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Abstract

Background/Aim: Diallyl trisulfide (DATS) has been shown to prevent and inhibit breast 

carcinogenesis. CCL2/MCP-1 has been shown to play a significant role in breast cancer. This 

study explored DATS efficacy on triplenegative breast cancer (TNBC) cells.

Materials and Methods: DATS efficacy on TNF-α induced TNBC cells were examined via 

trypan blue exclusion test, wound-healing assay, human cytokine arrays, ELISA, and RT-PCR.

Results: DATS significantly induced cell death and inhibited cell migration. Expression of 

CCL2/MCP-1, IL-6, PDGF-BB, NT-3, and GM-CSF in TNF-α-treated cells increased. However, 

DATS significantly decreased the expression of CCL2/MCP-1 in TNF-α-treated MDA-MB-231 

but not in MDA-MB-468 cells. DATS significantly down-regulated mRNA expression of IKBKE 

and MAPK8 in both cell lines, indicating a possible effect in genes involved in the NF-κB and 

MAPK signaling.

Conclusion: DATS may have a role in TNBC therapy and prevention by targeting CCL2.
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Globally, breast cancer in women is ranked the second leading cause of cancer-related 

deaths and has claimed the lives of 685,000, with 2.3 million new cases in 2020 (1). 

Breast cancers are classified into distinct groups according to differential gene expression 

patterns, each with a unique set of phenotypes. Estrogen/progesterone receptor-positive 

(ER+/PR+), HER2+, and triple-negative breast cancer (TNBC) (estrogen, progesterone, and 

HER2 receptor negative) are the three major subtypes of breast cancer (2-4). Compared to 

Correspondence to: Selina F. Darling-Reed, Ph.D., 1415 S. MLK Blvd, New Pharmacy Building Phase 1 (West Wing) Room 300, 
Tallahassee, FL 32307, U.S.A. Tel: +1 8504125078, Fax: +1 8505993934, selina.darling@famu.edu or sdarlingreed@gmail.com.
Authors’ Contributions
Conceptualization: KJWK, PM, KFAS, SFDR; Methodology: KJWK, PM; DTF Formal analysis: KJWK, PM, SFDR; Funding 
acquisition: KFAS, SFDR; Project administration: KFAS, SFDR; Resources: KFAS, SFDR; Software: KJWK, PM; Supervision: PM, 
KFAS, SFDR; Writing - original draft: KJWK, PM, KFAS, DTF, SFDR; Writing - review & editing: KJWK, PM, KFAS, DTF, SFDR.

Conflicts of Interest
The Authors declare no competing interests concerning this study.

HHS Public Access
Author manuscript
Anticancer Res. Author manuscript; available in PMC 2021 December 21.

Published in final edited form as:
Anticancer Res. 2021 December ; 41(12): 5919–5933. doi:10.21873/anticanres.15411.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



their Caucasian, African American (AA) women are more likely to develop TNBC. This 

aggressive and invasive subtype accounts for 15 to 20% of all breast cancer cases (4, 5) and 

is correlated with a poor prognosis, a mutation in the BRCA1 gene, and a higher mortality 

rate amongst AA women. There is no clinical therapy specifically for TNBC patients (6, 7).

Also, an estimated 15 to 20% of all cancer-related deaths have been linked to inflammation, 

where proinflammatory cytokines have been associated with the tumorigenesis process (4). 

Cancer-linked inflammation consists of an intricate network of immune system processes, 

which result in the growth and metastasis of many cancers (8). In humans, almost every 

type of cancer, including renal, prostate, and breast, produce and release high levels of 

monocyte chemotactic protein-1 (MCP-1) also known as C-C motif chemokine ligand-2 

(CCL2). CCL2/MCP-1 is a tumor-promoting chemokine, which recruits monocytes to the 

tumor site through its receptors such as monocyte G-coupled CCL2 receptors (CCR2A/2B) 

(8-15). In TNBC, inflammation and immune response plays a major role in the progression 

and metastasis of the disease. TNF-α is released by macrophages to destroy the tumor due 

to its toxic effect on cancer cells. Unfortunately, if TNF-α is unable to destroy the cancer 

cells, macrophages begin to mimic the characteristics of cancer, eventually turning into 

tumor-associated macrophages (TAM). Therapeutic targeting of the release of CCL2 or its 

receptor (monocyte CCR2 receptor) may be used to inhibit the mobilization of infiltrating 

monocytes to the tumor site (8, 16, 17).

Despite some promising advances against breast cancer, TNBC responds differently to 

various treatments, unlike the other subtypes, creating new challenges in developing 

effective targeted therapy and chemotherapy that would be safe and effective (2, 4, 

18). The more invasive forms of breast cancer treatments include radical mastectomy, 

chemotherapy, and irradiation. These treatments can be administered individually or in 

various combinations. Less invasive treatments include endocrine and targeted therapy. 

Although endocrine therapy has had positive results in hormone receptor (HR) positive 

breast cancer, it is ineffective in TNBC.

Garlic has been used medicinally in Asia and the middle east for many centuries. It 

is reported to have many biological activities, including antioxidant, antihypertensive, 

antidiabetic, anti-atherosclerotic, antibacterial, antifungal, and anticarcinogenic. Diallyl 

trisulfide (DATS), the most effective active ingredient found in garlic, has been shown to 

have antioxidant properties, the ability to reduce DNA double-strand breaks and induce 

cell cycle arrest and apoptosis (19-26). DATS is a secondary metabolite of allicin; an 

organosulfur compound produced from the crushing of Allium sativum (garlic) (27). Alliin 

is converted by the alliinase enzyme to allicin, producing its three main products diallyl 

sulfide, disulfide, and diallyl trisulfide (27). DATS was reported to suppress metastasis 

of breast cancer cell lines (MDA-MB-231 and HS 578T) by down-regulating ERK/NFκB/

MMP-2/MMP-9 activities and expression (28). In MCF-7 cells, DATS stimulated apoptosis, 

which was associated with elevated levels of cyclin B1. Real-time PCR assays indicated that 

DATS-enhanced FAS and cyclin D1 expression levels and down-regulated the expression 

levels of Akt and Bcl-2. Induction of apoptosis by DATS was linked to induction of 

pro-apoptotic Bax protein and increase in p53 protein expression, suggesting that DATS 

might offer a novel strategy for the treatment of human breast cancer (29).
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Therefore, the current study was developed to investigate the effects of the organosulfur 

compound DATS on cell survival and its modulatory effects on releasing proinflammatory 

cytokines in triple-negative human breast tumor (MDA-MB-231 and MDA-MB-468) cells. 

The data from this research contribute to the literature concerning the potential role of DATS 

in TNBC therapy and prevention.

Materials and Methods

Cell line, chemicals, and reagents.

MDA-MB-231 (Caucasian American TNBC cell line) and MDA-MB-468 (African 

American TNBC cell line) were acquired from the American Type Culture Collection 

(ATCC) (Rockville, MD, USA). Dimethyl sulfoxide (DMSO), Fetal Bovine Serum (FBS), 

Dulbecco’s Modified Eagles Medium (DMEM) high glucose, diallyl trisulfide (DATS), and 

Alamar blue were acquired from Sigma (St. Louis, MO, USA). Penicillin/Streptomycin, 

trypsin-EDTA, and Hanks Balanced Salt Solution (HBSS) were obtained from Invitrogen 

(Carlsbad, CA, USA). Ethanol was acquired from Cruzan International (Deerfield, IL, 

USA). Human cytokine arrays, human recombinant TNF-α, and ELISA assays for MCP-1 

(Cat# ELH-MCP1–1) were acquired from RayBiotech (Norcross, GA, USA). The PCR 

primers and iScript advanced reverse transcriptase kit were obtained from Bio-Rad 

(Hercules, CA, USA).

Maintenance of cells.

MDA-MB-231 and MDA-MB-468 TNBC cells were cultivated in DMEM media with fetal 

bovine serum (10%) and 1% penicillin (100 U/ml)/streptomycin (0.1 mg/ml) and incubated 

in a humidified atmosphere of 5% CO2 at 37°C. The complete media was replaced every 3-4 

days, and the cells were sub-cultured every 4-7 days. Cells were sub-cultured in T-175 flasks 

until 90% confluency before plating the cells to start each experiment.

Cell viability assay.

Cytotoxicity in both MDA-MB-231 and MDA-MB-468 cells was determined using the 

trypan blue exclusion test. Cells were seeded in 5 ml of media at a density of 1×105 cells in 

a T-25 flask. The cells were stabilized overnight in the incubator at 37°C in 5% CO2. Cells 

were treated with or without DATS (25, 50, 75, 100, 150, and 200 μM) for different periods 

(24, 48, and 72 h). DATS was dissolved in dimethyl sulfoxide (DMSO) and diluted in 10% 

FBS complete media; the final concentration of DMSO did not exceed 0.1%. An equal 

volume of DMSO was added to the control. All treatments were performed in triplicate. At 

the end of the incubation period, the cells were pelleted and resuspended in 200 μl fresh 

media, 500 μl of 0.4% trypan blue solution, and 300 μl of phosphate-buffered saline (PBS) 

solution. The solution was then incubated for 15 min at room temperature. At least 300 cells 

were counted after the incubation period to determine cell survival. The data were expressed 

as a percentage of live untreated controls.

Wound healing assay.

The effect of DATS on cell migration was determined via wound-healing assay. IBIDI 

inserts were placed in a 12-well plate and seeded at 3×104-5×104 cells per insert in 100 μl 
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of complete media. Each experiment was performed in triplicate. Once cells were confluent, 

the complete media was discarded and replaced with serum-free media for another 24 h. The 

inserts were then removed, creating a wound in the bottom of the well. Treatments included 

control (cells only), DATS (75 μM), TNF-α (40 ng/ml), and the combination of DATS (75 

μM)+TNF-α (40 ng/ml). Finally, the cells were washed with media and observed under a 

light microscope with an attached camera using the ToupeView software to measure the 

closure of the wound over 0, 12, and 24 h.

Human cytokine arrays.

The effect of DATS on 60 cytokine proteins released by TNF-α-activated TNBC cells 

was assessed using RayBiotech human cytokine arrays. The experiments were conducted 

according to the manufacturer’s instructions in triplicate. Briefly, antibody-coated array 

membranes were first added to a 1 ml blocking buffer and incubated for 30 min. The 

blocking buffer was then aspirated and substituted with treated cell supernatant (1 ml). 

These cells were subjected to different treatments for 24 h. Treatments included control 

(cells only), DATS (75 μM), TNF-α (40 ng/ml), and the combination of DATS (75 μM)

+TNF-α (40 ng/ml). The membranes were placed on a shaker and incubated overnight at 

4°C. The following day, the media was aspirated; membranes were washed and incubated 

for 2 h with 1 ml biotin-conjugated antibodies. Finally, biotin-conjugated antibodies were 

aspirated, and membranes were washed and incubated for another 2 h with HRP-conjugated 

streptavidin. The chemiluminescent reagent was used, and Flour-S Max Multi-imager 

(Bio-Rad Laboratories) was used to capture the images of spots. Quantity One Software 

established the density of each spot (Bio-Rad Laboratories). Human Cytokine Array 

software C1000 (CODE: S02-AAH-CYT-1000) from RayBiotech was used to develop an 

Excel-based data analysis.

Human CCL2/MCP-1 ELISA and quantification.

The supernatants of cells exposed to the various treatments for a 24 h period were 

collected. Treatments included control (cells only), DATS (75 μM), TNF-α (40 ng/ml), 

and the combination of DATS (75 μM)+TNF-α (40 ng/ml). Each experiment was conducted 

according to the Raybiotech ELISA MCP-1 kit instructions in triplicate. TNBC cells were 

acquired and centrifuged at 4°C for 4 min at 1,000 rpm (67×g). A specific ELISA for human 

CCL2/MCP-1 detection was applied in compliance with the manufacturer’s instructions. 

Briefly, the supernatants (100 μl) from each standard and samples were added to 96 well 

plates pre-coated with capture antibody and incubated for 2.5 h at room temperature under 

shaking. After washing, a biotinylated antibody mixture (100 μl) was prepared, added to 

each well, and incubated for 1 h. Next, the mixture was aspirated, and into each well, 

streptavidin solution (100 μl) was added and incubated for 45 min. One hundred μl of 

substrate reagent was then pipetted into each well and incubated for 30 min, followed by 

the addition of 50 μl of stop solution. Synergy HTX Multi-Reader (BioTek, Winooski, VT, 

USA) was used to measure the optical density of the samples at 450 nm.
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Real-time polymerase chain reaction (RT-PCR)

RNA extraction.—Cells were exposed to the various treatments for 24 h, then harvested, 

and cell pellets were collected. Each experiment was conducted in triplicate. Treatments 

included control (cells only), DATS (75 μM), TNF-α (40 ng/ml), and the combination of 

DATS (75 μM) + TNF-α (40 ng/ml). One ml of TRIzol reagent was used to lyse the cell 

pellets. Then, 0.2 ml of chloroform was combined with the lysed samples; the tubes were 

shaken, incubated for 2-3 min at 15-30°C, and centrifuged at 10,000 rpm (6,720×g) at 2-8°C 

for 15 min. The newly lysed samples (aqueous phase) were transferred into a new tube and 

combined with 0.5 ml isopropyl alcohol to precipitate the RNA. After 15 min of incubation, 

samples were centrifuged, the supernatant was aspirated, 75% ethanol was used to wash the 

RNA pellets, and then centrifuged at 7,500 rpm (3,780×g) at 2-8°C for 5 min. The RNA 

pellet was left to dry at room temperature, resuspended in RNAase-free water, and placed on 

ice for 30 min. RNA purity and quantity were evaluated using Nanodrop (Thermo Fischer 

Scientific, Wilmington, DE, USA).

cDNA synthesis and RT-PCR.—iScript advanced reverse transcriptase from Bio-Rad 

was used to synthesize cDNA strands from mRNA. Briefly, 4 μl of 5X iScript advanced 

reaction mix, 1 μl reverse transcriptase, 7.5 μl of the sample (1.5 μg/reaction), and 7.5 μl 

water were mixed in a tube to a final volume of 20 μl. According to the manufacturer’s 

protocol for the reverse transcription, the thermal cycling program included two steps: 46°C 

for 20 min and then 95°C for 1 min. RT-PCR amplification was conducted following the 

manufacturer’s protocol (BioRad). In each well, 1 μl of the sample (200 ng cDNA/reaction), 

10 μl of the master mix, 1 μl of primers, and 8 μl of water were mixed. According to the 

manufacturer, the thermal cycling process required an initial hold step at 95°C for 2 min and 

denaturation at 95°C for 10 s, followed by 39 cycles of 60°C for 30 s (annealing/extension), 

and 65°C-95°C for 5 s/step (melting curve) using the Bio-Rad CFX96 Real-Time System. 

Specific primers were determined for the genes of interest. The Unique Assay ID for CCL2/

MCP1 primer was qHsa-CID0011608, for MAPK8 primer was qHsaCIP002749 and for 

IKBKE primer was qHsaCID0014831 0.

Statistical analysis.—The results of at least three biological replicates, tested in 

triplicates and averaged, are presented as mean±SEM and analyzed using GraphPad Prism 

(San Diego, CA, USA). LC50 was determined via non-linear regression using GraphPad 

Prism. The significance of differences was determined by one-way ANOVA and compared 

by Dunnett’s test or using a Student’s t-test. Values of p<0.05 were considered statistically 

significant. Gene expression was analyzed using the CFX 3.1 Manager software (Bio-Rad).

Results

The cytotoxic effect of DATS on MDA-MB-231 and MDA-MB-468 TNBC cells.

DATS effect at various concentrations was investigated in MDA-MB-231 and MDA-

MB-468 cell lines after 24, 48, and 72 h treatment. The viability results showed 

time-dependent toxicity (Figure 1A and B) in both cell lines. Treatment with DATS 

concentrations equal to or higher than 25 μM significantly decreased cell viability after 24 h 

in both cell lines compared to the control. Cells treated with DMSO showed no cytotoxicity 
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in comparison to control. After 24 h of treatment, the LC50s were 24.84±0.10 μM in 

MDA-MB-231 and 22.47±0.54 μM in MDA-MB-468 cells. After 48 h- and 72 h-treatment, 

the LC50s decreased to 17.31±0.19 and 18.22±0.90 μM in MDA-MB-231, and 11.68±0.07 

and 15.04±0.26 μM in MDA-MB-468 cells, respectively. Statistical analysis comparing 

the LC50s for DATS cytotoxic effect on both cell lines showed that MDA-MB-468 cells 

were more sensitive to the compound and had a lower percentage of viable cells after 24 

h (p<0.05) and 48 h (p<0.01), showing no significant effect after 72 h when compared 

to MDA-MB-231 cells. The data from cell viability assays were used to establish DATS 

cytotoxicity and concentration in further studies.

The anti-migration effect of DATS on MDA-MB-231 and MDA-MB-468 TNBC cells.

In the present study, a wound-healing assay was used to study cell migration in vitro. 

The assay allowed us to examine DATS’s ability to inhibit migration of MDA-MB-231 

and MDA-MB-468 cells. TNF-α treatment (40 ng) significantly increased the percent rate 

of recovery in MDA-MB-231 and MDA-MB-468 cells (47.8% and 28.17% respectively) 

(Figure 2) in comparison to the untreated wound control (26.7% and 11.79% respectively) 

after 12 h. DATS significantly inhibited the migration of cells after a 12 h exposure to 75 

μM DATS in both cell lines (0% - MDA-MB-231 cells; and −4.47 - MDA-MB-468 cells). In 

MDA-MB-468 cells, the wound size significantly increased after 24 h (−11.04%), showing 

higher inhibition in migration (p<0.001). This could be because MDA-MB-468 cells are 

more sensitive to DATS cytotoxicity. The combination of DATS and TNF-α treatment (75 

μM DATS and 40 ng TNF-α) showed that DATS significantly inhibits the wound size after 

24 h in both cell lines decreasing the TNF-α migration effect. Compared to control (100%), 

the combination treatment wound size was significantly larger. These results showed that 

TNF-α and the combination of DATS and TNF-α had time-dependent effects.

The effect of DATS on cytokine expression in TNF-α-activated MDA-MB-231 and MDA-
MB-468 TNBC cells.

Cytokine array assay was used to compare DATS anticancer effects on TNF-α-induced 

release of proinflammatory cytokines by MDA-MB-231 and MDA-MB-468 TNBC cells 

(Figure 3). The results showed that TNF-α induced the up-regulation of five specific 

cytokines: chemokine (C-C motif) ligand 2 (CCL2/MCP-1), GM-CSF, and interleukin-6 

(IL-6) by MDA-MB-231 cells (Figure 3A and B). In contrast, NT-3 and PDGF-BB were 

up-regulated in MDA-MB-468 cells (Figure 3C and D). MCP-1 was the only common up-

regulated protein observed in both cell lines. Although TNF-α induced MCP-1 expression 

in both cell lines, the expression was two times higher in the MDA-MB-468 compared 

to the MDA-MB-231 cells. However, DATS treatment resulted in differential cytokine 

expression in the two cell lines, inhibiting MCP-1 expression in MDA-MB-231 but not 

in MDA-MB-468 cells. Normalized results obtained from TNF-α-stimulated cells and cells 

co-treated with DATS and TNF-α confirmed that DATS attenuated TNF-α-induced CCL2/

MCP-1 release significantly in MDA-MB-231 cells (3-fold inhibition), but not in MDA-

MB-468 cells (Figure 4A and B), showing that the distinct cell lines respond differently to 

DATS treatment.
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The inhibitory effect of DATS on Human MCP-1 (CCL2) and IL-6 protein expression.

CCL2/MCP-1 and IL-6 specific ELISAs were used to validate the cytokine array findings. 

The results confirmed that TNF-α induces up-regulation of CCL2/MCP-1 and IL-6 

expression in MDA-MB-231 and MDA-MB-468 breast cancer cell lines. DATS treatment 

could down-regulate CCL2/MCP-1 protein expression only in MDA-MB-231 cells, with no 

significant effect on MDA-MB-468 cells, corroborating with the cytokine arrays finding 

(Figure 5A and B). However, the ELISA for IL-6 showed that DATS had no significant 

effect on TNF-α-induced IL-6 expression in either the cell lines (Figure 5C and D).

The inhibitory effect of DATS on MCP-1 (CCL2), IKBKE, and MAKP8 mRNA expression in 
MDA-MB-231 and MDA-MB-468 TNBC cells.

Quantitative real-time PCR was used to investigate the DATS effect on CCL2, IKBKE, 

and MAKP8 mRNA expression in MDA-MB-231 and MDA-MB-468 breast cancer cell 

lines. CCL2 pattern of expression showed similar to that of the cytokine arrays and 

ELISA experiments. TNF-α-induced a significant increase in CCL2 expression in both 

cell lines compared to control. DATS significantly (p<0.05) reduced CCL2 expression in 

MDA-MB-231 cells, reducing mRNA levels by more than 40% (Figure 6A and D). The 

inhibitory effect of DATS over CCL2 expression at the transcription level followed a pattern 

similar to that observed at the translational level. TNF-α also up-regulated IKBKE and 

MAPK8 mRNA expression in MDA-MB-231 and MDA-MB-468 cells, compared to the 

control (Figure 6B, C, E, and F). DATS inhibited the expression of IKBKE and MAPK8 in 

both cell lines (Figure 6B, C, E, and F).

Discussion

TNBC, which accounts for about 20% of breast cancers, is characterized by the lack of 

ER, PR, and the HER2/neu receptor expression (28, 30-32). Currently, there are limited 

therapeutic options available for TNBC patients; the poor prognosis, aggressive tumor 

behavior, and lack of targeted therapy make TNBC treatment challenging (28, 30-34). 

African American women experience a 40% higher TNBC mortality rate than Caucasian 

American women (35). For TNBC patients, chemotherapy is currently the only available 

fundamental therapeutic strategy (28, 30-34). Therefore, the standard treatment for TNBC 

currently includes non-targeted drugs, such as anthracyclines, taxanes, or a combination of 

broad-spectrum anticancer drugs. Unfortunately, these treatments are susceptible to tumor 

resistance and induce cellular toxicity (28, 30-32). Furthermore, TNBC is exceedingly 

more metastatic and invasive than receptor-specific types of breast cancer. Thus, it is 

essential to identify innovative targeted antitumor agents with minimal resistance and 

toxicity. Researchers have postulated that the utilization of natural compounds or drugs 

can suppress oncogenic cytokines (e.g., CXCL1, CCL18, CCL8, CCL2, IL-8, IL-6, etc.) by 

providing therapeutic advantages against aggressive inflammatory breast cancers (36-41). 

The organic sulfur compounds such as DAS/DADS/DATS have demonstrated antitumor 

activity in various types of tumor cells, including breast, lung, colorectal, and prostate cancer 

cells (20, 23-25).
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In the present study, we investigated DATS effects on the viability of MDA-MB-231 

and MDA-MB-468 breast cancer cell lines after 24, 48, and 72 h treatments. DATS in 

concentrations of 25 μM and higher significantly decreased cell viability in both cell lines 

time and dose-dependent manner. The statistical analysis comparing the LC50s for both 

cell lines, calculated after 24 and 48 h treatment with DATS, showed that MDA-MB-468 

cells are more sensitive to DATS treatment. These findings are in agreement with those of 

Byeong-Chel et al. (42) and Chandra-Kuntal et al. (43), confirming that DATS treatment 

resulted in a dose and time-dependent cytotoxicity in MDA-MB-231 cells. Unlike DATS, the 

vehicle control DMSO caused no cytotoxicity, as has also been reported by Byeong-Chel et 
al. (42).

Cell motility is a crucial factor in cancer metastasis. In this study, the motility of MDA-

MB-231 and MDA-MB-468 human breast cancer cells was determined by the wound-

healing assay. Combination treatment with DATS and TNF-α, as well as DATS treatment 

alone, showed an inhibitory effect on vertical cell migration of tumor cells, compared to the 

control in both cell lines (Figure 2A-D). Interestingly, based on the significant decrease in 

vertical migration (indicative of cellular toxicity), MDA-MB-468 cells were more sensitive 

to the effect of DATS (Figure 2C and D). Similarly, Lui et al. (28) reported that DATS 

inhibited horizontal and vertical migration of MDA-MB-231 and HS 578T cells, as well 

as invasion. In addition, DATS could alter the morphology of MDA-MB-231 and HS 578T 

cells, therefore, possibly having antimetastatic potential. Targeting migration and invasion of 

cancer cells can potentially treat metastatic breast cancer (28, 44).

This investigation also showed that DATS could inhibit TNF-α-induced CCL2 release. 

Several studies have shown the important role of CCL2 signaling in breast cancer cells 

(4, 45, 46), indicating that targeting the CCL2 signaling pathway may modulate various 

mechanisms involved in cancer progression, hence making CCL2 a promising therapeutic 

target (4, 47). CCL2 is a cancer-promoting chemokine capable of enhancing malignant 

properties (12). Once enabled to differentiate into tumor-associated macrophages (TAMs), 

these TAMs can promote metastasis largely by matrix remodeling. TAMs have crucial roles 

in tumor progression and breast cancer metastasis. They enroll tumor cell factors, including 

matrix-degrading enzymes, and therefore promote invasion and metastasis of breast tumors. 

TAMs are known to produce CCL2, a key determinant of macrophage infiltration and 

angiogenesis that has been demonstrated to have a role in breast cancer, contributing to 

the recruitment of macrophages and inducing proliferation and migration (48-50). TAMs 

and elevated expression of CCL2 have been linked to various types of human cancer 

(14, 48, 51). The data from this study showed that DATS inhibited, at the transcriptional 

and translational level, TNF-α-induced expression of CCL2 in MDA-MB-231 but not in 

MDA-MB-468 cells suggesting the cytotoxic effect on MDA-MB-468 cells is not associated 

with CCL2 regulation. It is well-understood that malignant tissues can release chemokines 

such as CCL2 amongst chemoattractants and growth factors, which is a key component in 

the progression of cancer cell proliferation, migration, and invasion (12). CCL2 controls 

the signaling for the recruitment and mobilization of monocytes, macrophages, and other 

inflammatory responses (16). CCL2 recruits CD14+ and CD16+ monocytes, which are able 

to produce the proinflammatory cytokine TNF-α (52). TNFα-induced CCL2 expression 

is mediated via MAPK and NFκB signaling pathways. NFκB has been described as a 
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factor promoting tumor development, changing cell homeostasis, and inducing inflammatory 

processes (53). In addition, it is well known that cell proliferation alone does not cause 

cancer; however, it is the combination of an unrestrained proliferation in an environment rich 

in inflammatory cells, growth factors, and DNA damage inducers that increases the risk of 

tumor development and can lead to cancer (54).

NFκB activation induces cell growth and programmed cell death in multiple cell lines 

and has been associated with proliferative pathways and cell death signals (55-57). TNF-α 
induces activation of NFκB, which translocates from the cytoplasm into the nucleus. NFκB 

localization is dictated by IκBS, which bind to NFκB and prevent nuclear localization. IκBs 

are modulated by phosphorylation, which can stimulate ubiquitin-dependent degradation, 

allowing free NFκB to translocate into the nucleus and initiate gene transcription. 

IKKi/IKKε plays a vital role in implementing TNFα signaling by acting as a serine-

threonine kinase (58). IKKε/IKBKE has been classified as an oncogene because of its 

association with cell proliferation and transformation (59). Additionally, MAPK families, 

including JNK, ERK, and P38 kinases, also have been shown to play a key role in cell 

invasion and cancer metastasis (60).

The data presented in this study showed DATS’s ability to down-regulate both IKBKE and 

MAPK8 mRNA expression in both MDA-MB-231 and MDA-MB-468 cells. DATS’s ability 

to inhibit CCL2 expression in MDA-MB-231 cells could be due to its ability to down-

regulate IKBKE and MAPK8 mRNA expression. Bauer et al. showed that IKBKE down-

regulation attenuated CCL2 expression in MDA-MB-231 TNBC cells (61). The IKBKE 
gene is linked to cancer and inflammation; and is over-expressed in approximately 30% 

of human breast tumors (56, 57). In addition, the IKBKE gene stimulates cytokine release 

and pro-survival signaling via the activation of NFκB and JAK-STAT signaling pathways 

(56). In summary, the present investigation demonstrated DATS anticancer potential in 

two different TNBC cell lines: MDA-MB-231 and MDA-MB-468. DATS showed anti-

migration effects on both cell lines and higher cytotoxicity in MDA-MB-468 compared to 

MDA-MB-231 cells. In addition, DATS down-regulated the mRNA expression of TNF-α-

stimulated MCP-1 in MDA-MB-231 (Caucasian) cells but not in MDA-MB-468 (African 

Americans) cells. Our data indicate that the inhibitory effects of DATS on IKBKE and 

MAPK8 mRNA expression could be a possible molecular mechanism involved in the down-

regulation of MCP-1.

In conclusion, this study indicates that DATS targets CCL2 in MDA-MB-231 but not in 

MDA-MB-468 cells, suggesting that genetically different cell lines may respond in diverse 

ways to DATS. The findings show that DATS may have a potential role in TNBC therapy 

and prevention by targeting CCL2 (Figure 7). In addition, these results provide more 

evidence regarding the role of garlic in cancer prevention and in reducing the incidence 

rate of several cancers.
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Figure 1. 
The effect of DATS on viability oϕ MDA-MB-231 (A) and MDA-MB-468 (B) TNBC cells. 

MDA-MB-231 and MDA-MB-468 were treated with various concentrations (0-200 μM) 

of DATS for 24, 48, and 72 h. The effect of DATS was both dose- and -time-dependent. 

Treatment with a low dose of 25 μM of DATS significantly decreased cell viability 

compared to control. DMSO treatment showed no cytotoxicity at any time point. The lethal 

concentration 50 (LC50) value was acquired from GraphPad Prism using mean values of 

data points at the previously mentioned concentrations. All experiments were performed at 

least three times with n=3. The data are presented as the mean±SEM. Statistically significant 

differences between control vs. treatments were evaluated by a one-way ANOVA, followed 

by’ ‘Dunnett’s multiple comparison test or Student’s t-test to compare the results between 

the two cell lines with ***p<0.001.
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Figure 2. 
The effect of DATS on TNF-α induced MDA-MB-231 and MDA-MB-468 breast cancer 

cells. A wound-healing assay was used to examine the effect of diallyl trisulfide (DATS) on 

cell migration in TNF-α induced MDA-MB-231 and MDA-MB-468 breast cancer cells (A 

and C) at various time points (0, 12, and 24 h). Wound healing assay representative image 

and quantification of MDA-MB-231 and MDA-MB-468 cell migration with a magnification 

of 40X. (B and D) Wound width % was statistically analyzed. At least 3 independent 

experiments were performed with n=3. The data are presented as the mean±S.E.M. 

Statistically significant differences between control vs. treatments were evaluated by a 

one-way ANOVA, followed by Dunnett’s multiple comparison test with **p<0.01 and 

***p<0.001.
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Figure 3. 
Comparative effect of diallyl trisulfide (DATS) on cytokine expression in TNF-alpha 

induced MDA-MB-231 and MDA-MB-468 breast cancer cells (n=3). The array layout 

used to assess chemokines/cytokines expression in supernatants of treated cells, showing 

the cytokines map, and highlighting CCL2/MCP-1, IL-6, PDGF-BB, NT-3, and positive 

controls. (A) (C) supernatant of cells treated with TNF-α and (B) (D) supernatant of 

cells co-treated with TNF-α and DATS Chemiluminescent spot intensity derived indicates 

changes in cytokine expression after 24 h.
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Figure 4. 
Normalized protein expression of CCL2/MCP-1 and IL-6 in MDA-MB-231 (A and C) and 

MDA-MB-468 (B and D) triple negative breast cancer cells. Data represent normalized 

dot spot intensities from the cytokine arrays based on the positive controls found in each 

of the membranes’ corners using RAYBIO®ANALYSIS software (RayBiotech). Data are 

expressed as % of control (mean±S.E.M. n=3), representing treatment with TNF-α (40 

ng/ml) and co-treatment with DATS (75 μM)+TNF-α (40 ng/ml). Student’s t-test evaluated 

the statistically significant differences between TNF-α vs. co-treatment, with **p<0.01. NS: 

Non-significant.
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Figure 5. 
ELISA protein expression quantification in MDA-MB-231 and MDA-MB-468 triple 

negative breast cancer cells (TNBC). MDA-MB-231 and MDA-MB-468 TNBC cells were 

treated with diallyl trisulfide (DATS) (75 μM), TNF-α (40 ng/ml), the combination of 

DATS (75 μM)+TNF-α (40 ng/ml) or left untreated. CCL2/MCP-1 (A, B) and IL-6 (C, D) 

protein expression were assayed by ELISA. Each data point represents the mean±S.E.M. 

of three independent experiments (n=3). Statistically significant differences between TNF-

α vs. treatments were evaluated by a one-way ANOVA, followed by Dunnett’s multiple 

comparison test with *p<0.05 and ***p<0.001. NS: Non-significant.
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Figure 6. 
Quantification of mRNA expression in MDA-MB-231 and MDA-MB-468 triple negative 

breast cancer cells using RT-PCR. MDA-MB-231 and MDA-MB-468 TNBC cells were 

treated with diallyl trisulfide (DATS) (75 μM), TNF-α (40 ng/ml), the combination of 

DATS (75 μM)+TNF-α (40 ng/ml) or left untreated. The normalized levels of CCL2, 

IKBKE, and MAPK8 mRNA were assayed by using RT-PCR. Each data point represents the 

mean±S.E.M. of three independent experiments (n=3). Statistically significant differences 
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between TNF-α vs. treatments were evaluated by a one-way ANOVA, followed by 

Dunnett’s multiple comparison test with *p<0.05, **p<0.01, and ***p<0.001.
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Figure 7. 
Schematic diagram of our proposed mechanism of action for diallyl trisulfide (DATS) in 

TNF-α induced TNBC illustrating proinflammatory genes involved in different signaling 

pathways that mediate the release of CCL2 in MDA-MB-231 (green color) and MDA-

MB-468 (yellow color) TNBC cells induced by TNF-α. DATS can inhibit CCL2, IKBKE, 

and MAPK8.
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