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Background: 2-Dodecyl-6-methoxycyclohexa-2,5-diene-1,4-dione (DMDD) has been

reported to inhibit a variety of cancer cell lines. The purpose of this study was to investigate

the effects of DMDD on 4T1 breast cancer cells and the effects of DMDD on 4T1 breast

cancer in mice and its molecular mechanisms.

Methods: 4T1 breast cancer cells were treated with different concentrations of DMDD, and

their proliferation, apoptosis, cell-cycle distribution, migration, and invasion were detected

by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, Acridine

orange and ethidium bromide dual staining analysis (AO/EB) dual staining, flow cytometry,

scratch test, and the Transwell assay. Relative quantitative real-time qPCR analysis and

Western blot were applied to examine the expression levels of related genes and proteins. In

animal experiments, we established a xenograft model to assess the anti-breast cancer effects

of DMDD by evaluating the inhibition rate. The apoptotic activity of DMDD was evaluated

by hematoxylin-eosin (HE) staining, transmission electron microscope (TEM) analysis and

TdT-mediated dUTP nick end labeling (TUNEL) assays. The mRNA expression levels of

MAPK pathway components were detected by relative quantitative real-time qPCR. In

addition, the protein expression levels of MAPK pathway components were assessed through

immunohistochemical assays and Western blotting.

Results: Experiments showed that DMDD could inhibit the proliferation, migration, inva-

sion of 4T1 cells and induce cellular apoptosis and G1 cell cycle arrest. Moreover, DMDD

down-regulated the mRNA expressions of raf1, mek1, mek2, erk1, erk2, bcl2, and up-

regulated the mRNA expression of bax. DMDD reduced the protein expressions of p-raf1,

p-mek, p-erk, p-p38, Bcl2, MMP2, MMP9 and increased the protein expressions of Bax and

p-JNK. The results showed that DMDD can effectively reduce the tumor volume and weight

of breast cancer in vivo, up-regulate the expression of IL-2, down-regulate the expression of

IL-4 and IL-10, induce the apoptosis of breast cancer cells in mice, and regulate the

expression of genes and proteins of the MAPK pathway.

Conclusion: Our study indicates that DMDD can inhibit proliferation, migration, and

invasion and induces apoptosis and cell-cycle arrest of 4T1 breast cancer cells. Also, our

findings indicate that DMDD induces the apoptosis of breast cancer cells and inhibits the

growth in mice. Its mechanism may be related to the MAPK pathway.
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Introduction
Breast cancer, one of the most common cancers in women, poses a huge threat to

women’s physical and mental health and can even endanger life. The global
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incidence of breast cancer has been on the rise.1,2

Clinically, surgery, radiotherapy, and chemotherapy are

selected as conventional treatments according to the

stage of the tumor and the physical condition of the

patient. However, they do not have a good therapeutic

effect and the side effects are large.3,4

In recent years, the anti-tumor effects of Chinese med-

icine monomer components have become a research hot-

spot at home and abroad. For example, Ginkgo Biloba

extract can effectively inhibit metastasis in Gastric

Cancer,5 and Oxymatrine can strengthen the inhibitory

effect of bevacizumab on breast cancer.6 The root of

Averrhoa carambola L., which is used as a folk herbal

medicine, can lower blood sugar and blood lipids. The

form used was identified as the dry root of the

Oxalidaceae plant. 2-dodecyl-6-methoxycyclohexa-2,5-

diene-1,4-dione (DMDD) which is extracted and isolated

from the roots of Averrhoa carambola L. is a good active

composition.7 Previous studies have confirmed that its

pharmacological effects mainly include antihyperglyce-

mic, regulation of blood lipids, and lessening of

inflammation.8–11 Recent studies have found that DMDD

can inhibit the proliferation of various cancer cells12 and

inhibit breast tumor growth in mice.13 However, its anti-

tumor mechanism is still unclear, and further research is

needed. The expression of IL-2, IL-4 and IL-10, which are

important indicators for evaluating immune function, is

closely associated with the occurrence and development

of tumors. Some studies have reported that IL-2, IL-4 and

IL-10 are abnormally expressed in cancer and can also be

used as tumor markers.

The mitogen-activated protein kinase (MAPKs) signal-

ing pathway is not only involved in the regulation of var-

ious physiological processes of cells, including cell growth,

differentiation, and death but also closely related to the

occurrence and development of tumors.14–16 Extracellular

signal-regulated protein kinase (ERK), c-Jun amino-term-

inal kinase (JNK), and P38 MAPK are the three main sub-

pathways of the (MAPKs) pathway.17,18 Previous studies

have shown that various tumor cell behavioral activities are

closely related to abnormal activation or abnormal inhibi-

tion of MAPKs.19,20 Therefore, the MAPKs pathway may

be a potential target for tumor therapy.21

In recent years, 4T1 breast cancer cell model and 4T1

breast cancer mouse model have been widely used in the

research of chemotherapy, Chinese herbal medicine mono-

mer and biological therapy against breast cancer.22,23

Therefore, in this experiment, these two models were

selected to study the anti-breast cancer effect of DMDD

and related mechanisms.

Materials and Methods
Plant Materials and Extraction and

Isolation of DMDD
The roots of Averrhoa carambola L., identified as dry

roots of the Oxalidaceae plant by Prof Maoxiang Lai

(Traditional Chinese Medicine Research Institute of

Guangxi), were picked from the Lingshan County of

Guangxi, China. After being picked back, the roots were

dried and made into a coarse powder. The extraction,

isolation, and identification of DMDD were performed

according to the methods previously described.7–9 The

purity of DMDD is about 95%. A 10 mM stock solution

of DMDD was prepared using dimethyl sulfoxide (DMSO,

cell culture grade, Solarbio, Beijing, China) as a solvent

for DMDD, and it was further diluted in the cell culture

medium before administration. The Chemical structure of

DMDD is shown in Figure 1.

Cell Culture
4T1 breast cancer cells (4T1 cells, murine-derived breast

cancer cell lines) were bought from the Shanghai Cell

Bank of the Chinese Academy of Sciences. The medium

of the cells consisted of RPMI-1640 media (GIBCO, New

York, USA), 10% fetal bovine serum (FBS, GIBCO, New

York, USA) and 1% penicillin-streptomycin (Solarbio,

Beijing, China). The conditions of the cell incubator

were 37°C with 5% CO2.

Cell Proliferation Analysis
4T1 cell proliferation ability was detected byMTTassay. 100

μL of culture medium with 0.3 × 104 cells was put into each

well of a 96-well plate overnight and then given various

concentrations of DMDD. After incubation for 24 hours

and 48 hours, 15 μL of MTT (5mg/mL, Solarbio, Beijing,

China) was put into each well and then cultivating for

4 hours. Finally, 150 μL dimethyl sulfoxide (DMSO, AR,

Figure 1 Chemical structure of DMDD.
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Solarbio, Beijing, China) was put into each well and dissolve

the purple crystal sufficiently. The absorbances were detected

by a microplate reader (Thermo, UK). Cell inhibition rates

were calculated.

Cell Colony Formation Assay
4T1 cells were divided into the control group, DMDD L

group, DMDD M group, and DMDD H group. Different

groups of cells were given the corresponding concentra-

tions of DMDD and cultured for 24 hours. Then, the cells

of each group were collected separately. One milliliter of

culture medium with 3 × 102 cells was put into each well

of a 6-well plate and cultured under standard conditions.

Two weeks later, the cells on the plates were fastened with

methanol (Kelong, Chengdu, China) for 30 minutes and

dyed using crystal violet (0.1%, Solarbio, Beijing, China)

for 30 minutes. The colony-forming units were photo-

graphed and cell colonies were counted.

Acridine Orange and Ethidium Bromide

Dual Staining Analysis
AO/EB (Solarbio, Beijing, China) dual staining analysis

was conducted to detect the morphological changes of

apoptotic cells. 4T1 cells were digested and 1 mL of

culture medium with 1 × 105 cells was put into each

well of a 6-well plate cultivating for 24 hours in an

incubator with 37°C, 5% CO2 overnight. Then, different

groups of cells were given the corresponding concentra-

tions of DMDD and cultured for 24 hours. Cells were

washed using PBS (pH 7.4, Solarbio, Beijing, China)

twice. According to the kit instructions, cells were stained

with AO/EB stain. The cells were observed with a fluor-

escent microscope (Olympus, Japan) and pictures were

taken.

Cell Apoptosis Analysis
4T1 cells were digested, and 1 mL of culture medium with

2 × 105 cells was put into each well of a 6-well plate

cultivating for 24 hours in an incubator with 37°C, 5%

CO2 overnight. Then, different groups of cells were given

the corresponding concentrations of DMDD and cultured

for 24 hours. The rate of cell apoptosis was evaluated with

the Annexin V-FITC/ PI Apoptosis detection kit (KeyGEN

BioTECH, Nan Jing, China) by a flow cytometer (Becton

Dickinson, NJ, USA).

Cell Cycle Analysis
4T1 cells were digested, and 1 mL of culture medium with

3 × 105 cells was put into each well of a 6-well plate

cultivating for 24 hours in an incubator with 37°C, 5%

CO2 overnight. Then, different groups of cells were given

the corresponding concentrations of DMDD and cultured

for 24 hours. Cells were collected and fixed with ethanol at

a final concentration of 70% overnight. Next, PBS was

used to wash cells to remove ethanol. Finally, cells were

stained with a PI solution of a cell cycle detection kit

(Technologies, Carlsbad, CA, USA) and protected from

light for 15 minutes at room temperature. A flow cyt-

ometer was used to analyze cell-cycle distribution.

Scratch Test
Cell migration ability was detected by the Scratch test. 4T1

cells were digested, and 1mL of culture mediumwith 2 × 105

cells was put into each well of a 24-well plate cultivating for

24 hours in an incubator with 37°C, 5% CO2. After the cells

are full, the scratch wound was created on the cells in the

center of every well with a 100 μL pipette tip. Then, different

groups of cells were given the corresponding concentrations

of DMDD and cultured for 24 hours. At last, cell migrations

over the wound area were observed and imaged with an

inverted optical microscope (Olympus, Japan). Cell migra-

tion rates were calculated.

Transwell Assay
Matrigel (Corning, USA) was diluted with the serum-free

medium (4°C pre-cooled) in a ratio of 1:4. Transwell

chambers (8 μm pore size, Corning, USA) were coated

with 50 μL of the diluted Matrigel and then put in an

incubator with 37°C for 1 hour to make it gelatinous.

Then, a 200 μL non-serum culture medium with a corre-

sponding concentration of DMDD that contained 5×104

cells was put into each chamber. Meanwhile, 800 μL
culture medium with 15% FBS was added into each well

of a 24-well plate, and the transwell chambers were put

into the 24-well plate. After culturing for 24 hours, PBS

was used to wash the upper chambers to remove the cells

on the upper side of the chambers. Methanol was used to

fix the cells on the lower side of the chambers, and crystal

violet (0.1%) was applied to dye the cells for 30 minutes at

room temperature. After washing and drying, the stained

cells are the cells that invade the lower chamber. Four

fields were randomly selected for calculation of relative

invasion under an inverted microscope (×400).
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The Relative Quantitative Real-Time PCR

Analysis
Different groups of cells were given the corresponding

concentrations of DMDD and cultured for 24 hours, and

then different groups of 4T1 cells were separately digested

and collected into centrifuge tubes. AxyPrep Multisource

Total RNA Miniprep Kit (Axygen, China) was used to

extract the total RNA. The nucleic acid analyzer was

then conducted to detect the concentration of the total

RNA. Next, the 5X PrimeScript RT Master Mix kit

(Takara, Beijing, China) was applied to reverse-transcribe

RNA into cDNA. Finally, 7300 real-time thermocyclers

(Applied Biosystems, Foster City, CA, USA) were per-

formed to detect the expression levels of the genes.

GADPH was used as an internal reference. Results were

calculated using the 2−ΔΔCt method. Related primer infor-

mation is shown (Table 1).

Western Blotting Analysis
Different groups of cells were given the corresponding

concentrations of DMDD and cultured for 24 hours, and

then different groups of 4T1 cells were separately digested

and collected into centrifuge tubes. Highly efficient RIPA

tissue/cell rapid lysate (Solarbio, Beijing, China) was

mixed with PMSF (Solarbio, Beijing, China) and a pro-

tease inhibitor cocktail (CWBIO, Beijing, China) at a ratio

of 100:1:1 and the mixture were used to extract proteins

from 4T1 cells. BCA Protein Assay kit (Beyotime,

Shanghai, China) was applied to detect the protein con-

centration. Protein samples (50 µg) were electrophoresed

on SDS-PAGE gels (10%), and protein signal was trans-

ferred onto PVDF membranes (ISEQ00010; Millipore,

Billerica, MA, USA) by electroblotting. The membranes

were soaked in primary antibodies at 4°C overnight and

then soaked in secondary antibody for 1 hour at room

temperature on the shaker. Primary antibodies included

p-raf1, raf1, p-mek, mek, perk, erk, p-JNK, JNK, p-p38,

p38, Bcl2, Bax, MMP2, MMP9 and GAPDH (all from

Cell Signaling Technology, MA, USA). The ratio of all

primary antibody to diluent is 1:1000. Secondary antibody

was anti-rabbit (5366P) IgG(H+L) (DyLight(TM)) antibo-

dies (1:10,000). Reactive bands of the membranes were

detected using a near-infrared two-color fluorescence ima-

ging system (LI-COR Odyssey CLx). GADPH was used

as an internal reference.

Animals and Reagents
BALB/c mice (female, 6-8 weeks, 18-22 g) were purchased

from Changsha Tianqin Biotechnology Co., Ltd. Doxorubicin

hydrochloride (cat. no. 1801E2) was purchased from

Shenzhen Main Luck Pharmaceuticals Inc. All experiments

were performed with approval from the Institutional Animal

Care and Use Committee of Guangxi Medical University.

Animal ethics review follows the Guiding Opinions on the

Treatment of Laboratory Animals issued by the Ministry of

Science and Technology of the People’s Republic of China

and the Laboratory Animal-Guideline for Ethical Review of

Animal Welfare issued by the National Standard GB/T35892-

2018 of the People’s Republic of China. A Mouse SP Kit was

purchased from ZSGB-BIO Technology Co., Ltd. IL-2, IL-4

and IL-10 ELISA kits (cat. no. 03/2019) were obtained from

Shanghai Fanke Industrial Co., Ltd. A TUNEL Apoptosis

Detection kit (cat. no.11684817910) was purchased from

Roche. Antibodies against RAF1 (cat. no. 53745), p38 (cat.

no. 8690T), p-ERK (cat. no. 4370S), p-p38 (cat. no. 4511T)

and rabbit IgG(H+L) (cat. no. 5366P) were obtained from Cell

Signaling Technology, Inc. ERK (cat. no. 184699), MEK

(cat. no. 178876), p-MEK (cat. no. 194754) and p-RAF1

(cat. no. 173539) antibodies were obtained from Abcam.

JNK (cat. no. WL01295), p-JNK (cat. no. WL01813), Bcl-2

(cat. no. WL01556) and Bax (cat. no. WL01637) antibodies

were obtained from Wanleibio.

Table 1 Primer Information for the RT-PCR

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

raf1 ACTGTGGTCAATGTGCGGAATGG GGCGGCATCGGTGTTCCAATC

mek1 GACTTTGAGAAGATCAGCGAAC GTTTGATCTCCAGGTGGATCAG

mek2 CATCAGTGTAGGTCATGGGATG GTGGCTCGTTCACTATGTAGTC

erk1 ATCTCAACAAAGTTCGAGTTGC GTCTGAAGCGCAGTAAGATTTT

erk2 CTGCTGGACCGGATGTTAACCTTC ACTGGCTCATCTGTCGGATCGTAG

bcl2 GATGACTTCTCTCGTCGCTAC GAACTCAAAGAAGGCCACAATC

bax TTGCCCTCTTCTACTTTGCTAG CCATGATGGTTCTGATCAGCTC

GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
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Establishment of 4T1 Breast Cancer

Mouse Model and Animal Administration
4T1 cells were cultured in large quantities and digested

when they reached the logarithmic growth phase. BALB/c

mice were transplanted subcutaneously into the right axilla

with 0.1 mL of cell suspension containing 1×106 4T1 cells

to establish the subcutaneous xenograft mouse model of

breast cancer. The weight of mice and the growth of

tumors were measured daily. When the tumors grew to

100 mm3 in size, the mice were randomly divided into five

groups: the DMDD-H group (DMDD 100 mg/kg, qd, ig),

the DMDD-M group (DMDD 50 mg/kg, qd, ig), the

DMDD-L group (DMDD 25 mg/kg, qd, ig), the DOX

group (doxorubicin 0.5 mg/kg, qw, ip) and the model

group, with 10 mice in each group. In addition, 10 mice

without tumor cells were selected as the normal group.

Mice were treated for 14 days, with tumor volume and

weight were measured every two days. Tumor volume was

calculated as (width2 × length)/2. The inhibition rate of

tumor growth was calculated as (%)= (Mean tumor weight

of vehicle group − Mean tumor weight of treatment

group)/Mean tumor weight of vehicle group × 100%. In

addition, the liver index = liver weight (mg)/body weight

(g), and the spleen index = spleen weight (mg)/body

weight (g).

Detection of Cytokines in Serum
ELISA kits were used to determine the levels of cytokines

(IL-2, IL-4 and IL-10) in the serum samples. The proce-

dure for the experiment was carried out according to the

kit instructions.

HE Staining
One-quarter of the mouse tumors were immersed in 4%

formaldehyde for 24 hours and then dehydrated, waxed

and sliced. The sections of each group were dewaxed and

stained with hematoxylin and eosin solution, after which

the pathological changes in the structure of the tumors

were observed.

Observation of Ultrastructure of Tumor

Tissue
The model, DOX and DMDD-H groups were selected for

TEM analysis. The mice were sacrificed, 1 mm3 of tissue

was quickly removed from the tumors, fixed with 3% glutar-

aldehyde for more than 2 hours and then immobilized with

1% osmium acid for 1 to 2 hours. The tissues were

dehydrated step by step with ethanol and acetone and then

soaked overnight with acetone and embedding agent. Finally,

the tissues were observed by TEM (Hitachi, H-7650) after

they were embedded, polymerized, repaired, sliced and dou-

ble stained with uranium acetate and lead citrate.

TUNEL Assay
A FITC fluorescein labeling kit was used to determine the

number of apoptotic cells in the 4T1 xenografts. The

staining was performed on paraffin sections according to

the manufacturer’s instructions. DAPI was used to stain

the nucleus blue, while TUNEL staining caused the

nucleus to appear green. TUNEL-positive cells with

green staining of the nucleus from three random fields

(400×) in each section were counted. The formula used

to calculate the apoptotic index was positive cells/total

cells ×100%.

Relative Quantitative Real-Time qPCR
Real-time qPCR was performed to detect the level of

RAF1, MEK, ERK, Bcl-2 and Bax gene expression.

Total RNA was extracted using a Total RNA Miniprep

kit (AXYGEN Biotechnology Co. Ltd, Hangzhou, China)

following the manufacturer’s instructions. Next, cDNA

was synthesized from the RNA with PrimeScript RT

Master Mix (Perfect Real Time) (Takara Biotechnology

Co. Ltd, Dalian, China). The quantity of the mRNA was

measured using a PowerUp™ SYBR™ Green Master Mix

kit (Thermo Fisher Scientific Co. Ltd, MA, USA) and was

performed in an ABI Prism 7300 real-time thermocycler

(Applied Biosystems, Foster City, CA, USA). GAPDH

was selected as an endogenous control. The 2-

DDCTmethod was used for analysis. Sequence-specific

primers are shown in Table 1.

Immunohistochemical Assay
Immunohistochemistry analysis was performed to detect

the expression of p-RAF1, p-MEK and p-ERK in tumor

tissues. The slices were dewaxed and the antigen was

repaired with citric acid solution (0.01 mol/L, pH 6.0),

after which the slices were incubated with 3% H2O2. The

slices were blocked with non-immunoreactive sera and then

incubated with antibodies against p-RAF1, p-MEK and

p-ERK overnight at 4°C. The next day, the slices were

incubated with goat anti-rabbit (HRP), stained with DAB

chromogen and counterstained with hematoxylin. The

slices were observed and analyzed using a light microscope

(Olympus, Tokyo, Japan). Immunohistochemical positive
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expression was evaluated by calculating the IOD value

through an analysis with Image-Pro Plus 6.0.

Western Blotting
Western blotting was performed to analyze the expression

of MAPK signaling pathway-related proteins and two

apoptotic proteins in the tumor tissues of mice. Proteins

were extracted from tumor tissue by grinding with liquid

nitrogen and adding lysis buffer, PSMF and phosphatase

inhibitors. Equal amounts of proteins were mixed with 4×

loading buffer after measuring the protein concentrations

using a BCA assay. The proteins were separated by 10%

SDS-PAGE and then transferred to a PVDF membrane.

Subsequently, the membranes were blocked with 5% non-

fat milk for 1 h and then incubated with primary antibodies

overnight at 4°C. Then, the membranes were incubated

with the anti-rabbit IgG (H+L) secondary antibodies at

room temperature for 1 h. The Western blotting results

were detected and analyzed using Image Studio Lite.

Statistical Analysis
SPSS 17.0 software was used to analyze results. All data

were presented as mean ± standard deviation (n=3). One-

way analysis of variance (ANOVA) was performed to

compare the differences between experiments and control

groups. P<0.05 was considered statistically significant.

Results
Effects of DMDD on Proliferation in 4T1

Cells
TheMTTassay showed that DMDD significantly inhibited the

proliferation of 4T1 cells compared with the control group

(Figure 2A). The IC50 of DMDD treatment for 24 hours of

4T1 cells was 9.95 μM, and the IC50 for 48 hours was 6.80

μM. Therefore, the concentrations of 6.8 and 10 μM (as L, M,

and H concentration) with 24 hours’ treatment on 4T1 cells

were used for the following experiments. Furthermore, the

result of the clone formation experiment showed that

DMDD significantly reduced the number of cell colonies

(Figure 2B and C).

Effect of DMDD on Apoptosis in 4T1

Cells
AO/EB assay showed that the cells were mainly normal in

the control group, which showed that the cell structure was

intact, and the size was normal, and cells are stained with AO

in a uniform green. A small number of early apoptotic cells

dyed by yellow-green fluorescence were observed in the

DMDD L group, which showed that the staining of the

cells was enhanced. In the DMDD M and H groups,

the normal cells decreased, and the apoptotic cells increased.

The late apoptotic cells were observed; these cells were

stained with EB to be orange-red. The cell volumes were

reduced, and some of the nuclei were ruptured, which

showed as fluorescent-stained fragments or plum-shaped

nuclei with varying sizes and irregular shapes (Figure 3A).

The results of flow cytometry to detect apoptosis rate showed

23.06% of the cells produced apoptosis in the DMDD L

group. 46.16% of the cells produced apoptosis in the

DMDD M group. 54.32% of the cells produced apoptosis

in the DMDD H group. The results further confirmed that

DMDD promotes apoptosis of 4T1 cells (Figure 3B).

Effect of DMDD on Cell Cycle in the 4T1

Cells
Cell cycle detection experiment showed with the increase of

DMDD concentration, the number of 4T1 cells in the G1

phase gradually raised, and the number of cells in the S/G2

phase gradually decreased (Figure 4A and B). This result

suggested that DMDD significantly induced a G1-phase

cell-cycle arrest of 4T1 cells.

Effect of DMDD on Migration in 4T1

Cells
A scratch test was used to determine cell migration ability.

The result showed the migration ability of 4T1 cells was

significantly inhibited, and with the increase of DMDD

concentration, the cell migration rate decreased gradually

(Figure 5A and B).

Effect of DMDD on Invasion in 4T1 Cells
The result of Matrigel-based transwell assay showed the

number of invasive cells in the DMDD group was signifi-

cantly reduced, and as the concentration of DMDD

increased, the number of invading cells gradually decreased

(Figure 5C and D). The results indicate that DMDD can

weaken the invasive ability of 4T1 cells.

Effect of DMDD on MAPK Signaling

Pathway of 4T1 Cells
The result of Relative quantitative real-time PCR showed

that DMDD could significantly reduce the gene expres-

sions of raf1, mek1, mek2, erk1, erk2 in 4T1 cells com-

pared with the control group. Also, DMDD significantly
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BA

C

Figure 2 Effect of DMDD on proliferation of 4T1 cells.

Notes: (A) 4T1 cells were treated with DMDD (0–12µM) for 24 and 48 hours and the inhibition rates of cell proliferation were detected by MTT assay. (B) The clone

formation of 4T1 cells treated with DMDD for 24 hours. (C) Representative images for the cell colony formation assay. Data are presented as mean ± SD of three

experiments. (**P < 0.01, DMDD vs control.) DMDD L group: 6 μM; DMDD M group: 8 μM; DMDD H group: 10 μM.

Figure 3 Effect of DMDD on apoptosis of 4T1 cells.

Notes: (A) Morphological changes of 4T1 cells treated with DMDD for 24 hours were examined by AO/EB dual staining. (B) 4T1 cells were treated with different

concentrations of DMDD for 24 hours. The rates of cell apoptosis were evaluated by a flow cytometer. DMDD L group: 6 μM; DMDD M group: 8 μM; DMDD H

group: 10 μM.
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reduced the gene expression of bcl2 in 4T1 cells and

increased the gene expression of bax in 4T1 cells

(Figure 6A). In the result of Western blot analysis, com-

pared with the control group, DMDD decrease protein

expressions of p-raf1, p-mek, p-erk, p-p38, and increased

protein expression of p-JNK in 4T1 cells. Furthermore,

results showed that DMDD reduced protein expressions of

Bcl2, MMP2, and MMP9 and increased the protein

expression of Bax in 4T1 cells in a concentration-depen-

dent manner (Figure 6B–L).

DMDD Inhibits Tumor Growth in Breast

Cancer Mice
The success rate of the xenograft model of breast

cancer in mice was 100%. Tumor nodules appeared at

B

Figure 4 Effect of DMDD on cell cycle of 4T1 cells.

Notes: (A and B) Effect of DMDD on 4T1 cell cycle. 4T1 cells were treated with different concentrations of DMDD for 24 hours. The cells were collected and dyed with a

PI solution. The cell cycle distribution was determined by flow cytometry. Data are presented as mean ± SD of three experiments. *P <0.05, **P < 0.01 (DMDD vs control,

Percentages of cell numbers in the G1 phase compared with the control group) #p<0.05, ##p<0.01 (DMDD vs control, Percentages of cell numbers in the S/G2 phases

compared with the control group) DMDD L group: 6 μM; DMDD M group: 8 μM; DMDD H group: 10 μM.

Control group DMDD L group DMDD M group DMDD H group

A
B C

D

Figure 5 Effect of DMDD on migration and invasion of 4T1 cells.

Notes: (A and B) The migration rates of 4T1 cells treated with DMDD for 24 hours were detected by the Scratch test. (C and D) The number of invasive 4T1 cells treated

with DMDD for 24 hours was detected by Transwell assay. Data are presented as mean ± SD of three experiments. **P < 0.01, DMDD vs control). DMDD L group: 6 μM;

DMDD M group: 8 μM; DMDD H group: 10 μM.
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Figure 6 Effect of DMDD on MAPK signaling pathway of 4T1 cells.

Notes: (A) Relative quantitative real-time PCR analysis was applied to investigate related gene expressions. (B–L) Western blot analysis was applied to detect related

protein expressions. (B) Because the bands of protein p-raf1, raf, p-mek, mek, bcl2, bax, GAPDH were carried out at the same time on different SDS-PAGE gels under the

same experimental conditions (include the same batch of protein, the same amount of loading, the same conditions for electrophoresis and transfer, etc.). So they are sharing

the same GAPDH. (D) Because the bands of protein P-JNK, JNK, P-P38, P38, MMP2, MMP9, GAPDH were carried out at the same time on different SDS-PAGE gels under

the same experimental conditions (including the same batch of protein, the same amount of loading, the same conditions for electrophoresis and transfer, etc.). So they are

sharing the same GAPDH. Data are presented as mean ± SD of three experiments. (*P < 0.05, **P < 0.01, DMDD vs control). DMDD L group: 6 μM; DMDD M group: 8

μM; DMDD H group: 10 μM.
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approximately the fourth day, and most of the tumors

reached 100 mm3. The tumor volumes in the DMDD

and DOX groups slowly increased and not exceed

1600 mm3. The tumors grew to a greater size in the

model group, with an average volume of 1978.41 mm3

(Figure 7A). The tumor weight of the drug group was

significantly lower than that of the model group

(Figure 7B). The tumor inhibition rates for the DOX,

DMDD-L, DMDD-M and DMDD-H groups were

41.9%, 26.59%, 37.06% and 43.8% respectively

(Figure 7C). The tumor mass had lobes near the ball,

which was light pink or white, with obvious blood

vessels. The large tumor mass had a thick texture,

and the small tumor mass was soft (Figure 7D).

Effect of DMDD on IL-2, IL-4 and IL-10

Levels in Serum of Mice with Breast

Cancer
The results indicated that DMDD could increase the

expression of IL-2 compared with the normal, DOX

and model groups. While DMDD could decrease the

levels of IL-4 and IL-10 compared with the model

group (Figure 8).

The Effect of DMDD on Pathological

Changes In Breast Cancer Mice Models
HE staining of tumor tissues was carried out in the

experiment to preliminarily explore the effect of

DMDD on the apoptosis of tumor tissues. In the

model group, tumor cells were closely arranged and

Figure 7 DMDD inhibits tumor growth in vivo.

Notes: (A) The tumor volume curve after treatment. (B) The tumor weight decreased and (C) and the inhibitory rate increased after treatment with CTX and the different

doses of DMDD. The tumors are exhibited in (D). Data are presented as mean ± SD of three experiments, n=10. (#P < 0.05, ##P < 0.01, DMDD vs model group).

Figure 8 The effect of DMDD on cytokines in breast cancer mice. Data are

presented as mean ± SD of three experiments, n=10. (*P < 0.05, **P < 0.01,

DMDD vs normal group; #P < 0.05, ##P < 0.01, DMDD-H vs model group; ΔP <

0.05, DMDD vs DOX group).

Dovepress Zhou et al

Drug Design, Development and Therapy 2020:14 submit your manuscript | www.dovepress.com

DovePress
2677

http://www.dovepress.com
http://www.dovepress.com


large in size, with diverse nuclei, obvious nucleoli and

deep staining. In the HE results of DOX group and

DMDD group, there were different degrees of cell

apoptosis: loose tumor cell arrangement, decreased

number of apoptotic cells, cell membrane shrinkage,

decreased volume, nuclear condensation and chromatin

aggregation. The pathological results were shown in

(Figure 9).

Effect of DMDD on the Ultrastructure of

Transplanted Tumors by TEM
In order to further explore the effect of DMDD on the

apoptosis of tumor tissues, the microstructure of tumor

tissues was observed. The TEM results suggested that the

transplanted tumor groups treated with DMDD presented

typical apoptosis characteristics. Tumor cells in the model

group had large nuclei, obvious nucleoli and complete

Figure 9 HE staining of breast cancer tumor tissues. Yellow circles: apoptotic tumor. The magnification in A was 400×.

Figure 10 The tumor tissues of breast cancer were observed by TEM.

Notes: (A and B) The ultrastructure of the tumor in the model group, the black arrows in figure B represent: the centrosome that has completed self-replication in the

prophase of cell division. (C and D) The ultrastructure of the tumor in the DOX group, the black arrows in (D) represent: cell nucleus fragmentation membrane foaming. (E
and F). The ultrastructure of the tumor in DMDD-H group, the black arrows in (F) represent: free apoptotic body.
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organelles. The centrosome in the prophase of mitosis was

also detected, and self-replication was completed.

Apoptotic characteristics were observed in the DOX

group, including nuclear condensation, heterochromatin

agglutination and marginalization (Figure 10A and B). In

addition, fragmented membrane bubbles appeared in the

nucleus (Figure 10C and D). Clear nuclear condensation,

chromatin agglutination, cell wrinkling and fragmentation

appeared in the DMDD-H group, and free apoptotic bodies

were also observed (Figure 10E and F).

DMDD Promotes Cell Apoptosis in

Tumor Tissues
To further confirm the apoptotic ability of DMDD

induced tumor cells, TUNEL staining of tumor tissues

was performed. TUNEL staining micrographs showed

that the number of cells with DNA fragmentation

increased in the groups treated with DMDD. The high-

est number of cells with fragmented DNA was observed

in the DMDD-H group compared to the values observed

in the other groups (Figure 11A). The percentages of

TUNEL-positive cells in the model, DOX, DMDD-L,

DMDD-M, DMDD-H groups were 5.07±2.90%, 44.41

±20.01%, 27.28±8.48%, 46.06±19.49%, and 65.43

±10.48%, respectively (Figure 11B).

Effect of DMDD on Expression of Related

Genes
To explore the underlying mechanisms by which DMDD

inhibits tumor growth and promotes the apoptosis of breast

cancer cells in mice, the expression of genes involved in

the cancer-associated MAPK signaling and apoptotic path-

ways was assessed, including RAF1, MEK1/2, ERK1/2,

Bax and Bcl-2. An obvious decrease in the levels of

RAF1, MEK1/2 and ERK1/2 expression was observed in

the DMDD and DOX groups compared with the levels of

these factors observed in the model group (Figure 12A–E).

Bax mRNA expression was notably upregulated, whereas

the expression of Bcl-2 mRNA was downregulated in the

DMDD and DOX groups (Figure 12F and G).

Effect of DMDD on the Expression of

Related Protein Expression by IHC
On the basis of gene results, the MAPK pathway-

related proteins were detected by immunohistochemis-

try, and semi-quantitative analysis was conducted.

The expression of p-RAF1, p-MEK and p-ERK in

tumor tissues was assessed by IHC. The positive

expression of these proteins was primarily observed

in the cytoplasm, and partly in the cell nuclei, which

were stained brown and yellow. Compared with the

model group, the expression of these three proteins

was downregulated in the DMDD and DOX groups

(Figure 13 A and B).

Figure 11 TUNEL results in tumor tissue from breast cancer.

Notes: (A) Microscopic observation of TUNEL results (magnification: 400×). (B)
Results of TUNEL-positive cell apoptosis rate. Data are presented as mean ± SD of

three experiments, n=3. (#P < 0.05, ##P < 0.01, DMDD vs model group; ΔP < 0.05,

DMDD-H vs DOX group).
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Effect of DMDD on the Expression of

MAPK Signaling Pathway-Related Proteins

in Mouse Breast Tumors
In the result of Western blot analysis, compared with the

model group, the protein expressions of p-RAF1, p-MEK,

p-ERK and p-P38were significantly decreased in the DMDD

and DOX treatment groups (Figure 14A–H). Furthermore,

for the apoptotic proteins, the results showed that DMDD

could significantly upregulate the expression of Bax and

downregulate the expression of Bcl-2 compared with that

observed in the model group (Figure 14I–L).

Discussion
Breast cancer remains a global problem that threatens

women’s health. Clinically, anticancer drugs for the

treatment of breast cancer have many adverse reactions.24

Thus, it is important and necessary to research and develop

a new anticancer drug that is highly effective and of low

toxicity. In recent years, tumor epidemiology research has

found that the isolation of effective anti-cancer active

ingredients from plants has attracted more and more atten-

tion from scholars and is a hot spot for cancer prevention

and treatment. DMDD is a compound extracted and iso-

lated from the roots of Averrhoa carambola L and is

patented. In recent years, our research team found that

DMDD can inhibit the proliferation of various tumor cell

lines in vitro, especially breast cancer cells. The studies of

Zheng et al8 also confirmed that DMDD did not cause any

acute toxicity in the acute toxicity experiment of mice.

Therefore, DMDD might be an antitumor candidate that is

effective with low toxicity.

Figure 12 mRNA expressions of MAPK pathway-related genes in breast cancer tumor tissues.

Notes: (A–G) mRNA expression of RAF1, MEK1, MEK2, ERK1, ERK2, Bax, Bcl-2. Data are presented as mean ± SD of three experiments, n=3. (#P < 0.05, ##P < 0.01, vs

model group).
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Inducing apoptosis in tumor cells is one of the targets

for the development of anticancer drugs. Apoptosis, pro-

grammed cell death, plays a key role in maintaining a

balance between cell proliferation and death. The mito-

chondrial pathway is one of the apoptotic pathways. The

Bcl-2 family is one of the key elements that influences the

ability of the mitochondrial pathway to regulate

apoptosis.25 Bcl-2 and Bax proteins as the two major

regulators of apoptosis in the Bcl-2 family are functionally

opposite.26,27 Studies have shown tumor cell apoptosis is

closely related to the pathway of MAPK. In the researches

of AO/EB staining analysis and cell apoptosis analysis,

DMDD significantly induced apoptosis of 4T1 cells. Also,

PCR and WB experiments showed that DMDD decreased

the expression levels of the Bcl2 gene and protein, and

DMDD increased the expression levels of Bax gene and

protein, thereby inducing apoptosis of 4T1 cells.

Two important stages in the cell cycle are G1 phase to

S phase, and G2 phase to M phase, and they are the

transitional period’s molecular change. Signal transduction

pathway-associated regulatory genes can regulate cell pro-

liferation, division, and differentiation in the cell cycle.

Many important anti-tumor mechanisms are inhibiting cell

proliferation by affecting the cell cycle.28 The results of

Figure 13 Immunohistochemical results of breast cancer tumor tissue.

Notes: (A) Immunohistochemical map of tumor tissue (magnification: 400×). (B) IOD expression levels of p-RAF1, p-MEK and p-ERK.Data are presented as mean ± SD of

three experiments, n=3. (#P < 0.05, ##P < 0.01, vs model group).
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cell cycle analysis showed that DMDD induce G1-phase

cell cycle arrest.

In this study, the results of tumor size, tumor weight

and tumor inhibition rate analyses showed that DMDD

could effectively inhibit the growth of breast cancer in

mice and the effect was dose-dependent.

Interleukin has been widely used in clinical research

including cancer as a regulator of immune response. Il-2 is

a multipotent cytokine in cellular immune response, which

can promote the growth of T cells and enhance the natural

killing ability.29,30 There were studies that showed that Il-2

had been successfully used in the treatment of cancer because

it promoted the secretion of T cells and NK cells.31 IL-4 and

IL-10 are important participants in the humoral immune

response, but they play an immunosuppressive role in the

cellular immune response. Studies have shown that IL-4 and

IL-10 can be used as diffuse gastric tumor molecular markers

that distinguishⅠstage and Ⅱ stage of cancer, was advanta-

geous to the control of cancer.32 In this experiment, the

expression of IL-2 in the model group was lower than that

in the normal group, indicating that the expression of IL-2 in

breast cancer in the untreated mice was low, while that in the

DOX group and the DMDDgroup were both higher than that

in themodel group, and the expression of IL-2 in the DMDD-

H group was higher than that in the DOX group, indicating

that DMDD could effectively improve the expression of IL-

2. The expression of IL-4 and IL-10 in solid tumor mice was

higher than that in normal mice, and the expression of IL-4

and IL-10 in each drug group was lower than that in the

model group. These results showed that DMDD increased

the level of IL-2 and decreased the expression of IL-4 and IL-

10, suggesting that DMDD enhanced the immune function of

breast cancer mice to inhibit tumor growth.

Apoptosis is an active death process controlled by

genes. Some studies have shown that the change of apop-

tosis was not only related to the occurrence and develop-

ment of tumor but also related to the drug resistance of

tumor.33 The pro-apoptotic effect of DMDD was studied

by HE staining, TEM observation and TUNEL staining.

The results of HE staining showed that the cancer cells in

the model group were closely arranged, large in size and

obvious in nucleoli, while the HE results in the DOX

group and the DMDD group showed different degrees of

apoptosis: fewer cells, looser in arrangement, smaller in

Figure 14 Detection results of MAPK pathway-related proteins in breast cancer tumor tissues.

Notes: (A–L) The WB image and relative protein expression of p-RAF1, p-MEK, p-ERK, p-P38, Bax and Bcl-2. Data are presented as mean ± SD of three experiments, n=3.

(#P < 0.05, ##P < 0.01, vs model group).
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size and nuclear fixation, indicating that DMDD could

induce apoptosis of breast cancer cells in mice. TEM is

used to observe the microstructure of tumor tissue. We

found that the nucleus, nucleolus and organelles in the the

model group are complete. DOX and DMDD-H groups

have typical apoptosis characteristics. The results con-

firmed that DMDD promote tumor cell apoptosis from

the microscopic view. e The TUNEL staining was quanti-

tatively analyzed in the experiment, and the results showed

that the positive apoptotic cell rate of DOX group and

DMDD group was higher than that of the model group,

and the apoptotic cell rate of DMDD-H group was the

highest, which further indicated that DMDD could

increase the number of tumor cell apoptosis. These three

experiments fully confirmed that DMDD can effectively

induce apoptosis of breast cancer cells and play an antic-

ancer role.

MAPKs cascade activation is central to many signaling

pathways. It is an important molecule that receives the signal

transduction and transmission of membrane receptors and

brings them into the nucleus. It plays a key role in many

cell proliferation-related signaling pathways. When the cells

do not receive any stimulations, MAPKs are at rest. After

cells receive stimulation of cells by growth factors or other

factors, MAPKs are activated or inhibited, which are char-

acterized by progressive phosphorylation.34,35 Activation or

inhibition of the MAPK signaling pathway plays an impor-

tant role in regulating tumor cell proliferation, differentiation,

and apoptosis.20 In our study, WB analysis displayed DMDD

significantly inhibited the expressions of p-raf1, p-erk,

p-mek, p-p38 in 4T1 cells and tumor tissue. Also, the level

of protein Bax was up-regulated, and the level of protein

Bcl2 was down-regulated.

Furthermore, studies have shown that the MAPK sig-

naling pathway is closely related to invasion and metas-

tasis of tumor cells.36 MMPs degrade the protein

ingredients in the extracellular matrix and damage the

histological barrier of cancer cell invasion. MMP2 and

MMP9 are important matrix metalloproteinases, which

mainly degrade type IV collagen and play an important

role in tumor migration and invasion.37 In our studies, the

scratch test and Transwell assay showed that DMDD

could attenuate the abilities of migration and invasion

in 4T1 cells. Western blot displayed DMDD can signifi-

cantly down-regulate the expression levels of MMP2 and

MMP9 in 4T1 cells, thereby inhibiting the migration and

invasion of 4T1 cells.

Conclusion
DMDD has a good anti-tumor effect on breast cancer in

vivo and in vitro. The mechanism may be related to the

regulation of the MAPK signaling pathway, thereby reg-

ulating the expression of downstream target proteins Bcl2,

Bax, MMP2, and MMP9 to exert anti-tumor effects.
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