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Abstract: Multi-drug resistance remains a critical issue in cancer treatment that hinders the effective use of che-
motherapeutic drugs. The active components of traditional Chinese medicine have been applied as adjuvants to
accentuate the anticancer properties of conventional drugs such as cisplatin. However, their application requires
further validation and optimization. This study explored the anticancer activity of B-elemene, a natural component
of traditional Chinese medical formulations. The effect of B-elemene on the anticancer properties of cisplatin was
evaluated in A549 and NCI-H1650 lung cancer cells. Cell apoptosis, stem-like properties, glucose metabolism,
multi-drug resistance, and PI3K/AKT/mTOR activation were assessed via flow cytometry, tumorsphere formation,
and western blotting. The target genes of B-elemene were predicted using bioinformatics tools and validated in
both cell lines. A xenograft model of lung cancer was established in nude mice to evaluate the combined effects of
-elemene and cisplatin in vivo. We found that B-elemene acted synergistically with cisplatin against non-small cell
lung cancer cells by promoting apoptosis and impairing glucose metabolism, multi-drug resistance, and stemness
maintenance. These effects were mediated by the inhibition of PI3K/AKT/mTOR activation. Bioinformatics analy-
sis revealed that RB1 and TP53 are common target genes associated with lung cancer and B-elemene. The anti-
tumorigenic properties of B-elemene were confirmed in vivo, wherein B-elemene, along with cisplatin, significantly
suppressed tumor growth in a mouse xenograft model of non-small cell lung cancer. As such, B-elemene acted as
an inhibitor of PI3K/AKT/mTOR signaling and enhanced the anticancer effect of cisplatin by targeting tumor me-
tabolism, chemoresistance, and stem-like behavior. Thus, 3-elemene is an effective anticancer adjuvant agent with
potential clinical applications.
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Introduction

Lung cancer accounts for approximately 25%
of global cancer-related deaths and was the
main cause of cancer-related deaths in 2018
[4]. It can be subdivided into small cell and
non-small cell lung cancers (NSCLCs), which
account for approximately 20% and 80% of
lung cancer cases, respectively [2]. At diagno-
sis, most patients with lung cancer are at an
advanced stage [3]. Cytotoxic chemotherapy is
an effective option for these patients, but the
12-month overall survival rate is low, while the

five-year survival rate is only 10% [4]. Currently,
the efficacy of chemotherapy and targeted ther-
apy is only 20%-30% as lung cancer is highly
prone to treatment failure due to multi-drug
resistance (MDR), tumor metastasis, and recu-
rrence. Therefore, understanding the mecha-
nisms underlying chemoresistance has beco-
me an important goal in the clinical treatment
of lung cancer. While research on MDR has pro-
gressed, the molecular and genetic basis of
MDR is complex and involves multiple process-
es, such as drug transport, drug metabolism,
cell survival, repair, and apoptosis [5]. However,
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many of the specific molecular mechanisms are
still not fully understood.

Cancer stem cells (CSCs) are small subpopula-
tions of cancer cells that can self-renew and
develop into tumors [6]. Their existence ex-
plains not only the possible causes of tumori-
genesis but also the mechanisms of hetero-
geneity, metastasis, recurrence, and MDR in
tumors [6-8]. In recent years, studies have
found that CSCs contribute to tumor angiogen-
esis, MDR, and metastasis. Therefore, the dis-
covery of drugs that target CSCs so that tumors
can be controlled during the developmental
stage is of great significance for the clinical
treatment of lung cancer. Additionally, tumor
cells exhibit different metabolic behaviors com-
pared to normal cells, and this phenomenon
also contributes to cancer progression. In most
tumor or highly proliferating cells, glucose does
not enter the mitochondria as it is produced by
pyruvate but is converted to lactic acid by lac-
tate dehydrogenase (LDH). Even under ade-
quate oxygen conditions, cancer cells preferen-
tially decompose glucose to lactic acid, a pro-
cess called “aerobic glycolysis” or the Warburg
effect [9]. The Warburg effect is a form of me-
tabolic reprogramming that correlates with the
occurrence and development of tumors. Stu-
dies have corroborated that the Warburg effect
is related to changes in the tumor microenvi-
ronment, adaptation to hypoxic conditions, on-
cogene activation, inactivation of tumor sup-
pressor genes, mitochondrial function, and
abnormal expression of glucose metabolism
enzymes. These factors are conducive to the
growth of tumor cells, which helps them escape
apoptosis and promote tumor metastasis. In
particular, the phosphatidylinositol-4,5-bispho-
sphate 3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/AKT/mTOR) pathway
is abnormally activated in a variety of tumor
cells, including in lung cancer. PIBK/AKT/mTOR
signaling mediates the occurrence, develop-
ment, metabolism, and drug resistance of tu-
mor cells [10], and is thus a significant target
in cancer therapies.

In recent years, the use of traditional Chinese
medicine (TCM) as a complementary means
of chemotherapeutic intervention has attract-
ed increasing attention from cancer research-
ers. A variety of natural or herbal compounds
have been applied in TCM, and they have been
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shown to either target tumor cells directly or
enhance the therapeutic effect of existing
clinical drugs. Elemene, a terpene compound
extracted from the genus Zingiberaceae [11], is
marketed as a national second-class broad-
spectrum antitumor drug. The four subtypes
of elemene (&, B, y, and d) are structural iso-
mers, with [B-elemene (1-methyl-2,4-di(prop-
1-en-2-yl)-1-vinylcyclohexane) being the main
subtype [12, 13]. B-elemene possesses the
unique ability to penetrate the blood-brain bar-
rier [14, 15]; thus, it has been applied in the
treatment of malignant pleural effusions [16]
and metastatic cancers, including acute mye-
loid leukemia [17], ovarian cancer [18], and
breast cancer [19]. As a natural plant extract,
B-elemene causes few adverse reactions and
has been applied in hyperthermia therapy and
radiotherapy for NSCLC [20, 21]. B-elemene
exerts its antitumor effect by inducing apopto-
sis, arresting the cell cycle, reversing MDR,
and inhibiting tumor cell proliferation [22, 23]
via inhibition of PI3K/AKT/mTOR signaling [24].
Simultaneously, B-elemene inhibited the prolif-
eration of gastric CSCs and increased their
sensitivity to temozolomide [25]. However, in
NSCLC, whether B-elemene inhibits CSCs and,
in particular, whether it disrupts the metabolic
reprogramming of tumor cells, thereby improv-
ing their chemosensitivity of tumor cells, re-
mains to be investigated.

This study was performed based on the hypo-
thesis that B-elemene exerts antitumor effects
by inhibiting PIBK/AKT/mTOR signaling, thereby
affecting MDR, stemness, and metabolic repro-
gramming of tumor cells to enhance chemo-
sensitivity. The therapeutic effect of B-elemene
and its mechanism of action on NSCLC were
investigated in vitro and in vivo, and the poten-
tial target genes of B-elemene were examined
by Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes analyses with the aim of
advancing the application of TCM in cancer
treatment.

Materials and methods
Materials

The human NSCLC cell lines, A549 and NCI-
H1650, were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai,
China). B-Elemene (product code: C5505) was
purchased from Apexbio (Boston, MA), cisplatin
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(product code: P4394) from Sigma-Aldrich (St.
Louis, MO), and 2-deoxy-D-glucose (2-DG; prod-
uct code: D109194) from Aladdin (Shanghai,
China). PI3K inhibitor LY294002; (product co-
de: S1105), AKT inhibitor GSK690693 (product
code: S1113), and mTOR inhibitor AZD8055
(product code: S1555) were obtained from Se-
lleck Chemicals (Houston, TX, USA).

Cell culture and drug treatment

A549 cells were cultured in Ham’s F-12K medi-
um and NCI-H1650 cells were cultured in RPMI-
1640 medium, both containing 10% fetal bo-
vine serum and 1% penicillin-streptomycin at
37°C in an incubator containing 5% CO,. The
cells were passaged when they reached 90%
confluence. For each assay, cells were treated
for 24 h with 10 uM cisplatin and/or 3 pg/mL
B-elemene (Figure 1A) or at the indicated con-
centrations. For experiments involving inhibi-
tors of PI3K (50 uM), AKT (10 uM), or mTOR (10
uM), the inhibitors were added 6 h prior to the
addition of B-elemene. 2-DG was administered
at a concentration of 10 mM for 48 h. Each
experiment was performed in triplicate.

Evaluation of cell growth and drug sensitivity

Cell Counting kit-8 (CCK-8) was used to evalu-
ate cell survival and proliferation. A549 and
NCI-H1650 cells were resuspended in their
respective growth mediums and seeded in a
96-well plate at a density of 5 x 102 cells/well.
After 24 h of treatment with cisplatin (10 uM)
or B-elemene (2.5, 5, 10, 20, or 40 pg/mL),
10 pL of CCK-8 reagent (CA1210, Solarbio,
Beijing, China) was added to each well, and
the cells were further incubated for 4 h. Ab-
sorbance at 450 nm was measured using a
microplate reader (Multiskan FC, Thermo) and
the relative viability was calculated. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was conducted to assess
the sensitivity of A549 and NCI-H1650 cells to
cisplatin and B-elemene. Cells in their logarith-
mic phase of growth were resuspended in
growth medium and seeded in a 96-well plate
at a density of 5 x 10° cells/well (180 pL in
each well). After overnight incubation at 37°Cin
5% CO,, the cells were treated for 24 h with cis-
platin (2, 5, 10, 20, or 50 yM), with or without
the addition of 3 yg/mL B-elemene. Thereafter,
20 yL of MTT reagent (5 mg/mL; product code:
C1736, Bioswamp, Myhalic Biotechnology Co.,
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Ltd., Wuhan, China) was added to each well,
and the cells were cultured for 4 h. The medium
was removed, and 150 pL of dimethyl sulfoxide
was added to each well, after which the plate
was shaken for 10 min. The absorbance of
each well was obtained using a microplate
reader (Multiskan FC) at 490 nm.

Flow cytometry

Flow cytometry was performed to detect apop-
tosis and assess the CSC population. For apop-
tosis, the Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (Pl) apoptosis detec-
tion kit (556547, BD Biosciences) was used.
After the cells were treated with cisplatin and/
or B-elemene as indicated, they were wash-
ed with phosphate-buffered saline (PBS) and
trypsinized. The cells were then transferred to
Eppendorf tubes and centrifuged for 5 min,
after which the supernatants were removed.
Next, 1 x 10° cells were resuspended and cen-
trifuged for 5 min, and the supernatant was col-
lected, after which the cells were resuspended
in 1 mL of pre-cooled PBS. After gentle shaking,
the cells were centrifuged at 1000 x g at 4°C
for 5 min and the supernatant was removed.
This step was repeated three times, and the
cells were finally resuspended in 200 uL bind-
ing buffer. Thereafter, Annexin V-FITC and PI (10
ML each) were added to the cells and gently
mixed. The cells were incubated for 30 min in
the absence of light at 4°C, and a further 300
pL of binding buffer was added, after which the
cells were immediately subjected to flow cytom-
etry. To assess the proportion of the CSC sub-
population, 1 x 10° treated cells were resus-
pended in 100 pL of flow cytometry buffer in an
Eppendorf tube. In each tube, 2 yL of phycoer-
ythrin-cyanine 7-conjugated CD133 monoclo-
nal antibody (25-1339-42, eBioscience) and
2 uL of fluorescein isothiocyanate-conjugated
CD44 monoclonal antibody (11-0441-82, eBio-
science) were added and the cells were incu-
bated at 4°C for 30 min in the dark. The cells
were then washed once with 2 mL of flow
cytometry buffer and centrifuged at 1500 rpm
at 4°C for 5 min. The cells were resuspended
and analyzed by flow cytometry.

Tumorsphere formation assay

A549 and NCI-H1650 cells were treated as
indicated, trypsinized, resuspended, and cen-
trifuged for 3 min at 1000 rpm. The superna-
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Figure 1. Effect of B-elemene on the survival and apoptosis of A549 and NCI-H1650 cells. A. Molecular structure
of B-elemene. B. CCK-8 assay of the viability of A549 and NCI-H1650 cells after treatment with 10 uM cisplatin or
B-elemene at 2.5, 5, 10, 20, or 40 pg/mL for 24 h. C. Flow cytometry of A549 and NCI-H1650 cell apoptosis after
treatment with 10 yM cisplatin and/or 3 pyg/mL B-elemene for 24 h. Early apoptotic cells are shown in the bottom
right quadrant and late apoptotic cells are shown in the top right quadrant. Bar graphs represent the sum of the per-
centages of early and late apoptotic cells. D. Western blot and quantification of the expression of apoptosis-related
proteins (Bcl-2, Bad, Cyt-c, and pro-caspase 9) in A549 and NCI-H1650 cells treated with 10 uM cisplatin and/
or 3 ug/mL B-elemene for 24 h. E. Western blot and quantification of the expression of apoptosis-related proteins
(cleaved-caspase 9, caspase 3 and c-caspase 3) in A549 and NCI-H1650 cells treated with 10 uM cisplatin and/or
3 pug/mL B-elemene for 24 h. F. The IC50 of cisplatin measured after B-elemene treatment. The data represent the
mean + SD (n = 3), *P < 0.05.
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tant was removed, and the cells were washed
twice with PBS. The cells were then resuspend-
ed in a medium consisting of 10 pyg/mL trans-
ferrin (PE1717, Bioswamp), 5 pg/mL insulin
(18040, Solarbio), 20 ng/mL basic fibroblast
growth factor (100-18B, Peprotech), 20 ng/mL
epidermal growth factor (AF-100-15, Peprote-
ch), and 2% B27 (17504044, Gibco), and in-
oculated in a 6-well plate at a concentration of
1 x 10°% cells/mL. After seven days, images
of the resulting tumorspheres were obtained
using an optical microscope (DMIL LED, Leica).

Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

RNA was extracted from A549 and NCI-H1650
cells using TRIzol reagent (15596026, Ambion,
Inc., Foster City, CA, USA). The RevertAid First
Strand cDNA Synthesis Kit (K1622, Thermo
Scientific) was used to reverse transcribe the
cDNA. The SYBR Green PCR kit (KM4101; KAPA
Biosystems, Wilmington, MA, USA) was used to
perform gRT-PCR. The primer sequences were
as follows: RB1 forward, 5’-AACACCACGAAAA-
AGTAAC-3’ and reverse, 5'-GTAATACAAGCGAA-
CTCC-3’; TP53 forward, 5-TGCGTGTGGAGTA-
TTTGG-3’ and reverse, 5-GATTCTCTTCCTCTG-
TGCG-3’; and GAPDH forward, 5-CCACTCCTC-
CACCTTTG-3" and reverse, 5-CACCACCCTGT-
TGCTGT-3'. The experimental conditions were
as follows: initial denaturation at 95°C for 3
min; 40 cycles of denaturation at 95°C for 5 s,
annealing at 56°C for 10 s, an extension at 72
for 25 s; and a final extension at 65°C for 5 s
and 95°C for 50 s. Data were analyzed using
the 222t method.

Western blot

Cell or tissue samples were lysed using a ra-
dioimmunoprecipitation assay buffer. A bicin-
choninic acid assay kit (W1712; Bioswamp)
was used to quantify the extracted proteins.
For sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, 20 pg of protein was added to
each lane. The separated proteins were trans-
ferred onto polyvinylidene fluoride membran-
es. Blocking was performed by incubating the
membranes in 5% skim milk at room tempera-
ture for 2 h. Thereafter, the membranes were
incubated overnight at 4°C with primary anti-
bodies (all obtained from Bioswamp) agai-
nst Bcl-2 (1:1000, PAB31568), Bad (1:200,
PAB36687), cytochrome-c (Cyt-c, 1:1000, PAB-
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30480), pro-caspase 9 (1:1000, MAB43790),
octamer-binding transcription factor 4 (OCT4,
1:1000, PAB35586), sex-determining region
Y-box 2 (SOX2, 1:1000, PAB30154), Nanog
(1:1000, PAB33609), glucose transporter 1
(GLUT1, 1:1000, PAB30639), hexokinase 1
(HK1, 1:1000, PAB30519), lactate dehydroge-
nase A (LDHA, 1:1000, PAB30703), p-glycopro-
tein (pgp, 1:1000, PAB36768), ABCB2 (1:1000,
PAB41957), ATP-binding cassette super-family
G member 2 (ABCG2, 1:1000, PAB38421),
MDR (1:1000, PAB32152), phosphorylated (p)-
PI3K (1:1000, PAB43641-P), PI3K (1:1000,
MAB37566), p-AKT (1:1000, PAB43181-P),
AKT (1:1000, PAB30596), p-mTOR (1:1000,
PAB36313-P), mTOR (1:1000, PAB33332), reti-
noblastoma protein (pRb, 1:1000, PAB36408),
p53 (1:1000, PAB30082), and GAPDH (1:1000,
PAB36269). Three washes were performed
with PBS/Tween 20 for 5 minutes each. Me-
mbranes were incubated with goat anti-rabbit
IgG (1:20000, SAB43714) for 1 h at room tem-
perature. The membranes were washed three
times with PBS/Tween 20 for 5 min each and
subjected to enhanced chemiluminescence
detection (WBKLS0010, Millipore). The rela-
tive values of the protein bands were analyz-
ed based on intensity using the Tanon GIS
software.

In vivo studies

All animal experiments were approved and
performed in accordance with the guidelines
of the Animal Care and Welfare Committee
of Changchun University of Chinese Medicine
(approval no. 20181021). A subcutaneous lung
tumor xenograft model was established in mice
using A549 cells. Male BALB/c-nu mice (aged
4-5 weeks) were acquired from Beijing HFK
Bioscience Co., Ltd. (Beijing, China) and hous-
ed under specific pathogen-free conditions.
After seven days of adaptive feeding, the mice
were anesthetized with 30 mg/kg sodium pen-
tobarbital, and 1 x 107 A549 cells in the loga-
rithmic growth phase were injected subcutane-
ously into the upper right axilla of the mice.
When the tumors reached a volume of 3 mmé,
the mice were divided into four groups (n = 6
per group) and subjected to the following tre-
atments: control (intraperitoneal injection of
physiological saline), cisplatin (oral gavage at 5
mg/kg once every three days for three weeks),
B-elemene (intraperitoneal injection at 5 mg/
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kg once daily for seven days), and a combina-
tion of B-elemene and cisplatin. During the
experimental period, the tumor weight was
measured daily. Tumor length (L) and width (W)
were measured every alternate day, and the
tumor volume was calculated as L x W2/2. Af-
ter 28 days, the mice were sacrificed using
an overdose of sodium pentobarbital and the
tumors were extracted for further evaluation.

Network pharmacology analysis of potential
target genes of B-elemene

Based on the Traditional Chinese Medicine
Systems Pharmacology (TCMSP) database and
analysis platform, the target genes of [-ele-
mene were screened. The full names of the tar-
get proteins were matched to gene symbols
(UniProtID) in the UniProt database (https://
www.uniprot.org/). Twenty-five B-elemene tar-
gets were selected and transformed into En-
trez IDs according to the gene symbol. Lung
cancer-related targets were identified using
the OMIM, DiGSeE, and GenCliP databases and
a Venn diagram was generated to illustrate the
common targets among the three. These com-
mon target genes were compared with those
of B-elemene previously identified using TC-
MSP, and a Venn diagram was generated to
reveal the common targets of lung cancer and
B-elemene.

Statistical analysis

Statistical analysis was performed using Ori-
ginPro 8. One-way analysis of variance followed
by Tukey’s post-hoc test was performed to
assess the differences between more than two
groups. Data represent the mean + standard
deviation (SD) of three (in vitro) or six (in vivo)
independent replicates. Statistical significance
was set at P < 0.05.

Results

B-elemene enhanced the anticancer proper-
ties of cisplatin

A549 and NCI-H1650 cells were treated with
10 pM cisplatin or B-elemene at 2.5, 5, 10, 20,
or 40 ug/mL for 24 h, and cell viability was
measured using the CCK-8 assay (Figure 1B).
Compared with untreated cells (control), cis-
platin significantly decreased cell viability (P <
0.05). B-elemene did not affect A549 cell via-
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bility at 2.5 pg/mL but showed a prominent
inhibitory effect from 5 pg/mL onward (P <
0.05), with no differences between 5, 10, 20,
and 40 pg/mL. For NCI-H1650 cells, cell viabil-
ity decreased in a dose-dependent manner
upon B-elemene treatment (P < 0.05), and the
effect of B-elemene at 5 yg/mL matched that
of 10 uM cisplatin; the IC50 was determined to
be 3.817 after B-elemene intervention (Figure
1F). A549 and NCI-H1650 cells were subject-
ed to individual treatment with 10 uM cisplatin
and 3 pg/mL B-elemene or co-treatment with
both drugs, and cell apoptosis was determined
after 24 h (Figure 1C). Individually, cisplatin and
B-elemene induced a considerable increase in
late apoptosis compared to that in non-treat-
ed cells. However, the co-administration of the
drugs promoted apoptosis to a greater extent.
Evaluation of the expression of apoptosis-relat-
ed proteins (Figure 1D and 1E) revealed that
the anti-apoptotic Bcl-2 was significantly down-
regulated (P < 0.05) by individual cisplatin or
B-elemene administration, while the pro-apop-
totic Bad, Cyt-c, cleaved-caspase 9, caspase 3,
c-caspase 3, and pro-caspase 9 were upregu-
lated (P < 0.05). In addition, co-treatment with
cisplatin and B-elemene accentuated the pro-
apoptotic effect of individual treatments (P <
0.05) in both cell types, demonstrating that
B-elemene enhanced the anticancer property
of cisplatin in vitro.

Cisplatin-induced disruption of stemness main-
tenance and glucose metabolism was further
promoted by B-elemene

The proportion of CSCs in the A549 and NCI-
H1650 cell populations was assessed by
CD133/CD44 [26] double labeling via flow
cytometry after the cells were treated with 10
MM cisplatin and/or 3 ug/mL B-elemene for 24
h (Figure 2A). The ability of the cells to form
tumorspheres was examined microscopically
as a further indication of the presence of CSCs
(Figure 2B). By calculating the tumor sphere
formation rate, it was found that non-treated
(control) cells readily aggregated to form tumor-
spheres, whereas individual administration of
10 uM cisplatin or 3 ug/mL B-elemene greatly
reduced the size of the assembled tumor-
spheres in both cell types. When [3-elemene
was co-administered with cisplatin, tumor-
sphere formation was severely disrupted, as
demonstrated by sparse clusters and failure to
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Figure 2. Effect of B-elemene on stemness maintenance and tumorsphere formation in A549 and NCI-H1650 cells.
A. Flow cytometry to determine the proportion of CSCs in A549 and NCI-H1650 cells treated with 10 uM cisplatin
and/or 3 pg/mL B-elemene for 24 h. Bar graphs represent the percentage of CD133+/CD44+ cells, which are
shown in the top right quadrant of the dot plots. B. Tumorsphere formation ability of A549 and NCI-H1650 cells
treated with 10 uM cisplatin and/or 3 ug/mL B-elemene for 24 h. Scale bar = 50 ym. The data represent the mean
+SD (n=3), *P < 0.05.

form large aggregates. Western blotting was treatment induced significant downregulation
performed to evaluate the expression of pro- of these stemness markers (P < 0.05), and
teins associated with stemness maintenance, the effects of these two drugs were similar.
namely OCT4, SOX2, and Nanog (Figure 3A). However, when administered together, cispla-
In this study, individual cisplatin or 3-elemene tin and B-elemene downregulated the stem-
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Figure 3. Effect of B-elemene on stemness maintenance and glucose metabolism in A549 and NCI-H1650 cells.
Western blot and quantification of the expression of (A) stemness maintenance markers (OCT4, SOX2, and Nanog)
and (B) proteins related to glucose metabolism (GLUT1, HK1, and LDHA) in A549 and NCI-H1650 cells treated
with 10 puM cisplatin and/or 3 pg/mL B-elemene for 24 h. (C) Western blot and quantification of the expression of
proteins relevant to glucose metabolism (GLUT1, HK1, and LDHA) in A549 and NCI-H1650 cells treated with 3 ug/
mL B-elemene for 24 h or 10 mM 2-DG (glucose inhibitor) for 48 h. (D) Glucose uptake and lactic acid content in
A549 and NCI-H1650 cells treated with 3 ug/mL B-elemene for 24 h or 10 mM 2-DG (glucose inhibitor) for 48 h. (E)
OCR and ECAR detection by Fluorescent. (F) ATP and pyruvate content by biochemical assay. The data represent the

mean * SD (n = 3), *P < 0.05.

ness markers to a greater extent than the indi-
vidual components (P < 0.05). These findings
indicate that B-elemene enhances the ability
of cisplatin to impair CSC function and inhibit
stemness maintenance in both A549 and NCI-
H1650 cells.

As an indicator of tumor metabolism, glucose
uptake and metabolism were examined in
A549 and NCI-H1650 cells. The individual ad-
ministration of cisplatin or B-elemene signifi-
cantly suppressed the expression of proteins
associated with glucose metabolism (P < 0.05),
namely GLUT1, HK1, and LDHA (Figure 3B),
and this inhibitory effect was attenuated by
the co-administration of the drugs (P < 0.05).
Furthermore, the effect of 3 uyg/mL B-elemene
was similar to that of 10 nM 2-DG (a gluco-
se inhibitor), as measured by inhibition of GL-
UT1, HK1, and LDHA in A549 and NCI-H1650
cells (Figure 3C). Concurrently, we showed that
B-elemene reduced the relative glucose intake
and lactic acid production in A549 and NCH-
H1650 cells (P < 0.05), similar to 2-DG (Figure
3D). At the same time, the oxygen consumption
rate (OCR) decreased (P < 0.05) and the extra-
cellular acidification rate (ECAR) increased (P <
0.05) in A549 and NCH-H1650 cells (Figure
3E). Assaying pyruvate in the mitochondria
and ATP concentration in cells (Figure 3F),
B-elemene decreased the levels of pyruvate
and ATP in both A549 and NCH-H1650 cells
(P < 0.05). These observations imply that B-
elemene itself may act as a glucose inhibitor
and that its action in enhancing the function of
cisplatin could be related to the disruption of
tumor glucose metabolism and suppression of
the Warburg effect.

B-Elemene enhanced the chemosensitivity of
A549 and NCI-H1650 cells to cisplatin by regu-
lating PI3K/AKT/mTOR signaling

An MTT assay was performed to evaluate the
sensitivity of A549 and NCI-H1650 cells to cis-

1543

platin at various concentrations, with or without
co-administration of 3 ug/mL B-elemene for 24
h (Figure 4A). Cisplatin alone induced a dose-
dependent decrease in the viability of both cell
types at concentrations up to 50 uM (P < 0.05).
The same phenomenon was observed with
B-elemene co-administration at cisplatin con-
centrations of 2-50 yM (P < 0.05). However, a
significant decrease in viability was observed at
each cisplatin concentration when compared
to that of O uM B-elemene (P < 0.05), indicating
that B-elemene effectively increased the sensi-
tivity of A549 and NCI-H1650 cells to cisplatin.
Next, the expression of proteins associated
with MDR (P-gp, ABCB2, and ABCG2) was de-
tected by western blotting after A549 and NCI-
H1650 cells were treated with cisplatin at O, 2,
5, 10, 20, or 50 pM, in the presence or absence
of 3 yg/mL B-elemene (Figure 4B). In A549
cells, the difference between O and 3 pg/mL
B-elemene was evident at a cisplatin concen-
tration of 5 yM for P-gp and ABCB2, and 2 uM
for ABCG2 (P < 0.05). In the absence of B-ele-
mene, cisplatin exerted an inhibitory effect on
P-gp at 20 uM and on ABCB2 and ABCG2 at 50
UM (P < 0.05, compared with non-treated cells).
In NCI-H1650 cells, the difference between O
and 3 yg/mL B-elemene was evident at a cis-
platin concentration of 2 yM for ABCB2 and
ABCG2 and O uM for P-gp (P < 0.05). In the
absence of B-elemene, cisplatin exerted an
inhibitory effect on P-gp, ABCB2, and ABCG2 at
5 uM (P < 0.05, compared to untreated cells).
Overall, co-administration of 3 ug/mL B-ele-
mene increased the chemosensitivity of A549
and NCI-H1650 cells to cisplatin (P < 0.05).

To determine the role of the PI3BK/AKT/mTOR
signaling pathway in the regulation of chemo-
sensitivity by B-elemene, phosphorylation of
PI3K, AKT, and mTOR was evaluated in A549
and NCI-H1650 cells (Figure 4C). Individual
administration of 10 yM cisplatin or 3 pg/mL
B-elemene decreased the activation of PI3K/
AKT/mTOR signaling to a similar extent by do-

Am J Cancer Res 2022;12(4):1535-1555
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Figure 4. Effect of B-elemene on MDR and PI3K/AKT/mTOR signaling in A549 and NCI-H1650 cells. A. MTT assay of the relative viability of A549 and NCI-H1650
cells after treatment with or without 3 ug/mL B-elemene for 6 h, then with cisplatin at 0, 2, 5, 10, 20, or 50 uM for 24 h. The data represent the mean £ SD (n = 3),
*P < 0.05; @P < 0.05 vs. 0 yg/mL B-elemene at same concentration of cisplatin. B. Western blot and quantification of the expression of proteins associated with
MDR (pgp, ABCB2, and ABCG2) in A549 and NCI-H1650 cells treated with or without 3 yg/mL B-elemene for 6 h, then with cisplatin at O, 2, 5, 10, 20, or 50 uM for
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24 h. The data represent the mean + SD (n = 3), *P < 0.05; #P < 0.05 vs. O uM cisplatin at the same concentration
of B-elemene; ##P < 0.05 vs. 10 uM cisplatin at the same concentration of B-elemene. C. Western blot and quanti-
fication of the phosphorylation level of PI3K, AKT, and mTOR relative to total content of respective protein in A549
NCI-H1650 cells treated with 10 uM cisplatin and/or 3 ug/mL B-elemene for 24 h. The data represent the mean *

SD (n = 3), *P < 0.05.

wnregulating the expression of p-PI3K, p-AKT,
and p-mTOR relative to the respective total
protein content (P < 0.05). However, the com-
bined treatment with the two drugs accentuat-
ed this effect by suppressing PI3K/AKT/mTOR
phosphorylation (P < 0.05). This observation
indicates that B-elemene enhances the regula-
tory function of cisplatin in PISK/AKT/mTOR
signaling.

PIBK/AKT/mTOR inhibition further promoted
the anticancer function of B-elemene

The specific involvement of the PISK/AKT/
mTOR pathway in the action of B-elemene was
further investigated via the co-administration
of 3 yg/mL B-elemene with inhibitors of PI3K
(LY294002, 50 uM), AKT (GSK690693, 10 uM),
and mTOR (AZD8055, 10 uM). The effect of the
inhibitors on the activation of PI3K/AKT/mTOR
was first confirmed by western blot analysis of
PI3K, AKT, and mTOR phosphorylation in A549
and NCI-H1650 cells (Figure 5A). The ability of
A549 and NCI-H1650 cells to form tumor-
spheres was evaluated after treatment with
B-elemene and an inhibitor of PI3K, AKT, or
mTOR. As indicated in Figure 5B, inhibitors of
PI3BK/AKT/mTOR greatly reduced the diameter
and size of the tumorspheres formed by A549
and NCI-H1650 cells compared to the adminis-
tration of B-elemene alone. The effect of inhibi-
tor co-administration was similar to that of the
B-elemene and cisplatin co-treatment. In terms
of apoptosis, co-administration of B-elemene
and inhibitors induced a remarkably higher per-
centage of cell apoptosis than that induced by
B-elemene or cisplatin alone (Figure 5C). This
was complemented by the results of western
blotting, which showed that in conjunction with
B-elemene, PIBK/AKT/mTOR inhibition further
promoted apoptosis by downregulating the
anti-apoptotic protein Bcl-2 and upregulating
the pro-apoptotic proteins Bad, Cyt-c, and pro-
caspase 9 (Figure 6). At the same time, PI3K/
AKT/mTOR inhibition suppressed the stem-like
and drug-resistant properties of A549 and NCI-
H1650 cells, as demonstrated by the downreg-
ulation of the stemness markers OCT4, SOX2,
and Nanog as well as the MDR protein.

1545

Bioinformatic prediction and preliminary ex-
perimental verification of target genes associ-
ated with B-elemene and NSCLC

Genes associated with lung cancer were scre-
ened using three databases (OMIM, DiGSeE,
and GenCliP), and 77 were identified as com-
mon among the databases. Additionally, 25 tar-
get genes of B-elemene were identified using
the TCMSP database (Table 1). Venn diagram
analysis revealed that there were two common
target genes between those identified for lung
cancer and B-elemene, namely, RB1 and TP53
(Figure 7A). We then carried out a preliminary
confirmation of the effect of these target genes
in A549 and NCI-H1650 cells by treating them
with B-elemene at various concentrations for
different durations. The mRNA expression of
RB1 and TP53 and the protein expression of
pRb and p53 (encoded by RB1 and TP53,
respectively) were then detected by gRT-PCR
and western blotting, respectively. At the mRNA
level (Figure 7B), B-elemene upregulated RB1
and TP53 in a dose-dependent manner from 5
pug/mL onwards in both A549 and NCI-H1650
cells. At 10 and 20 pyg/mL, B-elemene exerted
a time-dependent effect on RB1 and TP53 lev-
els in A549 cells. In NCI-H1650 cells, a time-
dependent effect was observed at different
doses for each gene. Similar trends were ob-
served at the protein level (Figure 7C). Speci-
fically, dose-and time-dependent effects of
B-elemene on pRb and p53 expression were
apparent, starting at 2 uyg/mL in both cell lines.
Collectively, these results indicate that RB1
and TP53, which are both tumor suppressor
genes, are target genes of B-elemene in the
therapeutic treatment of NSCLC.

B-elemene enhanced the therapeutic effect
of cisplatin on NSCLC tumor development and
growth in vivo

The combined effect of B-elemene and cisplat-
in on NSCLC tumor growth was evaluated in
an in vivo nude mouse xenograft model. A549
cells were subcutaneously injected into ex-
perimental mice (n = 6 per treatment group),
which were then treated with cisplatin and/or
B-elemene. On day 28 of the experiment, the
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Figure 5. Effect of B-elemene on stemness maintenance and tumorsphere formation in A549 and NCI-H1650 cells in the presence of PISBK/AKT/mTOR inhibi-
tors. A549 and NCI-H1650 cells were treated with 10 uM cisplatin and/or 3 pg/mL B-elemene for 24 h, or first with an inhibitor of PI3K (LY294002, 50 uM), AKT
(GSKB90693, 10 uM), or mTOR (AZD8055, 10 uM) for 6 h and then with 3 ug/mL B-elemene for 24 h. A. Western blot and quantification of the phosphorylation level
of PI3K, AKT, and mTOR relative to total content of respective protein in A549 and NCI-H1650 cells. B. Tumorsphere formation ability of A549 and NCI-H1650 cells.
Scale bar =50 um. C. Flow cytometry of A549 and NCI-H1650 cell apoptosis after exposure to cisplatin with or without B-elemene at the noted concentrations. Early
apoptotic cells are shown in the bottom right quadrant and late apoptotic cells are shown in the top right quadrant. Bar graphs represent the sum of the percentages

of early and late apoptotic cells. The data represent the mean + SD (n = 3), *P < 0.05.
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Figure 6. Effect of B-elemene on apoptosis, stemness, and PI3K/AKT/mTOR signaling in the presence of PI3K/AKT/
mTOR inhibitors. A549 and NCI-H1650 cells were treated with 10 uM cisplatin and/or 3 ug/mL for 24 h, or first with
an inhibitor of PI3K (LY294002, 50 uM), AKT (GSK690693, 10 pM), or mTOR (AZD8055, 10 uM) for 6 h and then
with 3 pg/mL B-elemene for 24 h. Western blot and quantification of the expression of proteins associated with
apoptosis (Bcl-2, Bad, Cyt-c, and pro-caspase 9) and stemness maintenance (0OCT4, SOX2, and Nanog) in A549 and
NCI-H1650 cells. The data represent the mean + SD (n = 3), *P < 0.05.

Table 1. Names and gene symbols of the predicted targets of

activation (Figure 8G). These

B-elemene results were consistent with
Node those obtained in vitro. Spe-
Name Symbol degree cifically, the individual ad-
Prostaglandin G/H synthase 2 PIGS2 4 ministration of cisplatin or B-
Gamma-aminobutyric-acid receptor alpha-2 subunit GABRA2 5 elemene SIgnlflca.ntIy promot
o ed the apoptosis of tumor
Retinoic acid receptor RXR-alpha RXRA 3 cells while suppressing their
Sodium-dependent noradrenaline transporter SLCBA2 1 stem-like properties, MDR
Gamma-aminobutyric-acid receptor alpha-3 subunit GABRA3 4 ability, and PI3K/AKT/mTOR
Muscarinic acetylcholine receptor M2 CHRM2 4 activation. In all cases, the
Gamma-aminobutyric acid receptor subunit alpha-1 GABRA1 5 two drugs exhibited a signifi-
Gamma-aminobutyric-acid receptor subunit alpha-6 GABRAG 6 cantly greater effect when
Prostaglandin G/H synthase 1 PTGS1T 1 administered in combination
Muscarinic acetylcholine receptor M3 CHRM3 3 than when administered indi-
Muscarinic acetylcholine receptor M1 CHRM1 5 vidually.
Alpha-1A adrenergic receptor ADRA1A 3 Discussion
Neuronal acetylcholine receptor protein, alpha-7 chain CHRNA7 3
Nuclear receptor coactivator 2 NCOA2 2 Chemoresistance remains a
Gamma-aminobutyric-acid receptor alpha-5 subunit GABRA5S 5 severe challenge in cancer
Apoptosis regulator Bcl-2 BCL2 3 treatment and hinders effec-
Cyclin-dependent kinase inhibitor 1 CDK1 6 tive ther.apy, res“'ti”g in poor
Eukaryotic translation initiation factor 6 EIF6 0 prognosis ?nd. survwal._ To
) . ) address this issue, various
Retinoblastoma-associated protein RB1 3 targets have been consid-
Cellular tumor antigen p53 TP53 9 ered, among which CSCs and
Telomerase protein component 1 TEP1 1 tumor metabolism have been
Protein CBFA2T1 RUNX1T1 1 highlighted in oncology re-
Cell division control protein 2 homolog CcDhCc2 0 search. Genes such as OCT4,
G2/mitotic-specific cyclin-B1 CCNB1 5 SOX2, and Nanog play an
Transforming protein RhoA RHOA 4 important role in the develop-

tumors were excised for characterization. Vi-
sually, individual cisplatin or B-elemene treat-
ments greatly reduced the size of the tumors,
and the combined administration of the two
further suppressed tumor growth (Figure 8A).
This was supported by measurements of tu-
mor volume over the 28-day observation period
(Figure 8B) and tumor weight after the mice
were sacrificed on day 28 (Figure 8C)-both of
which showed sharp decreases with cisplatin
and/or B-elemene treatment. Extracted tumor
tissues were then subjected to western blott-
ing to detect proteins associated with apopto-
sis (Figure 8D), stemness maintenance (Figure
8E), MDR (Figure 8F), and PI3K/AKT/mTOR
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ment of human embryos [27],
and are also important for

maintaining the stemness of CSCs, wherein
these genes are highly expressed [28].
Activation of the PI3K/AKT pathway upregu-
lates the expression of OCT4 and Nanog and
promotes the maintenance of breast CSC stem-
ness [29]. Inhibition of OCT4 and Nanog expres-
sion inhibits the self-renewal of pancreatic
CSCs, enhances the sensitivity of cells to gem-
citabine, and promoted apoptosis [30]. PI3K/
AKT/mTOR signaling is abnormally activated in
various tumor cells, including lung cancer,
thereby mediating the occurrence, develop-
ment, and MDR of tumor cells [31, 32]. This
pathway also plays a vital role in mediating the
Warburg effect in tumor cells by regulating
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Figure 7. Bioinformatic prediction and experimental validation of target genes of lung cancer and B-elemene. A.
Left: venn diagram illustrating the number of target genes associated with lung cancer, identified using DiGSeE,
GenCliP, and OMIM. Between the three databases, 77 common genes were found. Right: venn diagram illustrating
the number of common target genes associated with both lung cancer and pB-elemene. Two target genes (RB1 and
TP53) were identified. B. gRT-PCR of the relative mRNA expression of the identified target genes RB1 and TP53 in
A549 and NCI-H1650 cells treated with O, 2, 5, 10, 20, or 40 yg/mL B-elemene for 24 or 48 h. C. Western blot and
quantification of the expression of pRb (protein coded by RB1) and p53 (protein coded by TP53) in A549 and NCI-
H1650 cells treated with O, 2, 5, 10, 20, or 40 yg/mL B-elemene for 24 or 48 h. Data represent the mean + SD (n
= 3), *P < 0.05; #P < 0.05 vs. 24 h at the same concentration of B-elemene.

the expression of glycolytic enzymes including
GLUT4, HK, LDH, and pyruvate kinase isozyme
M2 [33, 34]. AKT has been shown to promote
glucose consumption and aerobic glycolysis to
enhance tumor growth and survival, exacerbat-
ing the malignant behavior of tumor cells [35].
Thus, PISBK/AKT/mTOR has become a well-rec-
ognized therapeutic target for various cancers,
including NSCLC. The fact that B-elemene sup-
pressed the activation of PI3K, AKT, and mTOR
in this study indicates its role as a PISBK/AKT/
mTOR inhibitor. Its effects were thus similar to
those of chemical inhibitors of PI3K, AKT, and
mTOR (LY294002, GSK690693, and AZD8055,
respectively) in promoting apoptosis, impairing
stemness maintenance, and suppressing MDR.
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Conventional chemotherapeutic drugs against
NSCLC, such as cisplatin, may cause adverse
side effects such as kidney toxicity and ototox-
icity. Moreover, MDR poses a significant disad-
vantage to the efficacy of these drugs. Adjuvant
therapy is a promising approach that address-
es these issues by using a secondary pharma-
cological agent to modify or accentuate the
effects of chemotherapeutic drugs. Therefore,
TCM is considered an attractive option. Owing
to the herbal nature of most TCM ingredients,
they cause few side effects and are effective
in maintaining and improving general health.
Therapeutic agents in TCM are often composed
of a large number of active natural ingredients;
thus, to ensure effective therapeutic use, it is
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Figure 8. Effect of B-elemene in in vivo lung cancer model. (A) Tumors extracted from experimental animals after 28
days of tumor growth (induced by A549 cells), with or without the administration of cisplatin at 5 mg/kg every three
days for three weeks and/or B-elemene at 5 mg/kg daily for seven days. (B) Tumor volume monitored over 28-day
experimental period. Volume was calculated as (tumor length) x (tumor width)? + 2. The data represent the mean
+ SD (n = 6). (C) Tumor weight measured on day 28. The data represent the mean + SD (n = 6), *P < 0.05; #P <
0.05 vs. Cisplatin only. Western blot and quantification of the expression of proteins related to (D) apoptosis (Bcl-2,
Bad, Cyt-c, and pro-caspase 9), (E) stemness maintenance (OCT4, SOX2, and Nanog), (F) multi-drug resistance (pgp,
ABCB2, ABCG2, and MDR), and (G) PI3K/AKT/mTOR signaling (phosphorylation vs. total protein content) in tumor

tissues. The data represent the mean + SD (n = 6), *P < 0.05.

necessary to precisely identify and character-
ize the functions and properties of the individu-
al components. In terms of anticancer proper-
ties, studies have found that TCM components
such as ginsenosides and celastrol can inhibit
the proliferation of CSCs and improve the thera-
peutic effect of chemotherapeutic drugs [36,
37]. Celastrol has also been shown to inhibit
the proliferation of gastric cancer cells by dis-
rupting their energy metabolism [38], suggest-
ing that TCM and its main components partially
function by targeting the Warburg effect.

The therapeutic effect of B-elemene in NSCLC
has been previously demonstrated. Wang et al.
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reported the mechanism of B-elemene in NS-
CLC, showing that it promotes apoptosis in
NSCLC cells via a mitochondria-mediated path-
way [12]. Furthermore, B-elemene acts as an
adjuvant agent and exerts synergistic effects
with established chemotherapeutic drugs to
combat lung cancer. In particular, co-adminis-
tration of B-elemene and gefitinib, an epider-
mal growth factor receptor-tyrosine kinase in-
hibitor, exerted superior antitumor properties
to those of the individual components. This was
achieved by targeting the stem-like properties
of lung cancer cells, disrupting the epithelial-
mesenchymal transition, and inhibiting tumor
progression in vivo through the regulation of
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the enhancer of zeste homolog 2 [39]. Similarly,
B-elemene exerts synergistic antitumor effects
with chemotherapeutic taxanes, including pa-
clitaxel and docetaxel, on lung cancer cells by
triggering p53- and Fas-independent pathways
and disrupting cell membrane permeability,
thereby promoting taxane uptake [40].

Herein, we describe the mechanism by which
B-elemene acts as a complementary agent to
cisplatin in the treatment of NSCLC. Defects in
apoptotic cell death pathways are known to
contribute to chemoresistance in tumors [41],
wherein high Bcl-2 expression is a strong influ-
encing factor [42]. Although cisplatin signifi-
cantly downregulated the expression of Bcl-2 in
A549 cells and xenografted tumor tissues in
this study, this effect was prominently accentu-
ated by B-elemene, showing its unique poten-
tial as an antitumor agent. Importantly, B-ele-
mene exerted effects similar to those of the
glucose inhibitor 2-DG in altering tumor metab-
olism. This is a substantial finding because
the development of chemoresistance has been
critically linked to abnormal glucose metabo-
lism and metabolic reprogramming [43, 44].
Kikuchi et al. presented a well-designed study
that revealed the impact of CO, levels on mito-
chondrial metabolism and chemosensitivity.
They reported that high CO, levels (hypercap-
nia) are conducive to cisplatin resistance in
A549 cells by altering the state of mitochondri-
al respiration, thereby attenuating reactive oxy-
gen species production [45]. In future studies,
it will be interesting to investigate whether the
additive effect of B-elemene in complementing
cisplatin is influenced by microenvironmental
CO, levels.

Finally, analysis of the predicted target genes
using well-established databases revealed that
RB1 and TP53 are associated with both lung
cancer and B-elemene. RB1 and TP53 (genes
that encode pRb and p53 proteins) are wide-
ly considered tumor suppressors. In particular,
mutations in RB1 have been correlated with
NSCLC and triple-negative breast cancer [46],
and p53 is tightly linked to drug resistance
and chemotherapy failure [47]. The relationship
between PI3K/AKT/mTOR signaling and RB1
or TP53 has also drawn attention for targeted
treatment. Notably, mutations in the RB1 path-
way lead to the overexpression of mTOR and
the phosphorylation of AKT, with critical impli-
cations for cell proliferation, cell cycle regula-
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tion, apoptosis, and protein synthesis [48]. In
terms of TP53 (or p53), numerous studies have
reported its tumor-suppressing effects through
the inhibition of PI3K/AKT/mTOR signaling [49-
51]. The specific roles of RB1 and TP53 in the
regulation of MDR by B-elemene via the PI3K/
AKT/mTOR pathway remain unknown and will
form the basis of prospective research.

Conclusions

Collectively, this study supports the utility of
B-elemene as a natural complementary agent
to cisplatin for the treatment of NSCLC. Spe-
cifically, the underlying mechanisms are associ-
ated with the impairment of tumor glucose
metabolism, suppression of stem-like proper-
ties within the cancer cell population, and inhi-
bition of drug resistance-all of which occur via
inactivation of the PI3K/AKT/mTOR signaling
pathway. These findings suggest that B-eleme-
ne can be considered as an effective clinical
adjuvant to conventional chemotherapeutic dr-
ugs against lung cancer.
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