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ABSTRACT: Among all cancers, the global incidence rate of breast cancer is the highest. Novel chemotherapeutic
agents are needed to improve the existing chemotherapy outcomes and to reduce the toxic side effects. 10-hydroxy-
2-decenoic acid (10-H2DA), a royal jelly acid, had been reported to have anti-inflammatory, anti-tumor, and anti-
metastasis activities. This study aimed to investigate anti-proliferative efficacy and the underlying mechanisms of
10-H2DA co-treatment with doxorubicin (DXR), a chemotherapeutic compound, in MCF-7 breast cancer cells. MTS
assay was conducted to determine cell viability. Cell cycle progression and cell apoptosis were detected by flow
cytometry. Pivotal protein expressions were determined by Western blot. Results revealed that the 125 pg/ml 10-
H2DA co-treatment with the 0.54 pg/ml DXR synergistically and significantly inhibited cancer cell growth up to 79%,
compared with the medium control (p < 0.05); it was 1.6-fold higher than the DXR treatment alone. The underlying
mechanisms involved extensive suppression of oncoprotein ¢-MYC/BAX and activation of tumor suppressor The two
mechanisms led to G1/S cell cycle arrest, cell apoptosis, and shortened lifespan. The activations of HO-1/BAX and
p53/BAX while suppressing NRF2/BAX expression suggested induction of cell ferroptosis. Our findings suggest that
the 10-H2DA in adjunct to the DXR is a promising novel candidate for breast cancer treatment via extensive decrease in
C-MYC/BAX, increase in p53/BAX, cell cycle arrest, and cell apoptosis. Further in vivo mechanistic studies are necessary

to validate its benefits.
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INTRODUCTION

The age-standardized (world) incidence rate of breast
cancer is the highest among all cancers (37.8 per
100 000), and breast cancer is the third leading cause
of death (age-standardized mortality rate: 12.7 per
100000) [1]. More effective cancer treatments are
still needed. Chemotherapy is commonly used to
treat breast cancer in combination with other tools
such as surgery, radiotherapy, and hormonal therapy.
However, most chemotherapeutic agents have limi-
tations on their potency due to induction of toxic
side effects and drug resistance [2]. For example,
doxorubicin (DXR), an anthracycline, inhibits DNA
topoisomerase II and generates free radicals to kill
cancer cells; however, it induces drug resistance and
cardiovascular toxicities (cardiomyopathy and conges-
tive heart failure) [3,4]. Cisplatin (CDDP), a metal-
lic (platinum) coordination compound, binds to DNA
and inhibits DNA replication and DNA repair; it also
induces nephrotoxicity and drug resistance [5]. It has
been reported that using natural bioactive compounds
in adjunct to chemotherapeutic agents enhances ther-
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apeutic potentials and limits drug resistance [6]. 10-
hydroxy-2-decenoic acid (10-H2DA), the most abun-
dant fatty acid in royal jelly, has been reported to
have various pharmacological properties such as anti-
aging [7]. anti-inflammatory [8], anti-bacterial [9],
and anti-tumor [10]. Besides, it completely inhibited
the tumor development of transplantable leukemia and
ascites tumor cells in mice [10,11]. It also inhibited
VEGF-induced angiogenesis, tumor cell invasion, and
metastasis in aggressive chemoresistant breast cancer
cells [12]. 10-H2DA strongly inhibited nitric oxide and
inflammatory-related cytokines in lipopolysaccharide-
stimulated RAW264.7 macrophages cells [8].

Our previous studies [13] revealed that the 10-
H2DA treatments (1.25, 12.5, and 125 pg/ml) sig-
nificantly inhibited MCF-7 cell proliferation. The
125 pg/ml 10-H2DA treatment maximally decreased
the MCEF-7 breast cancer cell viability to 34.6% com-
pared with the medium control and 1.4-fold better
than the 0.54 pg/ml DXR treatment. The 50% in-
hibition concentration (IC50) value derived from the
log[10-H2DA] scale was 42.6 ug/ml. The inhibitory
mechanisms involved extensive suppression of cell pro-
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liferation via decreased c-MYC/BAX, shortened lifes-
pan, and induced cell apoptosis. However, it increased
anti-oxidative power by increasing the NRF2/BAX and
the HO-1/BAX, possibly inducing cancer cell resis-
tance.

We then hypothesized that the 10-H2DA in ad-
junct to the DXR would synergistically inhibit breast
cancer cell proliferation. To verify our hypothesis,
we investigated the anti-proliferative activities and the
underlying molecular mechanisms of the 10-H2DA co-
treatments with the DXR in MCF-7 breast cancer cells.
Cell viability, cell cycle progression, cell apoptosis, and
pivotal protein expressions were determined. Results
demonstrated that the 10-H2DA co-treatment with the
DXR at proper doses strongly inhibited breast cancer
cell growth via systemic modulation of pivotal regula-
tory proteins. The co-treatment successfully induced
cell apoptosis, cell cycle arrest, limited lifespan exten-
sion, and possibly limited cancer cell resistance.

MATERIALS AND METHODS
Cancer cell line and chemicals

Epithelial breast adenocarcinoma cell line, MCE-7
(HB22), was purchased from American Type Culture
Collection (ATCC), USA. 10-hydroxy-2-decenoic acid
was purchased from Cayman Chemical Company, USA:
CAS No. 14113-05-4, 98% purity. Doxorubicin hy-
drochloride (Adriamycin) was purchased from Pfizer,
USA.

Determination of anti-proliferative activities by
MTS tetrazolium assay

The MCF-7 cells were cultured in MEM medium with
supplements at 37°C in a 5% CO,, incubator for 24 h
according to the manufacturer’s protocol. Cells were
then co-treated with 10-H2DA (0.0125, 0.125, 1.25,
12.5, and 125 pg/ml) and 0.54 pg/ml (1 uM) DXR
for 24 h. MEM medium and DXR alone were used as
negative and positive controls, respectively. The IC50
value was determined using GraphPad Prism7 via log
scale.

Analysis of cell cycle distribution and cell
apoptosis by flow cytometry

To determine cell cycle distribution, the treated MCF-
7 cells were washed and fixed with 70% cold ethanol
overnight at —20 °C. Cells were then stained with pro-
pidium iodide (PI)/ribonuclease staining buffer (BD
Biosciences, USA) for 20 min at room temperature.
The cell cycle distribution was measured with Guava
EasyCyte™ Flow Cytometer (Merck Millipore, USA)
using GuavaSoft software.

Annexin V-FITC apoptosis detection kit I (BD Bio-
sciences, USA) was applied to detect cell apoptosis.
The treated cells were washed and incubated with FITC
Annexin V and PI for 15 min in the dark at room
temperature. The cells were analyzed immediately by
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Guava EasyCyte™ Flow Cytometer (Merck Millipore,
USA).

Nuclear morphological changes detected by
Hoechst33258/Propidium iodide double staining

The treated MCF-7 cells were washed and stained with
10 pg/ml Hoechst 33258 solution for 7 min at 37 °C in
a CO, incubator. The cells were then counterstained
with propidium iodide (PI) (2.5 wg/ml) for 15 min
in the dark at room temperature. The stained cells
were immediately analyzed under a fluorescence mi-
croscope. The Hoechst 33258 stained DNA in dark blue
and cells with apoptotic nuclei in bright blue, whereas
the PI counterstained DNA of the dead cells in red.
When merged, the dead cells with apoptotic nuclei
showed double staining colors of bright blue with red
apoptotic nuclei.

Analysis of pivotal protein expressions using
Western blot

The treated cells were lysed and boiled with RIPA
lysis buffer (Merck Millipore, USA). The lysate was
separated using 10% SDS-polyacrylamide gel elec-
trophoresis, followed by blotting onto a nitrocellulose
membrane (GE Healthcare, USA), and blocked with
Odyssey blocking buffer (Li-COR, USA). Membranes
were then probed with corresponding rabbit primary
antibodies: anti-hTERT, anti-HO-1, anti-NRF2, anti-
cyclin D1, and anti-cyclin D (Merck Millipore, USA);
and anti-c-MYC, anti-p53, anti-BCL2, anti-BAX, anti-
cyclin B1, anti-cyclin E1, and anti-CDK4 (Cell Sig-
naling, USA). Anti-f-actin polyclonal antibody (Cell
Signaling, USA) was used as an internal control. After
that, membranes were washed and incubated with
LI-COR IRDye 680 mouse anti-rabbit. The protein
bands were visualized using Odyssey FcIlmager (LI-
COR, USA).

RESULTS AND DISCUSSION
Antiproliferative activity detected by MTS assay

All 10-H2DA co-treatments: 0.125, 1.25, 12.5, and
125 pg/ml with 0.54 pg/ml DXR for 24 h sig-
nificantly decreased MCF-7 cell viability in a dose-
dependent manner to 73%, 71%, 51%, and 27.9%,
compared with the medium control (p < 0.05), re-
spectively (Fig. 1a). The IC50 value derived from
the log scale was 13.6 ug/ml (Fig. 1b). The DXR
treatment alone significantly decreased cell viability to
52%. Since the 125 p.g/ml 10-H2DA treatment alone
significantly decreased cell viability to 34.6% [13];
therefore, 125 pg/ml 10-H2DA treatment in combina-
tion with the DXR synergistically inhibited cancer cell
growth (1.5-fold, compared with the DXR treatment
alone). However, the low doses of 0.0125, 0.125,
and 1.25 pg/ml 10-H2DA co-treatments tended to
have antagonistic effects. The percentages of the cell
viabilities were ~1.4 times higher than that of the DXR
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Fig. 1 (a) Effects on cell proliferation induced by various concen-
trations of the 10-H2DA co-treatments with DXR on MCF-7 breast
cancer cells (n = 3); **p < 0.05 significantly different from the
MEM medium control (without 10-H2DA and DXR); # p <0.05
significantly different from the DXR; (b) determination of IC50
value in log scale; (c) effects of the MEM medium control (0),
the 10-H2DA-DXR co-treatments, and the DXR treatment alone
on cell morphology.

treatment alone. The inhibitory efficacy of 10-H2DA
was dose dependent. Cell morphology after treatments
demonstrated under a light microscope showed that
the higher doses of the 10-H2DA co-treatments and
the DXR treatment resulted in more toxic cells with
unattached and rounded shapes (Fig. 1c).
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Effects on cell cycle progression detected by flow
cytometry

Compared with the MEM medium control, the
125 pg/ml 10-H2DA co-treatment with 0.54 pg/ml
DXR significantly increased the percentage of cells in
the sub G1 phase (30-fold), (Fig. 2a and 2b) while de-
creasing the percentages of cells in GO/G1 (0.6-fold),
S (0.5-fold), and G2/M (0.8-fold) phases. It demon-
strated that the 125 pg/ml 10-H2DA co-treatment
maximally induced cell apoptosis and limited cell cycle
progression. The DXR treatment alone increased the
percentage of cells in the sub G1 phase (6.7-fold),
suggesting induction of cell apoptosis. Besides, it
decreased the percentages of cells in GO/G1 (0.8-fold)
and S (0.5-fold) phases but increased in G2/M (1.2-
fold) phase, indicating induction of G2/M cell cycle
arrest. The low dose of 1.25 ug/ml 10-H2DA co-
treatment decreased the percentages of cells in GO/G1
(0.8-fold) and S (0.6-fold) phases but increased in
G2/M (1.2-fold) and sub G1 (3.8-fold) phases. Results
showed that both 1.25 pg/ml 10-H2DA co-treatment
and the DXR treatment alone induced G2/M cell cycle
arrest. The co-treatment, however, induced slightly
less cell apoptosis.

Effects on cell cycle regulatory proteins detected
by Western blot analyses

As shown in Fig.3a and 3b, the 10-H2DA co-
treatments (1.25, 12.5, and 125 ug/ml) with DXR
decreased the CDK4 and the cyclin D1 in a dose-
dependent manner, compared with the MEM medium
control. In addition, the 125 wg/ml 10-H2DA co-
treatment maximally decreased the CDK4 (0.3-fold)
and the cyclin D1 (0.5-fold). Contrarily, it increased
the cyclin E1 (2.1-fold) and the cyclin B1 (1.5-fold).
The data verified that the 125 pg/ml 10-H2DA co-
treatment induced the GO/G1 cell cycle arrest (with
decreased CDK4 and cyclin D1). The DXR treatment
alone decreased the levels of the cyclin B1 (0.4-fold)
while increasing the cyclin E1 (2.5 fold) and the cyclin
D1 (1.2 fold), signifying the G2/M cell cycle arrest.
The 1.25 pg/ml 10-H2DA co-treatment decreased the
cyclin B1 (0.5-fold) and slightly decreased the CDK4
(0.7-fold) and the cyclin D1 (0.9-fold) while maximally
increasing the cyclin E1 (3.8-fold). This low dose of
the 10-H2DA co-treatment induced the G2/M arrest,
similar to the DXR treatment alone. Results from
Western blot analyses of cell cycle regulatory proteins
were in agreement with results from cell cycle analyses
detected by flow cytometry.

Effects on cell apoptosis of 10-H2DA co-treatments
detected by flow cytometry

Compared with the MEM medium control, the 10-
H2DA co-treatments of 1.25, 12.5, and 125 pg/ml with
the DXR markedly induced a dose-dependent increase
in the percentages of early apoptotic cells to 1.6-, 2.6-
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Fig. 2 (a) Cell cycle analyses of MCF-7 cells after various concentrations of the 10-H2DA co-treatments with 0.54 p.g/ml DXR for
24 h. The MEM medium and the DXR were used as negative and positive controls (n = 3). (b) Percentages of the cell population

in individual stage of the cell cycle after treatments (mean = SE); * p < 0.05 significantly different from medium control; # p < 0.05

significantly different from the DXR.

, and 4.9-fold; but slightly increased the percentages
of late apoptotic/necrotic cells to 1.2-, 1.1-, and 1.1-
fold, respectively (Fig. 4a and 4b). The DXR treatment
alone increased the percentage of early apoptotic cells
(2.4-fold) while slightly decreasing the percentage of
late apoptotic/necrotic cells (0.9-fold). The results
demonstrated that the highest 125 ug/ml 10-H2DA
co-treatment effectively increased the percentage of

early apoptotic cells the most, twice as much as that
of the DXR treatment alone. However, the 1.25 p.g/ml
10-H2DA co-treatment decreased percentage of early
apoptotic cells, compared with the DXR treatment
alone (1.5-fold decrease) while slightly increasing per-
centage of late apoptosis (1.2-fold). Therefore, the low
dose of 1.25 p.g/ml 10-H2DA co-treatment reduced the
DXR-induced cell apoptosis.
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Fig. 3 (a) Representative Western blot analyses induced by various concentrations of the 10-H2DA co-treatments with DXR in MCE-7
cells; (b) relative intensities of bands compared with the MEM medium control (n = 3); *p < 0.05 significantly different from the
medium; # p < 0.05 significantly different from the DXR.
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Fig. 5 Representative photos of Hoechst 33258 /propidium io-
dide double staining of treated MCF-7 breast cancer cells: (a) the
MEM medium control; (b) the 125 pg/ml 10-H2DA co-treated
with 0.54 pg/ml DXR; (c) the DXR alone. Arrows indicate: (0) no
dead cell; (1) viable cells with normal nuclei; (2) live cells with
apoptotic nuclei; (3) dead cells; and (4) dead cells with apoptotic
nuclei.

Nuclear morphological changes detected by
Hoechst33258/propidium iodide double staining

The results of nuclear morphological changes us-
ing Hoechst33258/propidium iodide double staining
showed that the 125 pg/ml 10-H2DA co-treatment
with DXR and the DXR treatment alone caused a
number of dead cells with apoptotic nuclei, whereas
the MEM medium treatment showed regular MCF-7
treated cells without apoptotic nuclei, as shown in
Fig. 5a, 5b, and 5c.

Effects on HO-1, NRF2, c-MYC, hTERT, p53, BAX,
and BCL2 protein expression levels

The 10-H2DA (1.25-125 pg/ml) co-treatment with
DXR decreased the c-MYC, the BCL2, and the hTERT
levels while increasing the BAX, the p53, the NRF2,
and the HO-1 levels in a relatively dose-dependent
manner (Fig. 6a and 6b). As reported in previous
studies [14,15], protein expression levels were bet-
ter expressed in a relationship with BAX, such as c-
MYC/BAX, hTERT/BAX, NRF-2/BAX, and p53/BAX,
and protein expressions from live cells versus dead
cells were similar to the rheostat ratio, BCL2/BAX [16].
Moreover, BAX could serve as an internal control for
comparing different levels of these regulatory proteins.

Evaluation of the regulatory protein values over
BAX (Fig. 6¢) demonstrated that the 125 pg/ml 10-
H2DA co-treatment effectively inhibited cancer cell
proliferation via the extensive suppression of the on-
coprotein ¢-MYC/BAX (0.07-fold) and the high acti-
vation of the tumor suppressor p53/BAX (12.7-fold),
compared with the MEM medium control. In addi-
tion, the 125 pg/ml 10-H2DA co-treatment caused a
maximum decrease in the BCL2/BAX (0.2-fold) and
a high decrease in the hTERT/BAX (0.3-fold), indi-
cating strong induction of cell apoptosis and short-
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Fig. 6 (a) Representative Western blot analyses; (b) relative
protein expression levels of various concentrations of the 10-
H2DA co-treatments with DXR, compared with the MEM medium
control (mean+SE); *p < 0.05 significantly different from the
MEM medium control; # p < 0.05 significantly different from the
DXR; (c) relative protein expression levels over BAX of 10-H2DA
co-treatments with the DXR, compared with the medium control
(n=3).

ened lifespan. It highly activated the HO-1/BAX (4.8-
fold) and the p53/BAX (12.7-fold) while depleting
the NRF-2/BAX (0.6-fold), suggesting induction of cell
death via ferroptosis. Ferroptosis is a new cell death
pathway mediated by iron and lipid peroxidation that
produces reactive oxygen species (ROS) contributing
to anticancer activity [16]. Activation of HO-1 en-
hanced heme degradation into biliverdin and ferrous
ion, which induced the production of ROS that acted
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as a ferroptosis activator [18,19]. The increased p53
inhibited cystine uptake and decreased glutathione
synthesis; then the ROS were produced, leading to
ferroptosis and tumor suppression [20,21]. The de-
creased NRF2 suppressed cells’ anti-oxidant capacity;
hence the ROS were induced and ferroptosis occurred
[22,23]. Therefore, the 125 pg/ml 10-H2DA co-
treatment increased the HO-1/BAX and the p53/BAX
while decreasing the NRF2/BAX, possibly leading to
ROS production, cell ferroptosis, and inhibition of
cancer cell proliferation.

Additionally, the activation of HO-1/BAX and the
suppression of NRF-2/BAX could limit chemoresistance
and tumor invasion or metastasis. Reports revealed
that activation of HO-1 in breast cancer cell lines
reversed the chemotherapy resistanct cancer cells into
sensitized cells [24,25], and it also inhibited cancer
cell invasion and metastasis [18]. The NRF2 inhibi-
tion was found to reverse the cisplatin-resistant head
and neck cancer cells to artesunate-induced ferrop-
tosis [26]. The blockage of the NRF2 suppressed
matrix metalloproteinase and, subsequently, inhibited
cancer cell migration and invasion [27]. Our findings
indicated that the 125 ug/ml 10-H2DA co-treatment
effectively inhibited cancer cell proliferation via sup-
pression of the oncoprotein cMYC/BAX and the induc-
tion of p53/BAX, leading to GO-G1/S cell cycle arrest,
cell apoptosis, and shortened lifespan. In addition, it
possibly increased cell ferroptosis, reversed chemore-
sistant to sensitized chemotherapy, and limited cell
metastasis since our results showed the suppression
of the NRF2/BAX and the activation of both the HO-
1/BAX and the p53/BAX. However, further investiga-
tion is needed to verify these possibilities (induction of
ferroptosis and limiting chemoresistance and metasta-
sis).

The DXR alone decreased the ¢-MYC/BAX (0.2-
fold), the hTERT/BAX (0.2-fold), the BCL2/BAX (0.4-
fold), and the NRF2/BAX (0.3-fold) while increasing
the p53/BAX (11.8-fold) and the HO-1/BAX (1.6-
fold), compared with the MEM medium control. These
results indicated that the DXR treatment alone was
less effective in inhibiting the MCF-7 cell growth
than the 125 pg/ml 10-H2DA co-treatment. How-
ever, it enhanced cell growth (higher level of the c-
MYC/BAX) and lessened cell apoptosis (higher level of
the BCL2/BAX and lower level of the p53/BAX).

The 1.25 pg/ml 10-H2DA cotreatment decreased
the c-MYC/BAX (0.3-fold), the hTERT/BAX (0.6-fold),
the BCL2/BAX (0.5-fold), and the NRF2/BAX (0.5-
fold) while increasing the p53/BAX (36.5-fold) and
the HO-1/BAX (2.9-fold), compared with the MEM
medium control. In comparision to the DXR treatment
alone, the 1.25 pg/ml 10-H2DA co-treatment was
better at enhancing MCF-7 cell growth via antagonistic
effect against the DXR treatment alone. This antago-
nistic effect might be a result of many possible reasons.
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Fig. 7 Proposed underlying molecular mechanisms of antipro-
liferative effects induced by the 10-H2DA co-treatment with the
DXR against MCF-7 breast cancer cells.

Firstly, the low dose co-treatment could activate the
oncoprotein ¢-MYC/BAX (0.3-fold), and the higher
doses could activate the lifespan extension controller
hTERT/BAX (0.6-fold). These activations might over-
come the p53/BAX activation, resulting in less cell
apoptosis (higher level of the BCL2/BAX, 0.5-fold).
Secondly, the 10-H2DA co-treatment activated the
NRF-2/BAX and the HO-1/BAX at higher doses which
might also inactivate some DXR’s activities. Therefore,
the increases in the ¢-MYC/BAX and the hTERT/BAX
combined with the BCL2/BAX, the NRF2/BAX, and the
HO-1/BAX by the 1.25 pg/ml 10-H2DA co-treatment
may play a major role in enhancing the MCF-7 cell
proliferation and antagonize the inhibitory activity
induced by the DXR treatment alone.

Taken all together, the 125 pg/ml 10-H2DA co-
treatment demonstrated the most effective antipro-
liferation against the MCF-7 breast cancer cells, fol-
lowed by the DXR treatment alone. The low dose of
1.25 pug/ml 10-H2DA co-treatment revealed antago-
nistic effect against the DXR treatment alone. The
underlying mechanisms induced by the 125 p.g/ml 10-
H2DA co-treated with the DXR in MCF-7 breast cancer
cells were mainly the c-MYC/BAX suppression and the
P53/BAX activation. The two mechanisms could lead
to cell cycle arrest (decreased CDK4 and cyclin D1), cell
apoptosis (decreased BCL2/BAX), and limited lifespan
extension (decreased hTERT/BAX). The 125 pg/ml 10-
H2DA co-treatment also increased the HO-1/BAX and
the p53/BAX, and decreased the NRF2/BAX, probably
by promoting cell death via ferroptosis and potentially
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limiting chemoresistance and tumor metastasis. The
proposed inhibitory mechanisms of the 125 p.g/ml 10-
H2DA co-treatment are summarized in Fig. 7.

CONCLUSION

Treatment of the 10-H2DA in adjunct to the DXR at
proper dose is a promising candidate for breast cancer
treatment. Further in vivo mechanistic studies are
necessary to validate its benefits.
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