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Purpose: Although paclitaxel is widely used in cancer treatment, severe side effects and drug resistance limit its clinical use. 10-
gingerol (10-G) is a natural compound isolated from ginger, which displays anti-inflammatory, antioxidant, and antiproliferative
properties. However, the chemotherapy-sensitization effect of 10-G on triple-negative breast cancer (TNBC) has not been fully
clarified. This study is aimed at investigating the effect of 10-G on the paclitaxel sensitivity in TNBC, and its underlying mechanism.
Methods: The study was determined through in vitro and in vivo experiments. Cell viability and proliferation were detected by cell
counting kit 8 (CCK-8) and colony formation. To detect cell apoptosis, flow cytometry and TUNEL were used. The expression of
proteins was detected by Western blotting and immunohistochemistry. The molecular docking and gene knockout were corroborated
by interactions between 10-G and adrenoceptor Beta 2 (ADRB2). The body weight of mice, histopathology and organs (kidney and
spleen) coefficients were used to monitor the drug toxicities.

Results: In vitro, 10-G increased the sensitivity of TNBC cells to paclitaxel, and could synergistically promote the apoptosis of TNBC
cells induced by paclitaxel. In combination with molecular docking and lentivirus knockdown studies, ADRB2 was identified as a 10-
G binding protein. 10-G inhibited ADRB2 by binding to the active site of ADRB2. Knockdown of ADRB2 reduces the proliferation
activity of TNBC cells but also attenuates the sensitizing effects of 10-G to paclitaxel. Western blotting and immunohistochemistry
showed that 10-G played an anti-proliferation and chemotherapy-sensitizing role by inhibiting the ADRB2/ERK signal. Toxicity
evaluation showed that 10-G would not increase hepatorenal toxicity with paclitaxel.

Conclusion: This data suggests that 10-G may be used as a new chemotherapeutic synergist in combination with paclitaxel to
enhance anticancer activity. The potential value of ADRB2 as a target for improving chemotherapy sensitivity was also emphasized.
Keywords: triple-negative breast cancer, combined therapies, 10-gingerol, paclitaxel, adrenoceptor Beta 2

Introduction

Breast cancer is the most commonly diagnosed and the leading cause of cancer death among women worldwide.' Breast
cancer without expression of ER, PR, and HER2 is termed triple-negative breast cancer (TNBC) and is the most
aggressive type.” It has the clinical characteristics of high recurrence and mortality rates.® Since no effective therapeutic
target currently exists, chemotherapy remains the main treatment option for TNBC.* Paclitaxel, which effectively
eradicates tumor cells, is still considered the first-line anticancer drug in numerous human cancers including TNBC.’
However, the resistance of cancer cells to paclitaxel seriously hinders its clinical application.® Thus, it is urgent to
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develop more effective and safer anti-cancer drugs, which can improve the inhibitory effect of chemotherapy drugs on
TNBC, thereby improving prognosis.

A large number of studies have shown that some natural plant extracts and bioactive phytochemicals can improve the
effectiveness of chemotherapy.”® Among such plant-natural products is ginger, which is widely used as a flavoring and
dietary supplement.'® 10-gingerol (10-G) is the principal pungent compound of ginger, which has anti-inflammatory,
antioxidant, and antiproliferative properties.'' Studies show that compared with other gingerol compounds in ginger, 10-
G has the highest anti-tumor activity and can induce apoptosis in a variety of malignant tumor cells, including breast
cancer.'>'* As a safe natural compound, 10-G improves the anti-cancer activity of anthracycline doxorubicin in TNBC.'
No published study has, however, demonstrated the effect and underlying molecular mechanisms of 10-G on the efficacy
of paclitaxel in TNBC so far.

Based on network pharmacology analysis, adrenoceptor Beta 2 (ADRB2) is a potential target for 10-G inhibition of
TNBC."> ADRB2, which belongs to the G protein-coupled receptor (GPCR) superfamily as the encoding gene of the
B2-adrenergic receptor, is involved in the development of a variety of malignant tumors.'®'” Studies show that ADRB2 is
a potential target for improving the sensitivity of chemotherapy and the clinical prognosis of various malignancies.'®'?
The use of ADRB2 blockers reduces the risk of breast cancer metastasis and recurrence.”’' A study in hepatocellular
carcinoma showed that silencing increased the antitumor activity of sorafenib.?* Targeting ADRB2 may be a novel
strategy for enhancing the therapeutic efficacy of paclitaxel in TNBC.

This study shows that 10-G potentiates the effect of paclitaxel on TNBC. ADRB2 is a major target in the therapy of
10-G, while the effect of 10-G in enhancing paclitaxel was linked to ADRB2/ERK signaling. In vivo and in vitro
experiments showed that 10-G had no obvious toxic and side effects on mammary epithelial cells and mouse organs. This
result not only provides a mechanistic explanation for the anticancer activity of 10-G but also provides an opportunity to
develop chemotherapeutic synergistic drug therapy for TNBC.

Material and Methods

Reagents and Antibodies

The following antibodies were used: Bcl-2 (ABCAM, Cambridge, UK, ab182858), Bax (Cell Signaling Technology,
Danvers, MA, 2772); cleaved-PARP (Cell Signaling Technology, Danvers, MA, 5625), ADRB2 (Proteintech, Wuhan,
China, 13096-1-AP), ERK (ABCAM, Cambridge, UK, ab17942), phospho-ERK1/2 (ABCAM, Cambridge, UK,
ab201015), Ki67 (ABCAM, Cambridge, UK, ab16667) and B-actin (Proteintech, Wuhan, China, 66009-1-1g), horseradish
peroxidase (HRP)-conjugated goat anti-rabbit (Proteintech, Wuhan, China, SA00001-2), horseradish peroxidase (HRP)-
conjugated goat anti-mouse (Proteintech, Wuhan, China, SA00001-1). 10-G was purchased from Chengdu Ruifensi
Biotechnology Co., Ltd. (Chengdu, China), and a stock solution of 40 mM was dissolved in dimethyl sulfoxide (Sigma-
Aldrich; Merck KGaA). Its molecular formula is C21H3404, and its structural formula is depicted in Figure 1. Paclitaxel
injection was obtained from Hainan Quanxing Pharmaceutical Co., Ltd.

Cell Culture

Human TNBC cell lines MDA-MB-231 and SUM-159 and non-tumor breast epithelial cell MCF-10A were purchased
from the American Type Culture Collection (ATCC, Manassas, VA). The TNBC cells (MDA-MB-231 and SUM-159)
were cultured at 37°C with 5% carbon dioxide in medium (MDA-MB-231: DMEM medium and SUM-159: RPMI 1640
medium) supplemented with 10% fetal bovine serum and 100 U/mL penicillin and 100 pg/mL streptomycin solution
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Figure | The structural formula of 10-G.
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(Gibco Life Technologies, Lofer, Austria). MCF-10A was cultured in Dulbecco’s modified Eagle medium containing 5%
horse serum, 100 U/mL penicillin, and 100 pg/mL streptomycin solution (Gibco Life Technologies, Gaithersburg, MD),
20 ng/mL recombinant human epidermal growth factor, 0.5 pg/mL hydrocortisone, 100 ng/mL cholera toxin and 10 pg/
mL insulin (Sigma-Aldrich, Shanghai, China).

Cell Viability and Combined Effect Analysis

Cells were collected and seeded in 96-well plates at a density of 2000 cells/well for 12 h. The cells were cultured in
different concentrations of 10-G (0, 25, 50, 100, 150, 200, 400 and 800 uM) and/or paclitaxel (0, 25, 50, 100, 200, 400,
800 and 1600 nM) for 48 h, after which 10 pL of Cell Counting Kit-8 solution was added to each well. The optical
density (OD) was calculated at 450 nm using a microplate reader (Bio-Rad Model550, CA) after 4 h. The combined
index (CI) was calculated using Compusyn (Computusyn, Inc.) software. The analysis generally defines CI values of 0.9—
1.1 as additive, 0.3-0.9 as synergistic, and <0.3 as strongly synergistic, whereas values >1.1 are considered as
antagonistic. The median inhibitory concentration (IC50) was obtained by Prism 8 (GraphPad software).

Colony Formation Assay

For the colony formation assay, 800 cells were incubated in six-well plates. After 24 h culture at 37°C, the cells were
then disposed with 10-G (100 uM) and/or paclitaxel (100 nM) in a medium containing 10% FBS for 14 days. The plates
were stained with crystal violet (Beyotime, Jiangsu, China) for 20 min after fixing with 4% paraformaldehyde for 60 min.
After washing with PBS for 10 min, the colonies were counted using ImageJ (ImageJ 1.53e, Marlyand, USA) software
when the cells were air-dried.

Cell Apoptosis Analysis

Flow cytometry and annexin V-FITC/PI apoptosis detection kit (Beyotime, Jiangsu, China) were used. About 2x10° cells
were shared equally among the six-well plates. During the exponential phase of cell growth, the cells were exposed to
indicated doses of 10-G and paclitaxel individually or in a combination for 24 h. Annexin V-FITC/PI staining was
performed according to the manufacturer’s instructions (Beyotime, Jiangsu, China). As a percentage of the total cell
count, NovoExpress 1.4.1 software (ACEA Bioscience, Inc.; Agilent Technologies, Inc.) was used to estimate the
subpopulations of early and late apoptotic as well as dead cells. Cells with annexin V-FITC but negative for PI were
considered an early-stage apoptosis subpopulation. Cells positive for both annexin V-FITC and PI were assessed for late-
stage apoptosis. Cells with PI but negative for annexin V-FITC were considered dead cells. The cell apoptosis rate is the
percentage of the sum of early and late-stage apoptosis. The data presented represent an average of three independent
experiments.

Western Blotting Analysis

MDA-MB-231 and SUM-159 cells at the logarithmic growth stage were divided into control group, 10-G (50 pmol)
group, 10-G (100 pmol) group, paclitaxel group, paclitaxel and 10-G (50 umol) group, and paclitaxel and 10-G (100
pmol) group. About 2x10° cells were inoculated into six-well plates. After 24 h, the original medium was abandoned, the
control group was given an equal volume of complete medium, and other groups were added with Medicated medium:
10-G (50 pmol/L), 10-G (100 umol/L), paclitaxel (100 nmol/L), paclitaxel (100 nmol/L)+10-G (50 pmol/L) and
paclitaxel (100 nmol/L)+10-G (100 umol/L), respectively. Cells were collected 24 h after treatment, lysed with
a radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, St. Louis, MO), and the supernatant solution was
collected. Total protein concentration was measured using the BCA kit (Beyotime, Jiangsu, China). Western blotting was
also performed using standard methods.>> After protein denaturation, 20 pg of extracted protein was fractionated on
a 10% SDS-PAGE gel and then transferred to a polyvinylidene fluoride (PVDF) membrane with a 0.45-mm pore size
(Millipore, MA, USA). The membranes were then blocked in 5% milk at room temperature for 1 h, washed by TBST
(Beyotime, Jiangsu, China) and incubated overnight on a shaker at 4°C for the primary antibody. The primary antibody
concentrations were as follows: Bel-2 (1:1000), Bax (1:1000); cleaved-PARP (1:1000), ADRB2 (1:1000), ERK (1:1000),
phospho-ERK1/2 (1:1000), and B-actin (1:1000). ERK and B-actin were used as a loading control. After three washes
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with TBST, horseradish peroxide (HRP)-conjugated goat anti-rabbit (1:5000) and rabbit anti-mouse (1:5000) were used
as secondary antibodies and were incubated at room temperature for 1 h. ECL (Tanon Science & Technology, Shanghai,
China) was used for color rendering. Band intensity was visualized using ChemiDoc TMXRS+ (Bio-RAD, USA).
ImageJ (ImageJ 1.53e, Maryland, USA) software was used to calculate the gray values of each band.

Establishment of Stable ADRB2-shRNA Cell Lines

The stable ADRB2 knockdown cells were generated via transfecting lentivirus of ADRB2-shRNA (Table 1). ADRB2-
shRNA lentiviruses were purchased from Shanghai Gikegien Technology Co., LTD. About 2x10° cells (MDA-MB-231
and SUM-159) were seeded into each well of the 6-well plate with a total volume of 1 mL medium, and the cells were
incubated overnight. Stable ADRB2 knockdown MDA-MB-231 and SUM-159 cell lines were produced by infecting
lentivirus (MOI 50 and 20, respectively) and selection with 1 mg/mL puromycin for about 1 week. Western blotting was
then used to verify stable cell lines.

Molecular Docking

The ChemDraw Professional 15.1 software was used to plot the 10-G molecular formula (PerkinElmer, USA). The
crystal structure of ADRB2 (PDB Code:3NYA) was obtained from the RSCB protein data bank (https://www.rcsb.org/).
The docking simulation®* was performed using the Accelrys Discovery Studio 3.5 (Accelrys, Inc., USA).

Breast Cancer Xenografts in NOD/SCID Mice

Twenty female NOD/SCID mice, five-week-old, and weighing 19+0.5g were obtained from the Experimental Animal
Centre of Southern Medical University. All mice were housed in cages (five mice per cage) under pathogen-free
conditions at 25 °C, 40-60% relative humidity, and 12-h light/dark cycle in the experimental animal center of
Guangdong Provincial Hospital of Chinese Medicine. All mice had ad libitum access to standard rodent chow and
filtered water and were acclimatized for 1 week before the initiation of the experiment. The use of laboratory animals was
checked by the Institutional Animal Ethical Committee (IAEC), and all procedures were approved by the Ethics
Committee of Guangdong Provincial Hospital of Chinese Medicine (Reference No. 2020031) and performed according
to the Principles of Laboratory Animal Care as well as specific national laws where applicable. All experimental
protocols and handling of the animals followed the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Research, 2011. Guide for the care and use of laboratory animals. Washington (DC): National
Academies Press).

For a xenograft model, human MDA-MB-231 cells (cell density: 5x10° / 200 uL PBS) were injected into the breast
fat pad of each mouse. On day 3 after inoculation, the tumor size was measured using digital callipers. After 4 days of
inoculation, animals were randomly divided into four groups (n=5): vehicle group, 10-G group (40mg/kg), paclitaxel
group (10mg/kg), and paclitaxel (10mg/kg)+10-G group (40mg/kg), according to tumor size as previously described by
Schvarcz et al*> Random numbers were generated using the standard = RAND() function in Microsoft Excel. The vehicle
group was given 0.5% CMC-NA carrier and normal saline intragastric administration. 10-G with 0.5% sodium
carboxymethyl cellulose (CMC)-Na mixed solution was orally administered once a day. Paclitaxel was diluted with
normal saline and administered every 3 days. Body weight was also recorded throughout the trial period. The primary
tumor growth was monitored using callipers every 3 days [tumor volume = (length x width?) /2]. Thirty-three days post
tumor cell injection, the mice were euthanized by carbon dioxide overdose followed by cervical dislocation. The weight
of the tumor, liver, and kidney were recorded at the moment of euthanization. The liver and kidney index of mice was

Table | The shRNA Sequence of Lentiviruses

NO. Target Sequences
Control-shRNA TTCTCCGAACGTGTCACGT
ADRB2-shRNA GCCATTACTTCACCTTTCAAG
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calculated as follows: Liver coefficient = (liver mass/body weight) x 100%; Kidney coefficient = (kidney mass/body
weight) X 100%. Body weight, liver and kidney index were an assessment of drug toxicity.

Immunohistochemistry and TUNEL Analysis

Tumor specimens were immobilized in 4% paraformaldehyde solution for 24 h, followed by standard tissue treatment
and embedding. Sections of paraffin-embedded tumor specimens were cut at 4 um and dried overnight at 37°C, dewaxed
in xylene twice for 10 min each, and rehydrated with graded series of ethanol. Immunohistochemical staining in the study
was done as previously described.?® The concentrations of primary antibodies: Bcl-2 (1:500), Bax (1:200); cleaved-PARP
(1:100), ADRB2 (1:200), phospho-ERK1/2 (1:1000) and Ki67 (1:100). All other chemicals and reagents used in
immunohistochemical staining experiments had the highest purity grades available on the market. The results were
observed under 10x magnifications light microscope (Olympus, BX51) to investigate the expressions in the tumor tissues
of the mice. For immunohistochemical quantification, images of three randomly selected microscopic fields per slide
were evaluated by independent pathologists.

TUNEL analysis was performed using the method by Zheng et al.>” Tumor sections were dewaxed and treated with
protease K (Beyotime, Jiangsu, China) at 37°C for 30 min to strip proteins from the nucleus. TUNEL detection liquid
(Beyotime, Jiangsu, China) was added to the sections and incubated at 37°C for 1 h. After washing with PBS, DAPI
(Beyotime, Jiangsu, China) was added to the sections at room temperature for 5 min to stain the nucleus. The
fluorescence intensity was observed at an excitation wavelength of 450-500 nm and an emission wavelength of 515—
565 nm (Olympus, BX51).

Haematoxylin and Eosin Staining

All specimens were fixed in 4% paraformaldehyde solution for 24 h, embedded in paraffin and processed using standard
histological processing techniques. Serial issue sections (4-pum thick) were obtained from each sample, and the H&E
results were observed under 10x magnifications light microscope (Olympus, BX51) to investigate the pathologic
structure of the liver and kidney.

Statistical Analysis

Data obtained were described using mean (standard deviation), median (range), or frequency (percentage). The inde-
pendent samples z-test (normal distribution) or the Mann—Whitney’s U-test (non-normal distribution) were applied for the
comparison between the two groups. The analysis between the three groups was evaluated by one-way ANOVA or
Welch’s ANOVA. Tukey’s test (equal variances assumed), Dunnett’s T3 test (equal variances not assumed) or Dunn-
Bonferroni post hoc comparison (nonnormal distribution) was used for post hoc comparison. Statistical analyses were
conducted using SPSS version 26.0 for Windows (SPSS, Inc.).

Results
10-G Effectively Inhibits TNBC Cells Proliferation and Colony Formation Ability and

Increases Drug Sensitivity of TNBC Cells to Paclitaxel

To explore whether 10-G could sensitize TNBC cells to paclitaxel, TNBC cells MDA-MB-231 and SUM-159 were
incubated alone with 10-G, paclitaxel, or 10-G with paclitaxel in increasing concentrations for 48 h (Figure 2A). When
exposed to 10-G for 48 h, the IC50 of 10-G in MDA-MB231 and SUM-159 cells were 139.39 and 195.42 uM,
respectively. The IC50 of paclitaxel in MDA-MB-231 and SUM-159 cells after being treated for 48 h was 294.70 nM
and 336.18 nM, respectively (Table 2). As shown in Figure 2A, 10-G inhibited the proliferation of MDA-MB-231 and
SUM-159 in a concentration-dependent manner. Based on the CI analysis, a synergistic effect of 10-G and paclitaxel was
observed (Figure 2A, CI<1). 10-G combined with low-dose paclitaxel (100 nM) significantly enhanced the inhibition of
cell proliferation (Figure 2C). In addition, in the non-tumor breast epithelial cell MCF-10A, the inhibition of 10-G was
low, having an IC50 of 619.83 uM (Table 2 and Figure 2B). Meanwhile, 10-G did not enhance the cytotoxicity of
paclitaxel (Figure 2B). To further verify whether 10-G inhibits the proliferation of TNBC cells, a clonogenic assay was
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Figure 2 10-G synergically inhibited the proliferation and colony formation of TNBC cells with paclitaxel. (A and B) TNBC cells MDA-MB-231 and SUM-159, as well as
non-tumor breast epithelial cell MCF-10A was treated with different concentrations of 10-G or paclitaxel alone or in combination for 48 h. Cell viability was analyzed by
CCK-8 assay. The Combination Index (CI) was calculated with Compusyn software. (C) The proliferation of TNBC cells treated with different concentrations of 10-G and
combined with paclitaxel (100nM) for 48 h. (D) Representative images of colony formation assay in TNBC cells line after drug treatment. Data are represented as the mean
value * SD, **P<0.01, compared with control; ##P<0.01, compared with paclitaxel; +P<0.05, ++P<0.01, compared with 10-G.

Abbreviations: 10-G, 10-gingerol; TNBC, triple-negative breast cancer.

performed with 10-G (100 uM) and/or paclitaxel (100 nM) (Figure 2D). Consistent with CCK8 results, the ability for
colony formation was suppressed after drug intervention (Figure 2D, P<0.05). The number of clones in the co-treatment
group was significantly lower than that in the monotherapy group (Figure 2D, P<0.05). These results indicate that 10-G
could suppress the proliferation of TNBC cells in a concentration-dependent manner and could increase the sensitivity of
TNBC cells to paclitaxel.

Table 2 The Drug IC50 Value of MDA-MB-231, SUM-159 and MCF-10A
Cells Treated with Different Concentrations of 10-G or Paclitaxel for 48 h

Cell Drug IC50

10-G (M) Taxol (nM)
MDA-MB-231 139.39 (124.65-154.13) 294.70 (182.38-407.02)
SUM-159 195.42 (152.25-238.59) 336.18 (265.47-406.89)
MCF-10A 619.83 (477.21-762.44) 471.12 (377.03-565.21)

Abbreviations: TNBC, triple-negative breast cancer; 10-G, 10-gingerol; CCKS8, cell counting
kit 8; GPCRs, G protein-coupled receptor; Cl, combined index; IC50, The half-maximal [50%]
inhibitory concentration.
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10-G Synergistically Promotes Paclitaxel-Induced Apoptosis

Based on the inhibitory effect and chemotherapy sensitization of 10-G on TNBC cells, there was a need to determine
whether 10-G inhibited cell proliferation by inducing apoptosis. We exposed MDA-MB-231 and SUM-159 to different
concentrations of 10-G and/or paclitaxel for 48 h and studied their apoptosis levels by flow cytometry. The results
showed that 10-G significantly promoted the apoptosis of TNBC cells in a dose-dependent manner (Figure 3A and B,
P<0.05). The combination of 10-G and paclitaxel significantly increased apoptotic subsets compared to paclitaxel alone
(Figure 3A and B, P<0.05). Treatment with 10-G for 48 h was observed to have increased the expression of Bax and
cleaved-PARP and decreased the level of Bel-2 (Figure 3C and D, P<0.05). After combining with 10-G and paclitaxel,
the changes of Bax, cleaved-PARP, and Bcl-2 were more obvious (Figure 3C and D, P<0.05). These results suggest that
10-G assists paclitaxel in triggering mitochondrial apoptosis pathways in TNBC cells.

10-G Targeting ADRB2 Can Inhibit Cancer and Sensitize Chemotherapy

The interaction between 10-G and ADRB2 through molecular docking was explored to determine whether ADRB2 is
a key target of 10-G mediated chemical sensitization. The results showed that the binding energy of 10-G and ADRB2
was 7.7kcal/mol. It was also observed that 10-G docked with the active site of ADRB2. 10-G was closely bound with
ADRB?2 by forming H-bonds (TYR-316, ASN-312 and SER-203) and hydrophobic contacts (TRP-313, PHE-290, VAL-
114 and VAL-117) (Figure 4A). Two lentivirus-delivered vectors were further constructed: ADRB2 shRNA and control
shRNA and were transfected into MDA-MB-231 and SUM-159 (Figure 4A). CCK8 and colony assay showed the
proliferation and colonies were inhibited after the knockdown of ADRB2 (Figure 4B and C, P<0.05). The tumor
inhibition and chemotherapy sensitization of 10-G were, however, weakened (Figure 4B and C, P<0.05). These data
suggest that ADRB?2 is a major molecular target of 10-G mediated chemical sensitization.

10-G Enhanced the Anticancer Effect of Paclitaxel by Inhibiting the Activation of

ADRB2/ERK

ADRB32 is considered an upstream regulatory molecule of ERK. Abnormal activation of ERK mediated by ADRB2 plays
a key role in tumorigenesis and drug resistance.”® To determine the regulatory relationship between ADRB2 and
p-ERK1/2 in TNBC cells, the levels of ERK and p-ERK1/2 between ADRB2 shRNA and control shRNA were analyzed.
Western blotting analysis showed that ADRB2 knockdown inhibited the activation of p-ERK1/2 (Figure 5A and B,
P<0.05). The changes in ADRB2, ERK, and p-ERK1/2 expression after 10-G and/or paclitaxel treatment were tested
through Western blotting (Figure 5C). It was observed that 10-G inhibited the expression of ADRB2 and p-ERK1/2
proteins in a concentration-dependent manner in MDA-MB-231 and SUM-159 (Figure 5D, P<0.05). After combined
treatment with 10-G and paclitaxel, the levels of ADRB2 and p-ERK1/2 were further reduced (Figure 5D, P<0.05). These
results suggest that 10-G enhances the inhibitory effect of paclitaxel on TNBC by inhibiting ADRB2/ERK signal.

0-G Potentiates the Anti-Tumor Effects of Paclitaxel in a TNBC Xenograft Model

To test the anti-tumor potential of 10-G and paclitaxel either independently or jointly in vivo, MDA-MB-231 cells were
subcutaneously injected into NOD/SCID mouse mammary glands to establish a TNBC xenograft tumor model. Based on our
pre-experiment on subcutaneous xenograft models, a 40 mg/kg dose of 10-G was administered orally to tumor-bearing mice.
Compared with the vehicle group, the 10-G or paclitaxel monotherapy group showed significant tumor growth inhibition
(Figure 6A and B). The effect of tumor inhibition was more obvious in the co-treatment group (Figure 6A and B). The test of
TUNEL and apoptosis-related protein (cleaved-PARP, Bax and Bcl-2) showed that 10-G and/or paclitaxel significantly
increased the apoptosis rate of TNBC (Figure 6C). Correspondingly, compared with the vehicle group, both 10-G and paclitaxel
alone had obvious inhibitory effects on the expression of Ki67, and the combined effect of these two compounds was
significantly more effective (Figure 6C). From these results, a combination of 10-G and paclitaxel could activate the apoptotic
cascade and restrict proliferation in tumor tissues, which then leads to a slowdown of tumor growth. Immunohistochemical
results showed that 10-G significantly reduced the expression of ADRB2 and p-ERK1/2 (Figure 6C). When combined with
paclitaxel, the expression of ADRB2 and p-ERK1/2 was further reduced (Figure 6C). This was consistent with in vitro.
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Figure 3 10-G induced the cell apoptosis of TNBC cells with paclitaxel. (A) MDA-MB-231 and SUM-159 were treated for 24h with 10-G and Paclitaxel alone or in
combination, and the level of apoptosis was evaluated using the AnnexinV-FITC/PI dual-labelling technique. (B) The apoptotic rate of MDA-MB-231 and SUM-159. (C and D)
MDA-MB-231 and SUM-159 were treated for 24h with 10-G and paclitaxel alone or in combination, and the protein expression of Bcl-2, Bax and cleaved PARP were
detected by Western blot. Data are represented as the mean value * SD. *P<0.05, **P<0.01, compared with control; +P<0.05, ++P<0.01, compared with 10-G (50puM);
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Abbreviations: 10-G, 10-gingerol; TNBC, triple-negative breast cancer.
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Toxicity Evaluation

As shown in Figure S1, 10-G treatment for 30 days did not result in significant weight loss, while mice treated with
paclitaxel alone experienced slight weight loss. The weight loss was not exacerbated in the combination of paclitaxel
+10-G versus paclitaxel alone (Figure 5B). During treatment, the mice did not show adverse effects such as skin
ulcers, diarrhea, or death from poisoning. The toxicity of 10-G to the liver and kidney of the mice was further
evaluated by H&E staining analysis. No pathologic changes in morphology were observed between the 10-G and
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Abbreviations: 10-G, 10-gingerol; TNBC, triple-negative breast cancer.
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Figure 5 10-G interacts with paclitaxel to inhibit ADRB2/ERK signal. (A and B) The protein levels of total ERK and phosphorylated ERK after ADRB2 downregulated by
lentivirus-shRNA. (C and D) MDA-MB-23| and SUM-159 were treated for 24h with 10-G and paclitaxel alone or in combination, and the protein expression of ADRB2,
total ERK and phosphorylated ERK were examined by Western blot. Data are represented as the mean value + SD. &P<0.05, &&P<0.01, compared with NC-shRNA;
**P<0.01, compared with control; +P<0.05, ++P<0.01, compared with 10-G (50uM); ##P<0.01, compared with Paclitaxel; AP<0.05, AP<0.01, compared with Paclitaxel +
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Abbreviations: 10-G, 10-gingerol; TNBC, triple-negative breast cancer.

vehicle groups (Figure 7A and B). Moreover, there was no significant difference in liver and kidney indices between
groups (Figure 7A and B). This reveals that 10-G has good safety in vivo.

Discussion

TNBC is a highly malignant tumor with considerable potential for metastasis. Chemotherapy is the most widely preferred
therapy for THBC. However, long-term use of paclitaxel is often associated with the development of resistance and
recurrence. The combination of multiple synergistic agents to reduce the dose of chemotherapy drugs could reduce or
slow down the development of single-drug resistance or side effects, and this is considered a promising method for
improving the clinical efficacy of cancer treatment.”” 10-G is considered a potential therapeutic agent because of its
inhibitory effects on inflammation and carcinogenesis.**>' This study demonstrates that 10-G could increase TNBC cell
sensitivity to paclitaxel. Meanwhile, the effective target and the underlying molecular mechanisms of 10-G were
uncovered.
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Apoptosis is a significant step in the eradication of cancer in vivo. It has been reported that 10-G can stimulate the
apoptosis of breast cancer cells.>? The results reported in that study are consistent with this study. Ex vivo results
obtained demonstrated that 10-G induces apoptosis and growth inhibition of TNBC cells in a dose-dependent manner.
Again, this effect was particularly over-represented with 10-G and paclitaxel combined. These results confirmed that
the anti-tumor and chemo-sensitizing effects of 10-G were related to the induction of apoptosis in TNBC cells.
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In previous studies, ADRB2 was screened as the first three proteins binding to 10-G by network pharmacology and
bioinformatics analysis.' It was also confirmed that the interaction between 10-G and ADRB2 was through molecular docking.
Both in vivo and in vitro experiments showed that 10-G dose-dependently inhibits the expression of ADRB2. Meanwhile,
changes in ADRB2 protein levels were found to be associated with 10-G induced cytotoxicity. ADRB2 knockdown could
inhibit the growth and colony formation ability of TNBC cells. This supports the notion that ADRB2 may be a binding target
mediating the effect of 10-G. Notably, paclitaxel also reduced the expression of ADRB2, although the antitumor effect of
paclitaxel was not weakened after the deletion of ADRB2. Clinical studies have also shown that ADRB2 blocker in combination
with paclitaxel does not reduce the efficacy of paclitaxel or increase patients’ risk of death.*® This suggests that ADRB2 is not
a binding target for paclitaxel. Targeting ADRB2 may be a new strategy for improving the efficacy of chemotherapy.

In addition, ADRB2 regulates the transduction of several signaling molecules, including the ERK signaling
pathway.***> ERK signaling pathway affected cell proliferation, apoptosis, and survival, classically involved in the
progression and resistance to chemotherapy of many cancers.’®>® Phosphorylation of ERK is essential for ERK
signaling pathway function, which could promote the development of breast cancer’’ A study by Xie et al*’
demonstrated that the inhibition of ADRB2 led to a decreased phosphorylation of ERK that provoked growth
inhibition and apoptosis in TNBC cells. Here, we also found that ADRB2 knockdown could block ERK phosphor-
ylation in TNBC cells. Recent findings indicate that reducing p-ERK1/2 may improve the treatment efficacy of
paclitaxel-based chemotherapy in breast cancer.*'*? These evidences supported that regulating the activity of
ADRB2/ERK signaling might be a potential pathway for TNBC treatment. In this regard, changes in ERK signaling
under exposure to 10-G with or without paclitaxel were assessed. Results indicated that the phosphorylation of ERK
was reduced by a combination of 10-G and paclitaxel in TNBC, with a dose-dependent inhibitory effect. According to
Ryu et al,* 10-G could induce mitochondrial apoptosis of colon cancer cells by inhibiting ERK phosphorylation. The
chemosensitization of 10-G is therefore closely related to its inhibition of the ADRB2/ERK signaling pathway.

These results further suggest that via targeting ADRB2, 10-G further repressed ERK signaling, restrained growth and
enhanced sensitivity to paclitaxel in TNBC. In vivo animal studies further confirmed the obtained in vitro findings and
validated the efficacy and safety of 10-G in animal models of breast cancer xenotransplantation.

Conclusion

In summary, this study suggests that 10-G enhances the chemotherapy sensitivity of TNBC to paclitaxel and that it is
related to the ADRB2/ERK signaling pathway. These findings not only highlight that 10-G is a potent anti-tumor agent
and a synergist of chemotherapeutic agents in TNBC but also provide new clues for the development of ADRB2-targeted
drugs from less toxic natural compounds. In the future, it is required to analyse the effect of 10-G applicable to different
groups of TNBC patients.
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