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Abstract

The black garlic is produced from the raw garlic by Milliard reaction at high temperature

(~60–90˚C) and humidity (~70–90%). In this process, the pungent odor and gastrointestinal

irritation effects of the raw garlic are reduced. At the same time, unstable compounds such

as allicin are converted into stable organosulfur compounds with antioxidant activity. Previ-

ous studies have confirmed that black garlic extract has anti-tumor effects and could inhibit

the proliferation of various tumor cells, including breast cancer cells MCF-7. However, the

mechanisms of the anti-tumor effects remain unclear. In this study, we found that the black

garlic extract could inhibit the proliferation, invasion, and metastasis of estrogen receptor-

positive breast cancer cells, promote their apoptosis, and inhibit their epithelial-mesenchy-

mal transition. Mechanistically, the black garlic extract reduced the expression of the anti-

apoptotic protein MCL-1, which was achieved by modulating the ROS-JNK signaling path-

way. In addition, the black garlic extract also decreased the expression of BCL-2 and

increased the expression of BAX and BIM. We also found that the black garlic extract, in

combination with venetoclax, a BCL-2 inhibitor, synergistically kills the estrogen receptor-

positive breast cancer cells. These results suggested that black garlic extract has great ther-

apeutic value and prospects for estrogen receptor-positive breast cancer treatment.

Introduction

Aged black garlic (ABG) is generated from raw garlic at high temperatures and humidity and

is named for its overall black color after aging. With a sweet and sour taste and a jelly-like tex-

ture, ABG lacks the pungent smell of raw garlic and has become a popular healthy food in

Asian countries in recent years. Compared with raw garlic, unstable compounds such as allicin

have been significantly reduced in ABG. In contrast, stable bioactive compounds such as

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0286454 June 23, 2023 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Yang Q, Li F, Jia G, Liu R (2023) Aged

black garlic extract inhibits the growth of estrogen

receptor-positive breast cancer cells by

downregulating MCL-1 expression through the

ROS-JNK pathway. PLoS ONE 18(6): e0286454.

https://doi.org/10.1371/journal.pone.0286454

Editor: Yi-Hsien Hsieh, Chung Shan Medical

University, TAIWAN

Received: October 21, 2022

Accepted: May 5, 2023

Published: June 23, 2023

Copyright: © 2023 Yang et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: The author(s) received no specific

funding for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0002-1559-058X
https://doi.org/10.1371/journal.pone.0286454
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286454&domain=pdf&date_stamp=2023-06-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286454&domain=pdf&date_stamp=2023-06-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286454&domain=pdf&date_stamp=2023-06-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286454&domain=pdf&date_stamp=2023-06-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286454&domain=pdf&date_stamp=2023-06-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286454&domain=pdf&date_stamp=2023-06-23
https://doi.org/10.1371/journal.pone.0286454
http://creativecommons.org/licenses/by/4.0/


phenols, flavonoids, S-allyl cysteine (SAC), and s-allyl mercaptocysteine (SAMC) were signifi-

cantly increased. The water-soluble components of the aged black garlic extract (ABGE) were

mainly SAC and SMAC, and the oil-soluble components were mainly diallyl sulfide (DAS),

diallyl disulfide (DADS), diallyl trisulfide (DATS) [1]. Previous studies have shown that ABGE

has dose-dependent growth inhibitory effects on various tumors. It inhibits the growth of gas-

tric cancer cells [2], leukemia cells [3], breast cancer cells [4], colon cancer cells [5], liver cancer

cells, and lung cancer cells.

Estrogen Receptor-positive (ER+) breast cancer is the most common subtype of breast can-

cer. Although endocrine therapy has significantly reduced the recurrence and mortality rate in

this type of breast cancer, de novo and acquired resistance to endocrine therapy remains a

major problem. The members of the BCL-2 family play an essential role in the regulation of

cell apoptosis. The BCL-2 family is divided into three categories: the anti-apoptotic proteins

such as BCL-2, MCL-1, and BCL-XL, which mainly inhibit cell apoptosis and promote cell sur-

vival; Apoptosis executioner proteins BAX and BAK. When activated, these proteins can form

oligomers to cause the mitochondrial outer membrane permeabilization (MOMP) to induce

cell apoptosis; Homology-3 (BH3) -only pro-apoptotic proteins such as BIM, BAD, BID,

PUMA, and NOXA. One of the roles of these proteins is to activate apoptosis executioner pro-

teins directly.

BCL-2 is a direct target of ER. Most primary and metastatic ER+ breast cancer cells overex-

press BCL-2, which makes targeting BCL-2 possible to treat this type of breast cancer [6].

Venetoclax, a highly selective BCL-2 inhibitor, has been clinically used to treat a variety of

hematological malignancies, such as chronic lymphocytic leukemia and relapsed/refractory

acute myeloid leukemia. And it has been observed to prolong the overall survival of these

patients. A clinical study has found that venetoclax improves the tumor response to tamoxifen

in ER+ breast cancer patients [7]. However, elevated MCL-1 expression makes ER+ breast can-

cer cells resistant to venetoclax and weakens the therapeutic effect of this drug. Therefore,

simultaneous inhibition of MCL-1 and BCL-2 may further inhibit the growth of ER+ breast

cancer cells and reverse cell resistance to venetoclax.

JNK is a mitogen-activated protein kinase that phosphorylates the Thr163 and Ser121 of

MCL-1, which leads to the degradation of MCL-1 [8]. JNK activation is regulated by various

stimuli, including reactive oxygen species (ROS). In the present study, we found that ABGE

could inhibit the proliferation, invasion, and metastasis of ER+ breast cancer cells MCF-7 and

MDA-MB-361, promote apoptosis and inhibit the epithelial-mesenchymal transition (EMT).

ABGE increased the ROS in ER+ breast cancer cells and activated the JNK signaling pathway,

thereby reducing MCL-1 expression. In addition, ABGE reduced the expression of BCL-2,

increased the expression of BAX and BIM, and promoted cell apoptosis. In addition, we also

found that black garlic extract could synergistically kill ER+ breast cancer cells in combination

with venetoclax.

In conclusion, ABGE showed promising prospects in treating ER+ breast cancer and can

serve as an adjuvant therapeutic food.

Material and methods

Cell culture and ABGE preparation

MCF-7 and MDA-MB-361 cells were purchased from the American Type Culture Collection

(ATCC, Manassas, VA, USA). Cells were cultured in DMEM medium (Gibco, USA) supple-

mented with 10% fetal bovine serum (FBS, Gibco, USA), glutamine (2 mM/L; Gibco, USA),

penicillin (100 U/mL; Gibco, USA) and streptomycin (100 mg/mL; Gibco, USA). All cells were

cultured at 37˚C in a humidified atmosphere containing 5% CO2. ABGE powder was
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purchased from Shanxi Cupressaceae Biotechnology Co., LTD (Shanxi, CHN). The ABGE

powder was dissolved in 0.9% normal saline to make the final concentration of the solution

100mg/ml.

Cell proliferation assay

Cell proliferation was measured by the MTT assay, CSFE assay, and BrdU assay. Briefly, for

the MTT assay, cells were plated into 96-well plates at a density of 105 cells/ml and cultured for

24h. The cells were treated with 100mg/ml ABGE for 24h, 48h, and 72h, then treated with 50ul

of MTT reagent (1mg/ml) for another 4h. Formazan crystals were dissolved in 150ul DMSO

after the culture medium was removed. A microplate spectrophotometer was used to measure

absorbance at 490 nm (Bio-Rad, USA). Treatment group value/control group value *100% =

cell proliferation rate. For the CSFE assay, as instructed by the manufacturer, CSFE (5-10uM,

Invitrogen, USA) kit was used to measure proliferation. The CSFE fluorescent signal of the

cells was analyzed using flow cytometry. For the BrdU assay, to label proliferating cells, 10 uM

BrdU was added to the culture medium for 4h. Afterward, cells were fixed with 4% PFA and

stained with BrdU/DAPI immunofluorescence double staining. In three independent experi-

ments, 10 pictures of stained cells were taken, and the percentage of BrdU-positive cells was

calculated.

Cell apoptosis assay

The apoptosis assay kit (Invitrogen, USA) was used for cell apoptosis analysis. In 24 well cul-

ture plates, cells were seeded (about 5*105 cells/well) and then incubated for 24 h. The cells

were then given 100mg/ml ABGE or culture media (negative control). Apoptosis was then

examined by Annexin V/PI staining, followed by flow cytometry analysis of stained cells.

ABGE-treated cells were harvested after 48 hours, washed twice with cold PBS, and resus-

pended in 1X Annexin binding buffer. 6ul FITC-conjugated Annexin V and 1ul PI were added

to a fresh 1.5 ml tube containing 100 ml of binding buffer and cells. In each tube, 200 ml of 1X

Annexin binding buffer was added after 15 minutes of incubation. The stained cells were ana-

lyzed by flow cytometry (BD Biosciences, USA) with flowjo software (v10.6.2, Treestar, USA).

Transwell migration and invasion assay

Corning transwell insert chambers (8mm pore size; Corning, USA) and BD BioCoat Matrigel

Invasion Chambers (BD Biosciences, USA) were used to measure cell migration and invasion

ability. After incubation with 100mg/ml ABGE for 24h, the cells were harvested and resuspended

in a serum-free medium. About 5*104 (migration assay) or 105 (invasion assay) cells were added

to the chamber and incubated for another 24h. Invading or migrating cells were fixed in 20%

methanol, stained with 0.1% crystal violet (Invitrogen, USA), and imaged and counted.

Wound healing assay

Following ABGE treatment and serum starvation, cells were grown in 24-well plates to about

100% confluency. The migration ability of the cells was determined by measuring the move-

ment of cells into a scraped area created by a sterile tip. After 24 hours, wound closure was

investigated and photographed using a microscope (Olympus, JP).

Plasmid transfection

MEK1-GFP plasmids encode constitutively active MEK1 was purchased from Addgene

(#14746). Plasmids were transiently transfected into MCF-7 cells using the Lipofectamine
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3000 reagent (Invitrogen, US) according to the manufacturer’s instructions. The JNK inhibitor

SP600,125 (10uM) was purchased from Selleckchem (US).

Western blot analysis

The expression of proteins was analyzed by Western blot. The cells were incubated with ABGE

for 24 hours and then lysed with RIPA buffer. Protein concentrations were determined using a

plate reader (Bio-Rad, USA), and equal amounts of protein were loaded. Denatured proteins

(25-30ug) were electrophoresed in 4–12% or 4–20% SDS-PAGE gels, transferred to PVDF

membranes, and probed with specific antibodies. The antibodies used were listed below:

MCL-1 (#94296), BCL-2 (#3498), BIM (#26184), BAX (#41162), and BAK (#6947) were pur-

chased from Cell Signaling Technology; NOXA (#PRS2473), PUMA (#PRS3043), E-cadherin

(#SAB4503751), N-cadherin (#MABT530), Slug (#PRS3959), Vimentin (#V6389), β-Actin

(#A3854) were purchased from Sigma-Aldrich; p-JNK (ab176662), JNK (ab126424), p-P38

(ab178867), P38 (ab170099), p-ERK (ab201015), ERK (ab32537) were purchased from Abcam.

Blot bands were visualized after incubating with the secondary antibodies and the chemilumi-

nescent substrate.

Mitochondrial membrane potential measurements

Mitochondrial membrane potential measurements were carried out using the JC-1 mitochon-

drial membrane potential assay kit (ab113850, Abcam, US) according to the manufacturer’s

instructions. Briefly, 10^4 cells/well were seeded into a 96-well plate and allowed to attach

overnight. 100ul/well of the working JC-1 solution was added per well and incubated for

10min at 37˚C in the dark. The results were observed and photographed under a fluorescence

microscope. The level of mitochondrial membrane potential was shown as the ratio of red to

green fluorescence.

Oxygen consumption rate (OCR) measurements

OCR values were measured by the Seahorse XF-96 extracellular flux analyzer. MCF-7 or

MDA-MB-361 cells at a density of 1 × 10^4 cells/well were grown in Seahorse XF96 cell culture

microplates. Before the assay, cells were washed twice with serum-free DMEM and then incu-

bated in serum-free DMEM supplemented with 30 mM glucose and 1 mM pyruvate for 1 h,

followed by mitochondrial stress testing. The tests were performed by exposing the cells to oli-

gomycin (1 μM), FCCP (1 μM), and rotenone/antimycin (1 μM). OCR was measured and

curves were plotted after each treatment.

Intracellular and mitochondrial ROS measurements

Flow cytometry was used to measure mitochondrial and intracellular ROS. Following ABGE

treatment, we collected, washed, and resuspended cells in a serum-free medium with dyes. For

mitochondrial ROS measurements, MitoSOX (Sigma-Aldrich, US) was added to the cells and

incubated for 10 minutes after washing. DCFHDA (Beyotime, China) was used for intracellu-

lar ROS measurements as the fluorescent reporter.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 9.3, GraphPad Software,

US). All data were expressed as mean ± SD. One-way analysis of variance (ANOVA), following

Tukey’s multiple comparisons tests, was used to analyze the data among >3 groups. The stu-

dent’s t-test (unpaired, two-tailed) was used for comparisons between the two groups. The
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combination index (CI value) was calculated by CompuSyn software (https://www.combosyn.

com/) as instructed. P values were indicated by asterisks: *p< 0.05, **p< 0.01, ***p < 0.001.

All experiments were performed in triplicate.

Results

ABGE inhibits the proliferation of ER+ breast cancer cells

To explore the effects of ABGE on breast cancer cell proliferation, we carried out the MTT

assay, CSFE assay, and BrdU assay. As shown in Fig 1A and 1B, the proliferation ability of

MCF-7 and MDA-MB-361 cells was significantly reduced after being treated with 100mg/ml

ABGE for 24, 48, and 72h (p<0.01). The CSFE and BrdU assay showed similar results (Fig 1B–

1D). However, in normal mammary cell line MCF-10A, we did not observe an inhibitory effect

of ABGE on their growth (S1 Fig).

ABGE induces apoptosis and reduces the migration and invasion of ER

+ breast cancer cells

To further investigate the roles of ABGE on cell apoptosis, migration, and invasion, we per-

formed flow cytometry cell apoptosis assay, wound healing assay, and Transwell migration and

invasion assay. The results showed that the cell apoptosis rate of MCF-7 and MDA-MB-361

cells was significantly increased after 48h ABGE treatment (Fig 2A) (p<0.01). For cell migra-

tion, the results of Transwell migration and wound healing assay showed that the migratory

ability of MCF-7 and MDA-MB-361 cells treated with ABGE was significantly decreased. The

assay suggested ABGE impaired the invasive ability of ER+ breast cancer cells (Fig 2B and 2C).

ABGE inhibited epithelial-mesenchymal transition in ER+ breast cancer

cells

EMT is a necessary process for the metastasis of breast cancer cells. As ABGE inhibited the

metastasis of ER+ breast cancer cells, we next explored the effect of ABGE on the EMT process.

Several critical proteins involved in the EMT process were detected by Western blot analysis.

As shown in Fig 3, after ABGE treatment for 24h, the protein expression of E-cadherin was

dramatically upregulated, while the expression of N-cadherin, Slug-1, and Vimentin was sig-

nificantly downregulated. These results indicated that ABGE hindered the EMT process in

MCF-7 and MDA-MB-361 cells.

ABGE decreases the expression of anti-apoptotic proteins MCL-1 and BCL-

2 and increases the expression of pro-apoptotic proteins BIM and BAK in

ER+ breast cancer cells

Members of the BCL-2 family are responsible for the fate of cell apoptosis. Since ABGE pro-

moted apoptosis, we further explored the expression of BCL-2 family members before and

after ABGE treatment. Fig 4 showed that after 4h 0.025, 0.05, and 100mg/ml ABGE treatment,

the expression of anti-apoptotic protein MCL-1 and BCL-2 was decreased compared to the

control group. Besides, the expression of pro-apoptotic protein BIM and the apoptosis execu-

tioner Bax was dramatically increased, and Bak, PUMA, and NOXA expression were not

altered, suggesting that the changes of these proteins are partially the reason why ABGE pro-

motes apoptosis in ER+ breast cancer cells. Next, to explore whether ABGE impairs mitochon-

drial function in ER+ breast cells, we detected mitochondrial membrane potential using JC-1

fluorescent staining and performed oxygen consumption assays. As shown in Fig 4C, com-

pared with the control group, the red fluorescence was significantly weakened and the green
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fluorescence was significantly enhanced in the ABGE group, suggesting that ABGE impaired

the mitochondrial function of MCF-7 and MDA-MB-361 cells. The results of the OCR assay

were presented in Fig 4D. The results indicated that mitochondrial OCR was reduced at basal

and after FCCP treatment in the ABGE group, suggesting ABGE impaired mitochondrial

respiratory function.

Fig 1. ABGE inhibit MCF-7 and MDA-MB-361 cells proliferation and promote their apoptosis in vitro. (a),Cells

proliferation were detected by MTT Assay. (b,c,d),The proliferation of MCF-7 and MDA-MB-361 cells was examined

by BrdU assay and CFSE assay after treatment with ABGE, respectively. *** indicates p value less than 0.01.

https://doi.org/10.1371/journal.pone.0286454.g001

PLOS ONE Aged black garlic extract inhibits the growth of estrogen receptor-positive breast cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0286454 June 23, 2023 6 / 15

https://doi.org/10.1371/journal.pone.0286454.g001
https://doi.org/10.1371/journal.pone.0286454


ABGE decreases MCL-1 expression through ROS-induced JNK activation

Previous studies have shown that decreased expression of MCL-1 and increased cell apoptosis

were associated with increased intracellular ROS. To explore whether the decreased expression

of MCL-1 and increased cell apoptosis after ABGE treatment were related to the ROS in ER

+ breast cancer, we examined the mitochondrial and intracellular ROS levels in MCF-7 cells.

Fig 2. ABGE promoted apoptosis of breast cells. ABGE inhibited invasion, and migration of breast cells. (a)Flow cytometry analysis was used to assess

apoptotic rate of MCF-7 and MDA-MB-361 cells. (b),The invasion ability of breast cancer cells was evaluated using Transwell assay. (magnification 200×). (c),

Representative images and relative quantification of cell migration, as measured using wound healing assay. (magnification 100×). *** indicates p value less

than 0.01.

https://doi.org/10.1371/journal.pone.0286454.g002
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The results were shown in Fig 5A. After 24h ABGE treatment, both mitochondrial and intra-

cellular ROS increased significantly compared to the control groups, suggesting a role of ROS

in ABGE-induced ER+ breast cancer cell death. To further confirm that ABGE exerted its anti-

tumor effect by increasing ROS, the ROS inhibitor N-acetyl-L-cysteine (NAC) was used. As

shown in Fig 6A and 6B, the proliferation inhibitory effect of ABGE on MCF-7 and

Fig 3. MCF-7 and MDA-MB-361 cells were cultured with ABGE-containing medium for 24 h. Western blot was

performed to test the levels of EMT related markers. *indicates p value less than 0.05, **/*** indicates p value less than

0.01.

https://doi.org/10.1371/journal.pone.0286454.g003
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MDA-MB-361 almost disappeared after 30 min of NAC pretreatment. These results suggested

that ABGE exerts its antitumor effect in ER+ breast cancer cells by increasing cellular ROS

(Fig 5B and 5C).

We further explored the expression of several essential proteins related to signaling path-

ways that are downstream of ROS generation. We found that the expression of p-JNK was sig-

nificantly upregulated, while the expression of p-ERK and MCL-1 was significantly

downregulated. The expression of p38, p-p38, JNK, and ERK were not significantly changed

Fig 4. ABGE inhibits MCL-1 expression. (a),MCF-7 cells were treated with 25, 50 and 100mg/ml ABGE for 4h. (b),MDA-MB-361 cells were treated with 25,

50 and 100mg/ml ABGE for 4h. Bcl-2 family proteins were detected by western blot. (c)(d),mitochondrial membrane potential detected by JC-1 fluorescent

staining and performed oxygen consumption assays. Mcl-1,BIM-EL,Puma and NOXA proteins were evaluated by western blot. **/*** indicates p value less

than 0.01.

https://doi.org/10.1371/journal.pone.0286454.g004
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(Fig 7A). According to these results, we hypothesized that JNK and ERK/MAPK signaling

pathways might account for ROS-mediated MCL-1 downregulation and apoptosis promotion

in ER+ breast cancer cells.

Fig 5. ABGE induces Mcl-1 degradation. ABGE +venetoclax induced significantly higher levels of apoptosis than

ABGE or venetoclax alone in MCF-7 and MDA-MB-361 cells. (a),Mitochondrial ROS and Intracellular ROS levels

were detected by flow cytometry. (b),Cells proliferation were detected by MTT Assay. (c),The combination of ABGE

and venetoclax led to the greatest percentage of Annexin-V-FITC-positive cells, and the percentage was significantly

different from that of NC, ABGE-treated and venetoclax-treated cells for both cell lines. *indicates p value less than

0.05, **/**** indicates p value less than 0.01.

https://doi.org/10.1371/journal.pone.0286454.g005
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We overexpressed MEK1-GFP and inhibited JNK signaling in MCF-7 cells to validate our

hypothesis. Fig 7B showed that ERK activation could not rescue the MCL-1 downregulation

caused by ABGE treatment. At the same time, JNK inhibition successfully prevented ABGE-

induced MCL-1 reduction, indicating ABGE-induced MCL-1 downregulation was regulated

through the ROS-JNK pathway.

ABGE enhances the anti-tumor effects of BCL-2 inhibitor venetoclax in ER

+ breast cancer cells

The clinical trials of venetoclax show that it synergizes with hormonal therapy in ER+ breast

cancer models. Previous studies have demonstrated that the high expression of MCL-1 is an

important reason for the insensitivity of tumor cells to venetoclax. The present study showed

that ABGE effectively reduced the MCL-1 expression. Therefore, we sought to investigate

whether ABGE synergizes with venetoclax to eliminate ER+ breast cancer cells. The MTT

assay and the flow cytometry apoptosis assay were carried out in MCF-7 and MDA-MB-361

cells treated with ABGE or venetoclax or ABGE+venetoclax (Combo) for 24,48 and 72h. The

results showed that the proliferation of cells in the combination group was significantly inhib-

ited (Fig 7A), while apoptosis was promoted (Fig 7B). The results suggested that ABGE syner-

gized with venetoclax in killing ER+ breast cancer cells.

Fig 6. The proliferation inhibitory effect of ABGE on MCF-7 and MDA-MB-361. (a),Cells proliferation were

detected by MTT Assay. (b),The proliferation of MCF-7 and MDA-MB-361 cells was examined by BrdU assay and

CFSE assay, respectively. *** indicates p value less than 0.01.

https://doi.org/10.1371/journal.pone.0286454.g006
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Fig 7. The expression of several essential proteins related to signaling pathways that are downstream of ROS generation. (a),MCF-7 cells were treated with

indicated concentrations of 25, 50 and 100mg/ml ABGE for 24 h. The levels of P-JNK, JNK, P-P38, P38, P-ERK, ERK, Mcl-1 and β-actin were determined by

western blot analysis. (b),Overexpression of MEK1-GFP and inhibition of JNK signalling in MCF-7 cells. P-JNK, JNK, P-ERK, ERK and MCL-1 were

determined by western blot analysis. **/*** indicates p value less than 0.01.

https://doi.org/10.1371/journal.pone.0286454.g007
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Discussion

Most breast cancers are ER+ positive [9]. The treatment of ER+ breast cancer involves sup-

pressing estrogen production and/or targeting ER directly (endocrine therapy). Despite sub-

stantial reductions in breast cancer mortality and recurrence due to endocrine therapy,

resistance to this treatment persists. The mechanisms leading to endocrine resistance of ER

+ breast cancer mainly include the continuous activation of some cancer-promoting pathways,

such as MAPK [10] and PI3K [11] signaling pathways, somatic mutations [12], epigenetic [13]

and metabolic changes [14], etc. Although neoadjuvant chemotherapy, radiotherapy, and

immunotherapy have improved the prognosis of ER+ breast cancer patients resistant to endo-

crine therapy, the subsequent occurrence of drug resistance and side effects still make these

treatments less effective. As a result, it is imperative to find more effective treatment strategies

for breast cancer with fewer side effects.

Natural dietary products are effective in preventing and treating cancer [15, 16]. One such

ingredient is aged black garlic, which contains many bioactive substances such as SAC and

SAMC. In previous studies, it has been proven to have a variety of functions including anti-

inflammatory [17], antioxidant [18], and anti-tumor [2–5, 19]. In gastric carcinoma, ABGE

inhibits tumor growth, invasion, and metastasis [2]. In U937 leukemia cells, ABGE induces

cell apoptosis in a caspase-dependent manner [3]. In colon cancer, ABGE impaired cell growth

by inhibiting PI3K/AKT pathway [5]. Although a previous study showed that ABGE inhibits

the proliferation of MCF-7 [4], the mechanisms underlying this phenomenon remain unclear.

In the present study, we observed that ABGE inhibited the proliferation of ER+ breast can-

cer cells, promoted apoptosis, and inhibited invasion and migration. Mechanically, ABGE

inhibited the EMT process, promoted the expression of pro-apoptotic protein BIM and apo-

ptotic executioner BAX, and decreased the expression of anti-apoptotic proteins BCL-2 and

MCL-1. In addition, further exploration revealed that ABGE reduced MCL-1 expression

through the ROS-JNK signaling pathway.

Previous studies have found that Annurca Apple polyphenol Extract [20], Juglanin [21] and

Curcumin Derivative WZ35ROS [22] inhibited the growth of breast cancer cells by activating

the ROS/JNK signaling pathway. MCL-1 degradation induced by ROS/JNK signaling activa-

tion has been reported in the lung [23] and liver cancer [24]. Amino acids Thr163 and Ser121

of MCL-1 were phosphorylated by JNK, causing MCL-1 to be inactivated and degraded [8]. In

the present study, we proposed for the first time that the degradation of MCL-1 by ABGE was

achieved through ROS-dependent activation of JNK signaling.

Combining chemotherapy agents plays a vital role in treating ER+ breast cancer. Combina-

tion therapeutic strategies synergistically kill tumor cells and reduce the adverse effects caused

by excessive doses of a single agent. Previous studies have shown that low-dose dexamethasone

combined with venetoclax and tamoxifen in metastatic ER+ breast cancer significantly

increased life expectancy compared with venetoclax or tamoxifen administration alone [7]. In

the present study, we found that co-administration of ABGE and venetoclax had synergistic

effects in killing ER+ breast cancer cells. The combination index was far less than 1, indicating

the combination exhibited an excellent tumor-killing effect.

Since ABGE is extracted from natural dietary products with few side effects, our study pro-

vides a new therapeutic option for treating ER+ breast cancer.

Supporting information

S1 Fig. Normal mammary cell line MCF-10A was used to detect whether ABGE is toxic to

normal breast cells. And we did not observe an inhibitory effect of ABGE on their growth.

(TIF)
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