suggested that Akt, ERK and cleaved caspase-3 are poten-
tial downstream targets of DHA-induced apoptosis in THP-1
cells.

Discussion

Induction failure and a high incidence of relapse due to drug
resistance are the principal problems surrounding AML
treatment (2,18). The use of novel drugs is one approach for
treating patients who are resistant to standard therapies (19).
Clinical evaluation of potentially effective drugs is essential
to cancer chemotherapy, and may improve the prognosis
of patients with refractory leukemia (20). AMoL is a rare
but distinct disease, the increasing number of monocytes
throughout its clinical course characterizes the disease, and
cytogenetic characterization is required for diagnosis and
prognosis stratification (21,22). Thus, there is a requirement
to identify less toxic and more efficacious treatment alter-
natives. As a result, increasing attention has been focused
on the application of natural products in the treatment of
AMoL (3).

DHA, one of the bioactive derivatives of artemisinin, has
been investigated for the treatment of certain tumor types;
Professor Tu YouYou, who discovered DHA, was awarded
the Nobel Prize in 2015 (23,24). A number of additional phar-
macological effects of DHA have been identified, including
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Figure 3. Apoptosis-associated gene expression in THP-1 cells following DHA treatment. RT-qPCR was employed to detect the expression of (A) Aktl,
(B) Akt2, (C) Akt3, (D) Bcl-2 and (E) Bax in DHA-treated THP-1 cells. Data are presented as the mean + standard deviation. ““P<0.001, “P<0.01, "P<0.05. All
data were obtained from at least three independent experiments. RT-qPCR, reverse transcription quantitative polymerase chain reaction; Akt, protein kinase B;
Bcl-2, B cell lymphoma 2; Bax, Bcl-2-associated X protein; DHA, dihydroartemisinin.
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Figure 4. Western blots of p-t-Akt, p-ERK/t-ERK and cleaved caspase-3
levels following the DHA-induced apoptosis of THP-1 cells. (A) Expression
of p/total-Akt, p-ERK/total-ERK and cleaved caspase-3 in THP-1 cells
following DHA treatment. Levels of (B) p-t-Akt, (C) p-ERK/t-ERK and
(D) cleaved caspase-3 in THP-1 cells. Results are expressed as the ratio of
cleaved caspase-3 to (3-actin, p-Akt to t-Akt and p-ERK to t-ERK. Data
are presented as the mean + standard deviation. ““P<0.001, "P<0.01. All
data were obtained from at least three independent experiments. p-, phos-
phorylated; t-, total; DHA, dihydroartemisinin; Akt, protein kinase B; ERK,
extracellular-signal-regulated kinase.

antitumor activity towards hepatocellular carcinoma in vitro
and in vivo (25). Furthermore, DHA was identified to prevent
breast cancer-induced osteolysis via inhibiting breast cancer
cells and osteoclasts (26). For leukemia treatment, DHA
can induce autophagy and inhibit the growth of iron-loaded
human myeloid leukemia K562 cells via reactive oxygen
species toxicity (27); DHA and its derivative induce apoptosis
in acute myeloid leukemia cells through the Noxa-mediated
pathway, requiring iron and an endoperoxide moiety (28).
However, the effect of DHA on AMoL has yet to be fully
elucidated.

The aim of the present study was to investigate whether
DHA had antitumor activity against human AMoL. It was

identified that DHA has a strong anti-leukemia effect in the
THP-1 AMoL cell line in vitro. The results indicated that
DHA inhibited the spontaneous growth of THP-1 cells in a
time- and dose-dependent manner. To further investigate the
mechanisms of DHA anti-leukemia activity, the effect of
DHA was analyzed with regards to apoptosis and the activa-
tion of Akt/ERK survival signaling and Bcl-2/Bax/caspase-3
apoptosis pathways that are constitutively expressed in THP-1
cells. Results of the present study indicated that DHA-induced
apoptosis was caused by downregulating Akt/ERK signaling
and activating the caspase-3 pathway, following the balance of
the Bcl-2/Bax axis.

Distinct from normal cells, leukemia cells often express
constitutively active survival-signaling pathways, such as Akt
and ERK among others, due to gene mutations, rearrangements
and chromosomal translocations; these survival signaling
pathways serve vital roles in tumorigenesis, proliferation,
anti-apoptosis and drug resistance (29-31). The higher the
number of constitutively active growth signaling pathways in
acute myelogenous leukemia, the poorer the prognosis. Results
indicated that, in the acute monoblastic leukemia cell line
THP-1, the Akt and ERK signal transduction pathways were
suppressed simultaneously, and that the caspase-3 apoptosis
signaling pathway was activated by the downregulation of the
Bcl-2/Bax ratio following DHA treatment. It was speculated
that DHA-mediated inhibition of Akt/ERK pathway activa-
tion and the promotion of caspase-3 activation would result
in a more effective response to anti-leukemia therapy, as the
inhibitors would simultaneously target three pathways in
THP-1 cells.

A number of specific inhibitors target a single signaling
molecule in the treatment of leukemia; however, DHA may
be more effective compared with common inhibitors as drug
resistance frequently emerges following the hyperactivation
of alternative signaling pathways under treatment of a single
target. It is predicted that DHA-resistance in AMoL may rarely
occur, the response to DHA may be increased and response
duration may be longer as DHA exhibited multi-targeting
characteristics. Inhibition of multiple signaling pathways
increases the therapeutic ability of DHA.
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In the present study, the role of DHA in restricting the
proliferation and inducing apoptosis in AMoL cells was
investigated. DHA may directly or indirectly affect the activa-
tion of Akt/ERK survival signaling and caspase-3 apoptosis
signaling pathways, all of which are key regulators of cell
survival and apoptosis, particularly during AMoL treat-
ment (32,33). However, additional in-depth investigations
must follow this preliminary study. First, the interme-
diate molecular mechanisms underlying DHA-mediated
changes to cell survival and apoptosis signaling pathways
must be clarified. Secondly, in vivo experiments must be
carried out to verify the treatment effects of DHA. Finally,
the results must be validated through clinical trials and
applications.

In conclusion, the present study indicated that DHA
exerted effective antitumor activities against AMoL in vitro.
Furthermore, DHA downregulated the expression of p-Akt
and p-ERK, whilst also upregulating the protein expression
of cleaved caspase-3 through increasing the Bcl-2/Bax ratio.
This may be one mechanism by which DHA exerts its effects
in AMoL. However, further and more comprehensive studies
are required to confirm this.
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