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Abstract

Exploration of effective chemotherapy is needed for cancer treatment. 10-hydroxy-2-decenoic acid
(10-H2DA), a unique fatty acid from royal jelly (RJ), is reported to have antitumor activities. However,
its mechanisms remain under-examined. This study investigated the antiproliferative and cytotoxic
efficacy of 10-H2DA treatments and their underlying mechanisms, compared to doxorubicin (DXR), on
MCEF-7 breast cancer cells. The antiproliferative effect was determined using the MTS tetrazolium assay.
Cytotoxic activity was performed using a modified MTS assay. Cell cycle progression and cell apoptosis
were analyzed by flow cytometry. Pivotal protein expressions were detected by Western blot. Results
revealed that 125 pg/mL 10-H2DA treatment significantly inhibited cancer cell growth by 65 %, better
than 0.54 pg/mL DXR treatment (48 %), compared to the medium control (p<0.05). The 50 % lethal
concentration (LCso) values of 10-H2DA were 190 pg/mL, representing cytotoxic activity. The
underlying antiproliferative and cytotoxic mechanisms of 125 pg/mL 10-H2DA treatment demonstrated
that it extensively suppressed c-MYC/BAX and slightly activated pS3/BAX, leading to GO/G1 cell cycle
arrest (decreased cyclin D1 and CDK4) and cell apoptosis (decreased BCL2/BAX). It slightly limited
lifespan extension (decreased hTERT/BAX). Nevertheless, it strongly activated HO-1/BAX and
NRF2/BAX, possibly inducing chemoresistance and cell invasion later on. Our findings suggested that
10-H2DA treatments induced antiproliferative effects on MCF-7 breast cancer cells via suppression of c-
MYC, CDK4, and cyclin D1, leading to cell cycle arrest and cell apoptosis. However, long-term
treatment may increase chemoresistance and cell invasion due to induction of antioxidative power,
NRF2/BAX, and HO-1/BAX. Therefore, aggressive treatment for a short period would be recommended
for using 10-H2DA as a chemotherapeutic compound to prevent chemoresistance and cell invasion.
Further long-term in vitro and in vivo studies are necessary to confirm its strength and weakness.
Keywords: Apoptosis, Cell cycle arrest, C-MYC, 10-hydroxy-2-decenoic acid, NRF2, HO-1

Introduction

Breast cancer is the most common cancer and the leading cause of cancer death in women
worldwide [1]. Cancer can be characterized by the uncontrolled growth of abnormal cells to produce cell
populations that can invade or metastasize. Activation of oncogenes, suppression of tumor suppressor
genes, ability to evade apoptosis, extending lifespan, and inducing blood vessel formation or angiogenesis
provide a selective advantage for cancer cell survival. These are the hallmarks of cancer [2]. Various
chemotherapeutics acting on these mechanisms have been used, but they have some limitations due to
their potency, side effects, and chemoresistance [3]. New medicinal products are needed to be explored
for more effective treatment.

Royal jelly (RJ), a natural product from bees, contains nutritious substances rich in vitamin B,
minerals, proteins, fatty acids, and polyphenols. RJ and its principal fatty acid, 10-hydroxy-2-decenoic
acid (10-H2DA), have been reported to possess various pharmacological activities, e.g., antitumor [4],
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antibacterial [5], anti-inflammatory [6], and lifespan extension [7]. RJ and 10-H2DA completely inhibited
the tumor development of transplantable leukemia and ascites tumor cells in mice when premixed with
tumor cells [4,8]. Oral intake of RJ improved anti-cancer effects and suppressed adverse events of
molecular targeted therapy in renal cell carcinoma patients via decreased tumor necrosis factor (TNF)-a
and transforming growth factor (TGF)-f [9]. 10-H2DA has been reported to inhibit VEGF-induced
angiogenesis, tumor cell invasion, and metastasis in chemo-resistant breast cancer cells [10].
Nevertheless, it has been reported that 10-H2DA did not inhibit bisphenol A-induced proliferation of
MCEF-7 breast cancer cells, but RJ did [11]. Hence, more studies on antitumor activities and mechanisms
of 10-H2DA are still needed to assure its efficacy. The present study aimed to investigate the
antiproliferative and cytotoxic efficacy and underlying molecular mechanisms of 10-H2DA, compared to
doxorubicin, on MCF-7 breast cancer cells. Doxorubicin (DXR), a potent breast cancer chemotherapeutic
drug, is used as a positive control. It inhibits DNA topoisomerase II and also generates free radicals to kill
cancer cells [12].

To elucidate the molecular mechanisms of 10-H2DA and DXR, pivotal regulatory protein
expressions (C-MYC, hTERT p53, BCL2, BAX, NRF2, HO-1, cyclins, and cyclin-dependent kinases)
were quantified and analyzed. Cellular-myelocytomatosis (c-MYC) is an oncoprotein, controlling cell
proliferation and lifespan extension [13]. It activates human telomerase reverse transcriptase (h"TERT)
transcription [14] and cell cycle progression [15]. The hTERT is a catalytic subunit of enzyme telomerase
that maintains telomere length and cell immortality [16]. The p53 is a tumor suppressor protein involving
cell cycle arrest, cell apoptosis, and ferroptosis [17]. The B-cell lymphoma 2 (BCL2) is an antiapoptotic
protein that blocks programmed cell death to promote cell survival [18]. The BCL2 associated X protein
(BAX) is a proapoptotic protein, inducing cell death [19]. The BCL2/BAX ratio is a rheostat that
regulates cell death [20]. The nuclear transcription factor erythroid-2 related factor 2 (NRF2) influences a
defense system against oxidative stress, such as heme oxygenase-1 (HO-1), an antioxidative enzyme [21].
In cancer cells, overexpression of NRF2 and HO-1 protected cancer cells from oxidative damage,
promoting cancer cell proliferation and induced resistance to chemotherapeutic agents [22,23]. NRF2 also
activated metalloproteinase, enhancing cancer cell invasion and metastasis [24]. Cyclin D1 with cyclin-
dependent kinase (CDK)-4 control cell cycle transition from G0/G1 to S phase [25]. Cyclin D1 is an
oncogene, controlling cell cycle regulation and chromosome stability [26]. Cyclin El regulates from Gl
to early S phase [27], and cyclin B1 controls from G2 to M phase [28].

Materials and methods

Cancer cell and chemicals

Breast carcinoma cell line, MCF-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, purity 98 %. Doxorubicin hydrochloride (Adriamycin) was purchased from Pfizer,
U.S.A.

Determination of antiproliferative activities of 10H2DA and DXR by MTS tetrazolium assay

To determine cell viability, the CellTiter 96® Aqueous One Solution Cell Proliferation MTS Assay
Kit (Promega, USA) was used as described previously [29]. Briefly, the MCF-7 cells were seeded into
96-well plates at a density of 5,000 cells per well (100 uL medium) for 24 h. Cells were then treated with
various concentrations of 10-H2DA (0.0125, 0.125, 1.25, 12.5, and 125 pg/mL) for 24 h. Minimum
Essential Medium Eagle (MEM) medium and doxorubicin (DXR) were used as negative and positive
controls,  respectively.  Subsequently, 20 pL of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent was added to each well. The
plates were incubated at 37 °C for 2 h in a 5 % CO, incubator. Reduction of the MTS by viable cells
generates colored formazan product. The absorbance at 490 nm was measured using a microplate
spectrophotometer. The percentages of cell viability were calculated from the formula:

% cell viability = [the absorbance of the treated well/the absorbance of the control well] x 100

Determination of cytotoxic activity by modified MTS tetrazolium assay

In order to evaluate whether 10-H2DA could induce cytotoxic effect, we further determined fifty
percent growth inhibition (Gls), total growth inhibition (TGI), and 50 % lethality (LCsg) of the 10-H2DA
treatments against MCF-7 cells using modified MTS assay according to the protocol from the National
Cancer Institute, USA [30]. Briefly, the MCF-7 cells were seeded in 96 well plates and cultured for 24 h.
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After that, some of the plates are processed to determine cell growth at a time zero density. The remaining
plates were treated with various concentrations of 10-H2DA (1.25, 12.5, 50, 125, and 250 ug/mL) for 24
h and measured the percentage of cell growth compared to the time zero density. Growth percent of 100
corresponds to the growth seen in untreated cells. Growth percent of 50 corresponds to 50 % inhibition
(GIsp). Growth percent of 0 indicates no growth (TGI: total growth inhibition). Growth percent of -50
indicates lethality in 50 % of the starting cells (LCsy). The percentages of cell growth were calculated
from the following formula

% cell growth = [(T-T)/C-Ty]x100 if T>T,
=[T-T)/To] X100  if T<T,

Ty = average absorbance of treated cells at 0 h; T = average absorbance of 10-H2DA-treated cells at 24 h;
C = average absorbance of medium-treated cells at 24 h

Analysis of cell cycle distribution and cell apoptosis by flow cytometry

To determine cell cycle distribution, 1x10° MCF-7 cells were grown at 37 °C for 24 hina 5 % CO,
incubator. Then, cells were treated with 10-H2DA (1.25, 12.5, 125, and 250 pg/mL) for 24 h.
Subsequently, the cells were harvested, washed, and fixed with 70 % cold ethanol overnight at —20 °C.
Then, cells were collected and stained with propidium iodide (PI)/ribonuclease staining buffer (BD
Biosciences, USA) for 20 min at room temperature. The cell cycle distribution was measured with Guava
EasyCyteTM Flow Cytometer (Merck Millipore, USA) using GuavaSoft software [31].

To detect cell apoptosis, 1x10° MCF-7 cells were seeded into 25 cm” flask overnight before treated
with 10-H2DA (1.25, 12.5, 125 and 250 pg/mL) for 24 h. Harvested cells included a collection of floating
cells and detached cells after trypsinization. Annexin V-FITC apoptosis detection kit I (BD Biosciences,
USA) was applied as described by the manufacturer’s instruction. Briefly, 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 Guava EasyCyteTM Flow Cytometer (Merck Millipore, USA). PI stains the
dead cells as it permeates the damaged membrane. Annexin V and PI negatively stained cells mean viable
cells. Annexin V positive and PI negative stained cells indicate early apoptosis with intact membrane.
Annexin V and Pl-positive stained cells show late apoptosis and cell death. Annexin V negative and PI
positively stained cells demonstrate cell necrosis [31].

Nuclear morphological changes detected by Hoechst33258/Propidium iodide double staining

MCF-7 cells were seeded in tissue culture plates and treated with MEM medium, 1.25, 12.5, and
125 pg/mL 10-H2DA and 0.54 pg/mL DXR for 24 h. After that, the treated cells were washed with cold
PBS 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 PI (2.5 pg/mL) for 15 min in the dark at room temperature. The stained
cells were immediately analyzed under a fluorescence microscope. Hoechst 33258 stained DNA in dark
blue, and cells with apoptotic nuclei stained more brightly blue. PI stained DNA of the dead cells in red.
When merging double staining color, dead cells with apoptotic nuclei stained bright blue with red
apoptotic nuclei [32].

Analysis of pivotal protein expressions by Western blot

The treated cells were lysed with RIPA lysis buffer (Merck Millipore, USA) as previously described
[33]. The boiled protein lysate was separated using 10 % SDS-polyacrylamide gel electrophoresis,
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-c-MYC, anti-p53, anti-BCL2, anti-BAX, anti-cyclin B1, anti-cyclin E1, and anti-CDK4
(Cell Signaling, USA); anti-hTERT, anti-HO-1, anti-NRF2, and anti-cyclin D1 (Merck Millipore, USA).
Anti-B-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 Fclmager (LI-COR, USA).

Statistical analysis

ANOVA with Dunnett’s Post Hoc test was used to analyze the difference between the mean of the
treated groups and the mean of the control group. Differences p < 0.05 were considered statistically
significant.
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Results and discussion

Antiproliferative activity of 10-H2DA against MCF-7 cells detected by MTS tetrazolium assay

Treatments with 10-H2DA only at 1.25, 12.5, and 125 pg/mL for 24 h significantly decreased
MCF-7 cell viabilities in a dose-dependent manner to 78.3, 62.5, and 34.6 %, respectively, compared to
MEM medium control (p < 0.05) (Figure 1a). The lower doses at 0.0125 and 0.125 pg/mL did not
significantly show antiproliferative activities. DXR treatment (0.54 pg/mL) significantly decreased cell
viability to 52 %. The inhibition concentration (IC50) value derived from the log [10-H2DA] scale was
42.6 pg/mL (Figure 1b). Effects of 10-H2DA treatments on cell morphology (Figure 1c¢) corresponded
with MTS assay results showing less cell survival (more damaged unattached rounded cells) when treated
at higher concentrations of 10-H2DA.
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Figure 1 (a) The % cell viability after various concentrations of 10-H2DA and DXR treatments on MCF-
7 breast cancer cells (n=3); * p < 0.05 significantly different from the MEM medium control (b)
Determination of IC50 value in log [10H2DA] scale (¢) MCF-7 cell morphology induced by medium
control, 0.54 ng/mL DXR, and 10-H2DA treatments.
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Cytotoxic Activity of 10-H2DA treatments on MCF-7 cells detected by modified MTS

tetrazolium assay

As shown in Figure 2a, the 10-H2DA treatments at 1.25, 12.5, 50, 125, and 250 pg/mL decreased
% MCEF-7 cell growth to 65.0, 53.8, 51.8, 5.2, and —92.6, respectively, compared to the medium control at
time zero density. The Glsy, TGI, and LCs, values of 10-H2DA treatments were 55, 132, and 190 pg/mL,
respectively (Figure 2b). It is noteworthy that 10-H2DA treatments at concentrations between 12.5 to 55
pg/mL inhibited cell growth at relatively similar levels and then increasingly inhibited when the
concentrations increased. The data showed that 10-H2DA treatments induced cytotoxic effect on MCF-7

cells with LCsg at 190 pg/mL.

(a)

Figure 2 (a) The % cell growth of various concentrations of 10-H2DA treatments on MCF-7 breast
cancer cells (n=3); * p < 0.05 significantly different from the MEM medium control (b) The GI5O0,
TGI, and LC50 values of the 10-H2DA treatments on MCF-7 cells.
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Figure 3 (a) Effects of 10-H2DA and DXR on cell cycle kinetics (b) the percentages of cell population in
each phase of the cell cycle after exposure to 10-H2DA and DXR treatments for 24 h, compared to MEM
medium on MCF-7 cells (meant S.E.) (n=3); * p < 0.05 significantly different from the MEM medium
control, “p < 0.05 significantly different from the DXR control.
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Figure 4 (a) Representative cell apoptosis of 10-H2DA and DXR treatments for 24 h, compared to MEM
medium on MCF-7 cells detected by flow cytometry using Annexin V-FITC apoptosis detection kit I (b)
The percentages of live, early apoptotic, late apoptotic, and necrotic cells in response to all treatments.
(n=3) * p < 0.05 significantly different from the MEM medium control, * p < 0.05 significantly different
from the DXR control

Effects of 10-H2DA and DXR on cell cycle progression detected by flow cytometry

Results from flow cytometry (Figures 3a and 3b) showed that 10-H2DA at 125 and 250 pg/mL
and 0.54 pg/mL DXR increased the percentages of cells in sub G1 to 1.6-, 2.4-, and 1.1-fold, respectively,
suggesting induction of cell apoptosis. The 10-H2DA treatments increased the percentages of cells in
GO0/G1 phase, signifying induction of GO/G1 cell cycle arrest. The DXR treatment increased cells in the
G2/M phase, suggesting induction of G2/M cell cycle arrest.

Effects of 10-H2DA and DXR on cell apoptosis detected by flow cytometry

Results from flow cytometry (Figure 4a and 4b) showed that treatments of 10-H2DA (1.25, 12.5,
125, and 250 pg/mL) induced a dose-dependent increase in the percentages of early apoptotic cells
(annexin V positive and PI negative) (2.0- to 4.8-fold) while decreasing the percentages of late
apoptotic/necrotic cells (annexin V and Pl-positive plus annexin V negative and Pl-positive) (0.4-0.6-
fold). The DXR treatment increased the percentages of early apoptotic cells (2.2-fold) while decreasing
those in the late apoptotic/necrotic phase (0.9-fold). These data confirm the induction of cell apoptosis
induced by 10-H2DA and DXR treatments.

Nuclear morphological changes detected by Hoechst 33258/PI double staining

To recognize apoptotic cells from their characteristic morphological pattern, 125 pg/mL 10-H2DA
and the DXR treatment alone showed a higher number of dead cells with apoptotic nuclei than the
medium control (Figure 5).
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Figure 5 Representative photos of Hoechst 33258 and propidium iodide double staining of treated MCF-
7 breast cancer cells (A) medium control, (B) 125 pg/mL 10-H2DA, (C) 0.54 pg/mL DXR; 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.
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Effects of 10-H2DA and DXR on regulatory protein expressions detected by Western blot

Results from Western blot analysis (Figures 6a and 6b) showed that 125 pg/mL 10-H2DA
treatments maximally decreased cyclin D1 (0.2-fold), CDK4 (0.2-fold), and cyclin B1 (0.5-fold) while
slightly increasing cyclin E1 (1.1-fold). The DXR treatment decreased cyclin B1 (0.4-fold), followed by
cyclin D1 (0.6-fold), CDK4 (0.8-fold), while increasing cyclin El (2.0-fold) levels. The data
corresponded with flow cytometry results that 125 pg/mL 10-H2DA treatment induced G0/G1 cell cycle
arrest (mainly decreased cyclin D1 and CDK4) while the DXR treatment induced G2/M phase cell cycle
arrest (mainly decreased cyclin B1).
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Figure 6 Effects of 10-H2DA and DXR treatments on protein expression of cell cycle regulators detected
Western blot (a) Representative Western blot analysis, (b) Relative intensity of bands (fold change) and
(c) Relative expression level of cyclin D1, CDK4, cyclin E1, and cyclin B1 (mean = SE) in response to
10-H2DA and DXR treatments for 24 h in MCF-7 cells (n = 3); *p < 0.05 significantly different from the

MEM medium control, “p < 0.05 significantly different from the DXR.
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As shown in Figures 7a and 7b, 10-H2DA treatment at 125 pg/mL decreased the levels of c-MYC,
BCL2, h-TERT, BAX, p53, while extensively increasing HO-1 and NRF2 levels. As in our previous
publication [33,34], we showed the protein expression levels in a relationship with BAX: ¢c-MYC/BAX,
BCL2/BAX, h-TERT/BAX, p53/BAX, HO-1/BAX, and NRF2/BAX (Figure 7¢). Such evaluation
reflects survival and death in treated cells similar to BCL2/BAX, rheostat regulating life and death [20].
Alternatively, the BAX level served as an internal control to compare different levels of regulatory
proteins. Results demonstrated that 125 ug/mL10-H2DA treatment decreased cell proliferation mainly via
extensively decreased C-MYC/BAX (0.2-fold) and slightly increased p53/BAX (1.1-fold). It increased
cell apoptosis via decreased BCL2/BAX (0.6-fold) and slightly decreased lifespan extension via
decreased hTERT/BAX (0.9-fold). It also extensively increased antioxidative power via increased
NRF2/BAX (3.9-fold) and HO-1/BAX (37.1-fold). These data indicated that 125 ug/mL 10-H2DA
effectively inhibited cell proliferation, induced cell cycle arrest (mainly G0/G1 phase), and induced cell
apoptosis. Induction of NRF2/BAX and HO-1/BAX possibly increased cancer invasiveness and
chemoresistance.

The DXR treatment (0.54 pg/mL) decreased cell proliferation via extensively decreased c-
MYC/BAX (0.2-fold) and increased p53/BAX (18.9-fold). It effectively increased cell apoptosis via
decreased BCL2/BAX (0.3-fold) and limited lifespan extension via decreased hTERT/BAX (0.1-fold).
Compared to the 125 pug/mL 10-H2DA, the DXR treatment increased cell apoptosis and limited lifespan
extension more effectively. Additionally, it suppressed NRF2/BAX (0.4-fold) while increasing HO-
1/BAX (1.8-fold) and p53/BAX (18.9-fold), possibly involving cell ferroptosis, another type of cell death.
Nevertheless, 125 pg/mL10-H2DA treatment suppressed ¢c-MYC, cyclin D1, and CDK4 more
aggressively than the DXR.
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Figure 7 Effects of 10-H2DA and DXR treatments on regulatory protein expressions detected Western
blot (a) Representative Western blot, (b) Relative protein expression levels of HO-1, NRF2, C-MYC,
hTERT, p53, BAX, and BCL2 in response to various concentrations of 10-H2DA and 0.54 ng/mL DXR
treatments on MCF-7 cells (mean + SE) (n=3) (¢) Relative protein expression levels over BAX,
compared to the medium control; *p < 0.05 significantly different from the MEM medium control, “p <
0.05 significantly different from the DXR.

Taken together, our result demonstrated that antiproliferative and cytotoxic activities of 125 pg/mL
10-H2DA treatment effectively inhibited MCF-7 cell growth at a higher level than 0.54 pg/mL DXR. Its
underlying mechanisms revealed that the 10-H2DA treatment extensively suppressed cell proliferation via
decreased oncoprotein c-MYC/BAX. It induced GO/G1 cell cycle arrest via decreased cyclin D1 and
CDK4. Additionally, it increased tumor suppressor protein p53/BAX, leading to induction of cell
apoptosis (decreased BCL2/BAX). These findings revealed the underlying molecular antitumor
mechanisms induced by 10-H2DA, supporting a previous in vivo study showing that 10-H2DA has
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antitumor activities in transplanted mice [4]. However, the data also demonstrated that 10-H2DA
treatment extensively increased antioxidative power via increased HO-1/BAX and NRF2/BAX.
Overexpression of HO-1 and NRF-2 protects cancer cells from oxidative damage, leading to cancer cell
resistance to chemotherapy and cancer cell invasion [24,35]. Therefore, the limitation of the 10-H2DA
treatment is that it possibly induces chemoresistance if it is used in the long term. The proposed inhibitory
mechanisms of the 125 pg/mL 10-H2DA treatment on MCF-7 breast cancer cells are summarized in
Figure 8.

[ HONW\\/QOH 10-H2DA at the appropriate dose ]

on MCF-7 breast cancer cells

3

|
[Cyclin D1 0 [CDK4 +]

cell cycle arrest —

antioxidative transcription factor

{
\ /

shorten lifespan cell apoptosis
ﬂ & " Chemoresistance |
( inhibition cell proliferation ] 1 Cell invasiveness/metastasis E

Figure 8 Summarized molecular mechanisms underlying antiproliferative and cytotoxic effects of 10-
H2DA treatment on MCF-7 breast cancer cells showing suppression of oncoprotein, c-MYC/BAX,
induction of tumor suppressor, pS3/BAX, leading to cell cycle arrest, cell apoptosis, and limiting lifespan
extension. Activation of NRF2/BAX and HO-1/BAX potentially increased chemoresistance and cancer
invasion later on.

Conclusions

Treatment of 10-H2DA at a proper dose is a promising candidate for breast cancer treatment. It is a
powerful antiproliferative agent but should be used aggressively in a short period to prevent
chemoresistance and cancer invasion later. Further in vitro and in vivo mechanistic studies for a long-term
period would be helpful to validate their benefits and weakness.
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