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Dihydroartemisinin suppresses glycolysis of LNCaP cells by inhibiting PI3SK/
AKT pathway and downregulating HIF-1a expression
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ARTICLE INFO ABSTRACT

Aims: Dihydroartemisinin (DHA) exhibits potential anticancer activity. However, the biological functions of
DHA in prostate cancer remain largely unexplored. In this study, we aim to investigate the anti-proliferative
effect and glycolysis regulation of DHA on prostate cancer cell LNCaP.
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GLY‘"»OIYsiS Main methods: Cell proliferative activity and apoptosis inducing were detected. The gene expression was de-
gnz/;n EOR tected by mRNA microarray and results were analyzed by GO and KEGG pathway database. Expressions of

glycolysis key enzymes and PI3K/AKT/HIF-1a were detected by Western blot.

Key findings: Results indicated that DHA could inhibit the LNCaP cell proliferation considerably and induce cell
apoptosis. mRNA microarray showed 1293 genes were upregulated and 2322 genes were downregulated. GO
and KEGG enrichment analysis suggested that glycolysis pathway was correlated with DHA inhibited the pro-
liferation on the LNCaP cell. Western blot results showed that DHA can decrease GLUT1 and regulatory enzymes
of glycolytic pathway expression probably by suppressing the activity of the intracellular Akt/mTOR and HIF-1
a.

Significance: Experimental validation results indicate that DHA treatment can inhibit the LNCaP cell prolifera-

tion and induce apoptosis, which may be related to glycolysis inhibition.

1. Introduction

Prostate cancer is one of the most common malignant tumors that
affect men around the world. According to data from the World Health
Organization, prostate cancer causes approximately 1.1 million newly
diagnosed cases and 307,000 deaths annually worldwide in 2017 [1,2].
Localized prostate cancer at the early stage can be treated by radical
prostatectomy with a good prognosis [3]. Advanced prostate cancer
patients are mostly treated by androgen-deprivation therapy, which
fails eventually, leading to the development of incurable and lethal
castration-resistant prostate cancer [4-6]. Therefore, the discovery of
new therapeutic agents and approaches for prostate cancer is of para-
mount importance.

Traditional Chinese medicine and related natural active ingredients
provide rich resources for the development of modern medicine [7]. For
instance, artemisinin (ART), a sesquiterpene lactone that bears a per-
oxide grouping, was isolated by Chinese pharmacist Youyou Tu and
colleagues from the leaf of the herb Artemisia annua L., which has been
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developed as an anti-malarial drug and used worldwide [8,9]. Un-
expectedly, studies have found that dihydroartemisinin (DHA), an ART-
derived antimalarial drug approved by the United States Food and Drug
Administration, which displayed effective anti-tumor effect in vitro and
in vivo [10]. Studies have shown that DHA can inhibit the proliferation
of leukemia, brain glioma, and cancers of the liver, breast, lungs, cervix,
pancreas, and ovaries [11,12]. The possible mechanism may be related
to inhibiting the proliferation and inducing apoptosis of tumor cells,
arresting the cell cycle, and inhibiting tumor cell invasion and metas-
tasis [13]. In the current study, the ART-type drugs are the pathway to
clinical therapy in some types of tumors [14]. However, limited ex-
perimental research has examined the potential of DHA in treating
prostate cancer. The exact molecular mechanisms of DHA anticancer
effects on prostate have yet to be fully investigated.

Metabolic change is a hallmark of tumor, which has recently at-
tracted much attention. One of the main metabolic characteristics of
tumor cells is the high level of glycolysis even in the presence of
oxygen; this condition is known as aerobic glycolysis or Warburg effect
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[15,16]. Glycolysis supplies abundant energy to sustain the rapid tumor
growth. Moreover, products of glycolysis, such as lactate, provide a
suitable microenvironment to promote tumor metastasis [17,18]. Thus,
inhibiting tumor aerobic glycolysis to block energy supply has been
certified as an effective strategy to overcome difficulties in cancer
treatment, and the validity has been proven in relevant pre-clinical
studies. To date, few studies on prostate cancer energy metabolism have
been published [19,20]. By understanding the relationship between
glucose glycolysis and tumorigenesis, we propose that blocking tumor
glucose glycolysis is an effective treatment strategy in exploring anti-
tumor agents for prostate treatment. In the present study, we aim to
explore the cell growth inhibition effect of DHA against prostate cancer
and examine its mechanisms, including the alteration of metabolic
phenotype and apoptosis. This study provides insights into the mole-
cular mechanisms of DHA against cancer cells and demonstrates that
DHA may be a promising new agent for prostate treatment.

2. Materials and methods
2.1. Materials, cell culture, and proliferation assay

Human prostate cancer cell line LNCaP was provided by Chinese
Academy of Sciences (Shanghai, China) and preserved in the
Department of Biochemistry, Jilin Medical University. Dulbecco's
Modified Eagle's Medium (DMEM) and fetal bovine serum (FBS) were
purchased from Thermo Fisher Scientific (USA). Dimethyl sulfoxide
(DMSO, analytical grade) was obtained from Beijing Chemical Reagent
Factory (Beijing, China). DHA was obtained from Sigma-Aldrich (USA).
The mouse anti-human HIF-1a antibody (sc-13,515, 1:1000), mouse
anti-human PFKP antibody (sc-514,824, 1:1000), and mouse anti-
human LDH antibody (sc-133,123, 1:1000) were obtained from Santa
Cruz Biotechnology (Santa Cruz, USA). Rabbit anti-human p-AKT an-
tibody (ab18206, 1:1000), rabbit anti-human AKT antibody (ab8805,
1:1000), rabbit anti-human p-MTOR antibody (ab84400, 1:1000), and
rabbit anti-human MTOR antibody (ab2732, 1:1000) were obtained
from Abcam Inc. (Abcam, USA). Rabbit anti-human Glutl antibody
(SAB4502803, 1:1000), rabbit anti-human PKM2 antibody
(SAB4200105, 1:1000), and rabbit anti-human HK2 antibody
(SAB2701698, 1:1000) were purchased from Sigma-Aldrich Company
(St. Louis, MO, USA).

LNCaP cells were maintained in DMEM supplemented with 10%
FBS, 100 units/mL of penicillin, and 100 units/mL of streptomycin at
37 °C in a humidified atmosphere of 5% carbon dioxide (CO,) and 95%
air. The cells were sub-cultured every 3 days with 0.25% trypsin. The
proliferation inhibition of DHA on tumor cells was detected by MTT
assay [21]. LNCaP cells were seeded into a 96-well assay plate with a
concentration of 1.0 X 10° cells/mL (200 uL per well). After 48h in-
cubation, the cells were treated with DHA at 0-160 uM concentration in
the growth medium. Each concentration was tested five times. The cells
were cultured for another 48 h. Subsequently, 20 uL. MTT (5 mg/mL)
was added to each well and incubated for another 4 h. Then, the su-
pernatant was discarded and 150 uL. DMSO was loaded to each well.
The optical density (OD) was measured at 490 nm using a Bio-assay
reader (Bio-Rad 550, USA).

2.2. Apoptosis assay

LNCaP cells were cultured on slides at a density of 5 x 10%/mL in
24-well plates. After treatment with different concentrations of DHA,
the medium was removed, and the cells were washed twice with PBS.
Then, the cells were fixed with 4% paraformaldehyde for 10 min.
Subsequently, the cells were stained by Hoechst 33258 for 5 min. Then,
the apoptosis morphology was observed by a fluorescence microscope.

After treatment with different concentrations of DHA, the LNCaP
cells were harvested by centrifugation at 1000g for 3 min and washed
twice with PBS. The harvested cell pellet was re-suspended in 100 pL
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DMEM medium. Then, 100 pL. Muse Annexin V & Dead Cell reagents
were added and incubated at room temperature for 20 min. The per-
centages of apoptosis were detected by using a Muse Cell Analyzer
(Merck-Millipore).

2.3. mRNA microarray profiling

The mRNA microarray expression profiling was performed on three
biological replicates of DHA-treated or untreated groups. After DHA
treatment, the total cellular RNA was isolated using TRIzol reagent
(Invitrogen, CA) and quantified by NanoDrop ND-2000 (Thermo
Scientific). RNA integrity was assessed using Agilent Bioanalyzer 2100
(Agilent Technologies). The samples with an RNA integrity number
(RIN) > 7 were used to construct the sequencing library. The sample
labeling, microarray hybridization, and washing were performed based
on the manufacturer's standard protocols. Briefly, the total RNA was
transcribed to double-stranded ¢cDNA and then synthesized into cRNA
and labeled with Cyanine-3-CTP. The labeled cRNAs were hybridized
onto the microarray. After washing, the arrays were scanned by the
Agilent Scanner G2505C (Agilent Technologies).

Feature Extraction software (version 10.7.1.1, Agilent
Technologies) was used to analyze the array images to obtain raw data.
GeneSpring (version 14.8, Agilent Technologies) was employed to
complete the basic analysis of raw data. Differentially expressed genes
(DEGs) were then identified through fold change, and P value was
calculated with t-test. The threshold set for up- and down-regulated
genes was a fold change = 2.0 and a P value < 0.05. Afterward, Gene
Ontology (GO; http://www.geneontology.org/) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/
kegg/) analyses were conducted to determine the roles of these differ-
entially expressed mRNAs. Finally, hierarchical clustering was per-
formed to display the distinguishable gene expression patterns among
samples.

2.4. Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

The expression of selected genes was characterized using total RNA
extracted from AT-treated and untreated LNCap cells. Real-time RT-
PCR was performed on RNA samples using gene-specific oligonucleo-
tide primers (Table. S1), iScript One-Step RT-PCR Kit with SYBR Green,
and CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules,
CA). All values were normalized to B-actin and standardized to the
control condition. Error bars represent THE standard error of the mean
(SEM), and the statistical significance was assessed using Student's t-
test. After completion of RT-PCR, the Ct values were obtained from the
ABI 7500 fast v2.0.1 software. The AACt method was used to represent
mRNA fold change.

2.5. Measurements of glucose uptake levels, lactate production, and ATP
content

The LNCaP cells were seeded in six-well plates at a density of
1 x 10* cells/well. After treatment with DHA for 48 h, the cell culture
media were collected for the detection of glucose uptake and lactate
production. For the assessment of lactate production, the collected
culture media were diluted to 1:50 volume by using lactate assay buffer.
The amount of lactate present in the media was then estimated using
the Lactate Assay Kit (Sigma, St. Louis, MO, USA) according to the
manufacturer's instructions. The glucose content in the collected culture
media was detected immediately following the manufacturer's instruc-
tions for the Glucose Assay Kit.

The LNCaP cells were seeded in six-well plates (1 X 10° cells/mL)
and incubated with DHA for 48 h. Then, the cells were harvested and
lysed ice with somatic cell ATP-releasing reagent. ATP content was
detected by ATP assay kits (Genmed Scientifics, Inc., Wilmington,
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Delaware, USA) according to the manufacturer's instructions. Glucose
uptake, lactate production, and ATP content were all normalized by cell
number.

2.6. Western blot analysis

After DHA treatment, 5 x 10° LNCaP cells were harvested and lysed
in PIPA buffer to extract the total protein. The extracted total protein
content was determined by Bio-Rad protein assay kit, and 50 pg pro-
tein/lane was loaded on the gel for sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). After SDS-PAGE, the se-
parated proteins were transferred to nitrocellulose membranes. Non-
specific binding was blocked by incubating nitrocellulose membranes in
5% non-fat dry milk in TBS/0.1% Tween for 120 min. After blocking,
the blots were incubated with primary antibodies at 4 °C overnight.
Then, the appropriate secondary antibodies were added and incubated
for 1h at room temperature. Immunoreactive protein bands were de-
tected by using enhanced chemiluminescence (ECL) reagents.

2.7. Statistical analysis

The results are presented as mean *+ SEM, which are derived from
three or more independent experiments. All data were analyzed by one-
way ANOVA using SPSS version 13 software. p < 0.05 was considered
significant.

3. Results
3.1. DHA inhibits proliferation of LNCaP cells

We conducted MTT assay to evaluate the cytotoxic effects of DHA
on LNCaP cells and examine the proliferation of LNCaP cells upon DHA
treatment. The LNCaP cells were treated with increasing doses of DHA
(10, 20, 40, 80, 120, and 160 uM) for 48 h. MTT results showed that
DHA could inhibit the proliferation of LNCaP in a dose-dependent
manner (Fig. 1A). To investigate whether DHA inhibits the proliferation
of LNCaP cells by inducing apoptosis, we examined the nuclear mor-
phology of LNCaP cells following different concentrations of DHA
treatment. We employed Hoechst 33258 staining, which is considered a
potential apoptosis marker in detecting apoptotic nuclei. As shown in
Fig. 1B, the cell nucleus emerged as a uniform blue chromatin with an
organized structure in the control group cells. After treatment with
DHA at concentrations of 20, 40, and 80 uM for 48 h, the LNCaP cells
decreased in number and nuclear size and exhibited a strong fluorescent
spot, pyknotic nuclei, and extensive blebbing. The presence of con-
densing chromatin and apoptotic bodies was observed under a fluor-
escence microscope, thereby indicating that the apoptosis of LNCaP
cells was induced by DHA.

Similar results were obtained from staining by Muse Annexin V &
Dead Cell assay. The percentage of early apoptotic cells increased with
the increased dose of DHA compared with the untreated group
(p < 0.01) (Fig. 1C and D).

3.2. mRNA microarray expression profiling data analysis

We applied mRNA microarray to explore the potential inhibition
mechanism of DHA and detect the differential gene expression in
LNCaP cells between DHA treatment and control groups. We selected
the 40 uM dose, which is suitable for transcriptome analysis, to reveal
the full mechanism of DHA action on LNCaP cells. After DHA treatment,
the cells from DHA-treated (D) and untreated groups (C) were extracted
to analyze the quality and integrity of each sample by using an ultra-
violet spectrophotometer. First, we must ensure the quality and in-
tegrity of the total RNA purified from each sample. The ration of A260/
280 is 2.0 for the samples, indicating RNA purity. The quality and in-
tegrity of the total RNA was also assessed using formaldehyde agarose
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gel electrophoresis. The electrophoretogram of both samples in C and D
group showed distinctive bands corresponding to 28S and 18S ribo-
somal RNA, respectively. The results indicate that the total RNA ex-
tracted from both samples was intact and non-degraded and adequate
for the subsequent gene chip experiment (Fig. 2A). Meanwhile, prin-
cipal component analysis (PCA) of samples was performed on the
complete dataset. The PCA results demonstrated that the samples were
separated into two clusters (Fig. 2B), indicating a distinct directionality
in the different groups based on similarities in gene expression. These
results certified the samples available for subsequent analyses. There-
after, the DEGs were identified. The DEGs resulting from DHA treat-
ment were described by volcano plots. Multiple testing correction used
the Benjamini-Hochberg method with a corrected p < 0.05 and a 2.0-
fold change cutoff. By comparing the microarray expression profiling
data from the control (C) and DHA (M) treatment cells, we identified
3615 DEGs, among which 1293 were upregulated, and 2322 were
downregulated (Fig. 2C, Table S2).

Using the data on microarray analysis, we perform GO and KEGG
analysis. According to GO classification, three domains were covered:
biological processes (BP), cellular components (CC), and molecular
function (MF). In the BP domain, mitotic nuclear division and high
proportion of DEGs are related to mitotic nuclear division, cell division,
DNA replication, Go/M transition of mitotic cell cycle, and nucleosome
assembly (Fig. 3A). In the CC domain, the enriched parts cover the
nucleoplasm, cytosol, cytoplasm, nucleus, and nuclear chromatin
(Fig. 3B). In the MF domain, ATP binding, protein binding, single-
stranded DNA-dependent ATPase activity, ATPase activity, and protein
heterodimerization activity were affected by DHA treatment (Fig. 3C).
KEGG pathway enrichment analysis revealed that DHA treatment in-
fluences diverse pathways. Cell cycle, DNA replication, p53 signaling
pathway, glycolysis/gluconeogenesis, metabolic pathways, pyrimidine
metabolism, HIF-1 signaling pathway, and biosynthesis of amino acids
were among the top 20 pathways (Fig. 3D).

From the GO and pathway enrichment results, we observed that the
metabolic process was involved in the DHA inhibition of the pro-
liferation of LNCaP cells. Specifically, the gene expressions of key en-
zymes in the glycolysis/gluconeogenesis were downregulated (Fig. 4).
To confirm the microarray results, we conducted qPCR to analyze four
genes that exhibited differential expressions upon DHA treatment.
Consistent with the microarray results, AR, HK2, PFKP, and PGK1 were
also downregulated upon DHA treatment by qPCR (Fig. 5).

3.3. DHA for glycolysis inhibition

Tumor cells use glucose as substrate for ATP synthesis and pro-
duction of components of cellular metabolism. We detected glucose
uptake in LNCaP cells after 40 uM DHA treatment for 48 h. The results
indicate that glucose uptake decreased in DHA-treated LNCaP cells
(Fig. 6A). The main products of glycolysis are lactic acid and ATP. The
lactic acid and ATP contents were detected by relevant reagent Kkits to
investigate whether glycolysis inhibition was involved in the pro-
liferation inhibition of LNCaP by DHA. The results indicate that the
contents of intracellular ATP and extracellular lactic acid declined in
the LNCaP cells after DHA treatment compared with the control group
(Fig. 6B and C).

The expressions of Glutl, HK2, PFKP, PKM2, and LDH were de-
tected by Western blot to assess whether DHA regulates the expression
of glycolytic regulator proteins in LNCaP cells. As shown in Fig. 7, the
expressions of GLUT1, HK2, PFKP, PKM2, and LDH in DHA-treated
LNCaP cells decreased (Fig. 7), suggesting that DHA may inhibit gly-
colysis by suppressing the expressions of key enzymes.

3.4. DHA decreases HIF-1a via PI3K/AKT pathway

The PI3K/Akt pathway is known to be involved in glucose meta-
bolism. HIF-1a, which is regulated by the PI3K/Akt pathway, induces
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Fig. 1. DHA inhibits LNCaP cell proliferation and induces apoptosis. (A) LNCaP cells were treated with increasing concentrations of DHA for 48 h. Cell growth
inhibition activity was assessed by MTT assay. (B) After treatment with DHA for 48 h, the cells were stained with Hoechst 33258, and apoptotic morphological
change was detected by fluorescence microscopy. (C) LNCaP cells were incubated with different concentrations of DHA, and apoptosis assay was analyzed by a Muse
cell analyzer. (D) Quantification of apoptotic cells. Data are presented as mean = SD, n = 5. **P < 0.01 compared with control.
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Fig. 2. Sample quality control and mRNA microarray analysis. (A) After treatment with DHA for 48h, the total RNA was extracted to detect the integrity by
formaldehyde agarose gel electrophoresis. M.DNA marker; C. Control group; D. DHA treated group. (B) PCA of LNCaP cells based on C untreated control and DHA
treatment groups. (C) Volcano plots to determine DEGs of C vs D. The x-axis represents the log 2.0-fold changes (FC) of genes and the y-axis represents the —log'® of
the p-values for the various condition pairs. Each dot represents a gene. The gray and the green points represent no statistically significant difference in gene
expression. The red field represents the upregulated genes and the blue field represents the downregulated genes, which meet the selection threshold of FC > 2.0
and p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. GO and pathway analysis of DEGs in DHA-treated LNCaP cells. (A) Biochemical processes. (B) Cellular components. (C) Molecular function. (D) Percentage of
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the stimulation of glycolytic enzymes, such as Glut, LDH, and PKM2.
Consistent with the microarray results, Western blot indicated that DHA
treatment decreased the expression of HIF-1a and expression rates of p-
mTOR/mTOR and p-AKT/AKT (Fig. 8).

4. Discussion

In previous decades, remarkable progress has been achieved in
therapeutic strategies for prostate cancer, one of the most malignant
tumors with high relapse and mortality rates in men around the world
[22]. In the current study, DHA intervention for prostate cancer LNCaP
cells was performed to explore new therapeutic strategies. Using mRNA
microarray expression profiling data, we found that regulating the
metabolic pathway was involved in the process through which DHA
inhibits the proliferation of LNCaP cells and aerobic glycolysis, which is
crucial for the antitumor activity of DHA on prostate cancer.

DHA, the primary active product of ART and its derivatives, exhibits
the strongest anticancer effect among these substances. Studies have
shown that DHA has a slight effect on normal cells. Previous research
has reported the anti-proliferation and metastasis of ART on prostate
cancer and inducement of apoptosis [16,23]. Therefore, due to its
minimal side effects, DHA is a likely candidate for use in prostate cancer
treatment. In our study, DHA can significantly inhibit LNCaP cell pro-
liferation in a dose-dependent manner in vitro. The apoptosis-detected
results revealed that DHA-treated LNCaP cells demonstrate an apoptosis
trend. However, the possible mechanism of DHA-induced LNCaP cell

apoptosis should be investigated further.

RNA microarrays can provide snapshots of gene expressions across
all of the genes in the genome. This method has been widely used in the
systematic exploration of transcriptome information, including genetic
and epigenetic factors and regulatory networks that cannot be re-
constructed from protein-coding RNAs alone [24-26]. In the current
studies, mRNA microarrays were adopted to analyze the gene expres-
sion in DHA-treated LNCaP cells to explore the possible mechanism.
The mRNA microarray analysis results revealed that 3615 DEGs were
involved in the process of DHA inhibiting the proliferation of LNCaP
cells. Further analysis results showed that the DEGs can be attributed to
ATP binding, protein binding, single-stranded DNA-dependent ATPase
activity, and ATPase activity. The pathways of cell cycle, DNA re-
plication, p53 signaling, glycolysis/gluconeogenesis, metabolism, pyr-
imidine metabolism, HIF-1 signaling, and biosynthesis of amino acids
showed the highest correlation with DHA inhibiting the proliferation of
LNCaP cells. p53 activation is induced by a number of stress signals,
including DNA damage, oxidative stress, and activated oncogenes [27].
This condition results in three major outputs: cell cycle arrest, cellular
senescence, or apoptosis. Glycolysis, the process of converting glucose
into pyruvate and generating ATP, is a central pathway that produces
important precursor metabolites [28]. Gluconeogenesis is a synthesis
pathway of glucose from non-carbohydrate precursors [29]. It is es-
sentially a reversal of glycolysis with minor variations of alternative
paths. HIF-1 can induce the expression of GLUT-1, LDHA, PFKP, aldo-
lase A, enolase 1, and phosphoglycerate kinase 1 [30,31]. In conclusion,
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glycolysis inhibition was involved in the process through which DHA
inhibited the proliferation of LNCaP cells. The transcriptome data may
serve as a starting point for further mechanism analysis.

The metabolic switch toward aerobic glycolysis has been reported as
a feature called Warburg effect [32,33]. This effect is a metabolic re-
programming process used by cancer cells to support their high-energy
requirements and high rates of macromolecular synthesis. Several gly-
colytic enzymes, including HK2, PFKP, PKM2, and LDH, control the
Warburg effect. GLUT-1 is significantly correlated with the Warburg ef-
fect, which can facilitate the transport of glucose across the plasma
membrane of the cell where it is utilized for cellular metabolism
[30,34,35]. To further confirm the effect of DHA on prostate cancer
glycolysis, we applied Western blot to detect the expression of glycolytic
regulator proteins in LNCaP cells. The results showed that DHA treatment
can decrease the expressions of GLUT1, HK2, PFKP, PKM2, and LDH. The
preceding results show that DHA can inhibit glycolysis in LNCaP cells.

An increased rate of glucose metabolism is associated with the
overactivation of the PI3K/Akt pathway [36]. The activation of this

pathway stimulates HIF-1a, which induces stimulation of glycolytic
enzymes such as Glut, LDH, and PKM2 [35,37]. In the current study, we
found that DHA treatment can reduce the expression of HIF-la, p-
mTOR/mTOR, and p-AKT/AKT. We surmised that overall, DHA mod-
ulates HIF-1a expression through the PI3K/AKT pathway to inhibit the
glycolysis in LNCaP cells.

5. Conclusions

The data from this study indicate that DHA treatment can depress
LNCaP cell proliferation and induce cell apoptosis. The possible me-
chanism may be related to a decrease of glycolysis by inhibiting the
intracellular PI3K/AKT pathway, which is associated with HIF-1a. Our
study suggests that DHA is a potential therapeutic agent for the treat-
ment of prostate cancer in the future.

Supplementary data to this article can be found online at https://
doi.org/10.1016/].1fs.2019.116730.
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compared with control.
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