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Abstract: Apoptosis is a form of programmed cell death that occurs in multicellular organisms. Fibroblasts are the 
main cellular ingredients in keloid tissue, which has a relatively low apoptosis level. A natural metabolite of estra-
diol, 2-Methoxyestradiol (2ME2) exerts a pro-apoptotic effect on tumor cells. In this study, the expression levels of 
key factors in the apoptosis pathway and the expression level of the proliferating cell nuclear antigen (PCNA) were 
measured to assess the levels of apoptosis and proliferation in both normal skin fibroblasts and keloid fibroblasts. 
Twelve samples were obtained from 12 patients: 6 keloid patients and 6 non-keloid patients. All 12 of the patients 
were randomly selected from the Department of Plastic Surgery at Peking Union Medical College Hospital from 
June 2016 to December 2016. After cell culture, fibroblasts were divided into the following 6 groups: normal skin 
fibroblasts (S); keloid fibroblasts (K); keloid fibroblasts treated with 2ME2 (2ME2); keloid fibroblasts treated with 
DMSO (DMSO); keloid fibroblasts treated with the caspase inhibitor Ac-DEVD-CHO (IN); and keloid fibroblasts treated 
with both Ac-DEVD-CHO and 2ME2 (IN+2ME2). Fibroblasts at up to passage 3 were used for analysis. Cell activity 
was measured by the cell counting kit-8. TUNEL staining was used to observe the cell apoptotic morphology. The 
key apoptosis factors (caspase-3, caspase-8, caspase-9, Bcl-2, Bax, and cytochrome-c) and PCNA expression levels 
were detected by immunofluorescence analysis and Western blotting. A certain concentration of 2ME2 was also 
used in group S to evaluate the toxicity. Compared with that in the other groups, 2ME2 significantly inhibited cell ac-
tivity and led to apoptotic appearance of fibroblasts. In protein analysis, 2ME2 remarkably increased the expression 
of apoptosis factors and decreased the PCNA expression. Apoptosis levels were reduced by both the caspase inhibi-
tor and 2ME2; thus indicating that the pro-apoptosis effect of 2ME2 was achieved through a caspase-dependent 
mechanism in keloid fibroblasts. Toxicity assessment showed that 2ME2 had a very low influence on normal skin 
fibroblasts. 2ME2, considered to be a new promising type of chemotherapy drug, exerts a pro-apoptosis effect by 
regulating the caspase family and an anti-proliferation effect towards keloid fibroblasts, and it presents low toxicity 
towards normal fibroblasts in vitro.
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Introduction

There are three major types of morphologically 
distinct cell death that occur in multicellular 
organisms: apoptosis, autophagic cell death, 
and necrosis. Apoptosis, also defined as pro-
grammed cell death, is triggered when cell-sur-
face death receptors are bound with ligands or 
when Bcl-2 family pro-apoptotic proteins cause 

the permeabilization of the mitochondrial mem-
brane [1]. In this process, caspase-8 receives 
the cell apoptosis signal from death receptors 
and assembles Bax on the mitochondrial mem-
brane, which changes the Bcl-2/Bax ratio and 
releases cytochrome-c (cyt-c) from mitochon-
dria into the cytoplasm. Then, the activated 
caspase-9 and caspase-3 further manage the 
apoptosis process [2, 3].
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by measuring the expression 
of key factors in the apopto-
sis pathway (caspase-3, ca- 
spase-8, caspase-9, Bcl-2, 
Bax, and Cyt-c) and the ex- 
pression of proliferating cell 
nuclear antigen (PCNA). In 
addition, we also determined 
the toxicity of 2ME2 in nor-
mal skin fibroblasts to evalu-
ate its safety.

Materials and methods

Patients, samples, cell cul-
ture, and treatment

Figure 1. Sampling conditions in two types of patients: (A) keloid tissue from 
keloid patients; and (B) normal skin tissue from non-keloid patients.

A naturally occurring derivative of estradiol, 
2-Methoxyestradiol (2ME2) has been shown to 
be an orally active, well-tolerated small mole-
cule that possesses anti-tumor activity [4]. It 
has been regarded as a new promising chemo-
therapy drug that can inhibit cell growth and 
induce cell death in a variety of malignant cell 
lines [5]. The mechanisms of action of 2ME2 
include the induction of apoptosis, the inhibi-
tion of cell proliferation and angiogenesis, and 
an increase in radiation sensitivity [6-10].

A keloid, regarded as the end product of abnor-
mal wound healing, is defined as excessive 
scar tissue formation extending beyond the 
area of the original skin injury and occurring in 
predisposed individuals [11]. Pain, itching, 
functional limitation, and disfigurement often 
cause psychological distress and seriously 
affect keloid patients’ quality of life [12]. In our 
previous study, we observed that keloid tissue 
has a similar apoptosis level as physiological 
scars and normal skin but it has a higher 
expression of PCNA, indicating that keloid scars 
have high levels of proliferation and normal 
apoptosis [13]. In this case, the inhibition of 
proliferation and promotion of apoptosis is the 
key approach to keloid non-surgical treatment. 
In 1996, Appleton [14] first reported the degree 
of apoptosis and proliferation in keloid tissue, 
and most of the studies have focused on apop-
tosis in keloid fibroblasts, which are the main 
cellular ingredients of keloid tissue. However, 
most of the studies have only concentrated on 
the apoptosis phenomenon that is caused by 
certain drugs instead of exploring the drug 
mechanism of action or toxicity. In this study, 
we focused on the effect and mechanism  
of action of 2ME2 towards keloid fibroblasts  

The study protocol was reviewed and approved 
by the Bioethical Committee of Peking Union 
Medical College Hospital. All of the patients 
gave informed consent. Twelve patients (age 
ranging from 18 to 50 years) were randomly 
selected from the Department of Plastic 
Surgery at Peking Union Medical College 
Hospital from June 2016 to December 2016: 6 
keloid patients (3 males and 3 females, median 
age: 31 years) and 6 non-keloid patients (3 
males and 3 females, median age: 32 years) 
(Figure 1). All of the samples were obtained 
from the chest region. Keloid samples were 
taken from the core of the keloid tissues. No 
significant difference in age, sex, or site was 
observed between the keloid patients and the 
non-keloid patients (P > 0.05). Keloids were 
caused by trauma, and they were diagnosed by 
pathological examination. None of the patients 
reported history of any systemic disorders, his-
tory of taking drugs, or history of receiving other 
treatments that might influence the study 
results.

After obtaining the keloid core, the samples 
were minced into 0.2-0.3 cm3 blocks and laid 
onto 75 cm2 culture flasks. After 4 h of adher-
ence, 5-7 ml of Dulbecco’s minimal essential 
medium (Gibco, Big Cabin, OK, USA) supple-
mented with 10% fetal bovine serum (Gibco), 
penicillin (100 U mL-1), and streptomycin (100 
μg mL-1) (Gibco) were poured into the flasks. 
Then, the flasks were maintained at 37°C in a 
5% carbon dioxide-enriched humidified atmo-
sphere. The culture medium was changed every 
3 days [10]. The normal skin fibroblast cell cul-
ture was performed based on the study by 
Vangipuram [15]. Fibroblasts at up to passage 
3 were used in this study.
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Fibroblasts were divided into the following 6 
groups: 1. Group S: normal skin fibroblasts 
from normal skin tissue; 2. Group K: keloid 
fibroblasts from keloid tissue; 3. Group 2ME2: 
keloid fibroblasts from keloid tissue treated 
with 6.975 μM (IC50 from our pre-experiment) 
2ME2 (10 mM in 1 ml DMSO, Selleck Chemicals, 
Houston, Texas, USA); 4. Group DMSO: keloid 
fibroblasts from keloid tissue treated with 
0.7‰ DMSO (based on 2ME2 solvent); 5. Group 
IN: keloid fibroblasts from keloid tissue treated 
with 8 μM caspase inhibitor Ac-DEVD-CHO 
(Selleck Chemicals); 6. Group IN+2ME2: keloid 
fibroblasts from keloid tissue treated with both 
8 μM caspase inhibitor Ac-DEVD-CHO and 
6.975 μM 2ME2.

Cell activity assessment

Cell activity was detected by using the CCK-8 
assay (Dojindo, Kumamoto, Japan). Fibroblasts 
were seeded at 5000 cells/well in 96-well 
plates according to the above-mentioned 
grouping for 48 h. The protocols were based on 
the kit instructions. The optical density was 
measured at 450 nm by a microplate reader.

TdT-mediated dUTP-X nick end labeling (TU-
NEL) staining

TUNEL staining was used to observe pro-
grammed cell death, which was assessed with 
the In Situ Cell Death Detection Kit (POD, 
Roche, Basel, Switzerland). Fibroblasts were 
seeded at 5000 cells/well in 96-well plates 
according to the above-mentioned grouping for 
24 h. All of the staining procedures were based 
on the kit instructions.

Immunofluorescence analysis

Fibroblasts were seeded at 10000 cells/well in 
24-well plates according to the above-men-
tioned grouping for 24 h. Each well was fixed 
with 4% paraformaldehyde for 30 min, followed 
by washing 2 times with phosphate buffered 
saline (PBS). Then, each well was incubated 
with 0.3% Triton-100 for 15 min. Goat serum 
was used for blocking for about 60 min. After 
that, each well was incubated with anti-cas-
pase-3 (1:200, Abcam, Cambridge, UK), anti-
caspase-8 (1:200, Abcam), anti-caspase-9 
(1:200, Abcam), Bcl-2 (1:200, Abcam), Bax 
(1:200, Abcam), cyt-c (1:200, Abcam), and 
PCNA (1:200, Abcam) antibodies in a humidi-
fied chamber at 4°C overnight (12-16 h). 
Primary antibody was labeled by anti-rabbit IgG 
H&L (Dylight 488) (1:200, Abcam) for 1 h in the 
dark area. After washing 3 times with PBS, 
each well was stained with 10 mg/ml Hoechst 
33258 (Sigma-Aldrich, USA) for 20 min. A Zeiss 
Axiophot fluorescence microscope (Axio-Cam 
MRc, Zeiss, Oberkochen, Germany) and Axio- 
vision Zeiss software were used to observe the 
expression of factors. Green areas represent 
the positive areas in a cell. The shade of the 
green area represents the expression level. 
Blue areas represent the area of the DNA.

Western blot detection

Cell Total Protein Extraction Kit (Bio-Rad La- 
boratories, Hercules, CA, USA) was used to 
extract protein from fibroblasts. After 24 h of 
treatment, cells were collected and incubated 
on ice for 10 min in a cell lysis buffer (246 μl of 
lysis buffer, 1.25 μl of phosphatase inhibitor, 
0.25 μl of protease inhibitor, and 2.5 μl of 
PMSF) and centrifuged for 15 min (4°C, 14000 
rpm). Equal amounts of supernatant protein 
(30 μg) were separated on a 10% SDS-PAGE 
gel. Then, protein was transferred onto nitrocel-
lulose membranes for immunoblotting. A block-
ing buffer (Li-cor, Lincoln, USA) was used  
to block the Western blot membrane for 2  
h. After that, the membrane was incubated  
with anti-caspase-3 (1:500, Abcam), anti-cas- 
pase-8 (1:200, Abcam), anti-caspase-9 (1:200, 
Abcam), Bcl-2 (1:200, Abcam), Bax (1:200, 
Abcam), cyt-c (1:200, Abcam), and PCNA 
(1:200, Abcam) antibodies in a humidified 
chamber at 4°C overnight for 12-16 h. The 
membranes were incubated with secondary 
antibodies (Li-cor, Lincoln, NB) at 1:10000  
dilution for 1 h in the dark. A double-color infra-

Figure 2. Cell activity in all groups at 48 h after treat-
ment. The values are expressed as mean ± SD (n = 6 
in each group; **P < 0.01, ***P < 0.001 vs. group 
S; #P < 0.05, ##P < 0.01, ###P < 0.001).
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Figure 3. TUNEL staining in all groups 24 h after treatment. Fibroblasts in groups S, K, DMSO, and IN showed basi-
cally normal morphology with a clear nucleus and cytoplasm. However, fibroblasts in groups 2ME2 and IN+2ME2 
showed a typical apoptotic appearance, such as cell shrinkage, chromatin pyknosis,and karyorrhexis. Compared 
with group 2ME2, the extent of apoptotic fibroblasts was much less in group IN+2ME2.

red laser imaging system (Odyssey, Li-cor) was 
used for density detection.

2ME2 toxicity evaluation

In order to evaluate the toxicity of 2ME2, the 
fibroblasts were divided into the following two 
groups: fibroblasts from normal skin (S) and 
fibroblasts from keloid tissue (K). All of the 
groups were treated with 6.975 μM 2ME2. 
Fibroblasts were seeded at 5000 cells/well in 
96-well plates according to the above-men-
tioned grouping for 6 h, 12 h, 24 h, and 48 h. 
CCK-8 assay was used to assess the difference 
in cell activity between normal skin fibroblasts 
and keloid fibroblasts at different time points.

Statistical analysis

Study data are presented as means ± standard 
deviation (means ± SD). SPSS Statistics 24.0 

software (SPSS, Inc., Chicago, IL) was used for 
statistical analysis. The independent sample t 
test was used for 2ME2 toxicity evaluation. 
One-way analysis of variance (ANOVA) followed 
by the LSD t test were used for other statistical 
analysis. Statistical significance was set at P < 
0.05.

Results

2ME2 significantly decreased the keloid fibro-
blast activity

Compared with group S (considered as 1) and 
group K (1.01 ± 0.13), fibroblast activity in 
group 2ME2 (0.45 ± 0.17) was remarkably 
decreased (2ME2 vs. S, P < 0.001; 2ME2 vs. K, 
P < 0.001). There was no significant difference 
between group DMSO (1.00 ± 0.08) and group 
K. Compared with group 2ME2, the cell activity 
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Figure 4. Images (400×) of immunofluorescence staining of all of the factors. The green area represents cells with positive expression of the target protein, whereas 
the blue area represents the area of the DNA. The expression levels of all of the factors were much higher in group 2ME2. Compared with group 2ME2, levels of the 
key factors in group IN+2ME2 were decreased due to the effect of the caspase inhibitor (n = 6 in each group).
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Figure 5. Relative protein amounts for all target proteins. Similar to the immunofluorescence results, the expression levels of caspase-3, caspase-8, caspase-9, Bcl-
2, Bax, and cyt-c were significantly increased by 2ME2 treatment. Compared with groups S and K, group DMSO showed no significant difference in the expression 
of key factor. Although 2ME2 increased Bcl-2 and Bax expression, the Bcl-2/Bax ratio was remarkably decreased. Compared with group 2ME2, expression of key 
factors was decreased in group IN+2ME2. Representative images of Western blots of all factors are shown in the upper left corner. Values are expressed as means 
± SD (n = 6 in each group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. group S; #P < 0.05, ##P < 0.01, ###P < 0.001).
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Table 1. Protein relative value of all markers in each group. Values are means ± SD (n = 6 in each group)

Factor
Protein relative value P value

S K 2ME2 DMSO IN IN+2ME2 < 0.05 < 0.01 < 0.001
Caspase-3 0.08 ± 0.04 0.10 ± 0.06 1.12 ± 0.75 0.10 ± 0.01 0.08 ± 0.05 0.62 ± 0.40 S vs. IN+2ME2

K vs. IN+2ME2
2ME2 vs. IN+2ME2
DMSO vs. IN+2ME2

IN vs. IN+2ME2

S vs. 2ME2
K vs. 2ME2

2ME2 vs. DMSO
2ME2 vs. IN

Caspase-8 0.16 ± 0.08 0.20 ± 0.12 1.17 ± 0.51 0.23 ± 0.09 0.24 ± 0.16 0.37 ± 0.17 S vs. 2ME2
K vs. 2ME2

2ME2 vs. DMSO
2ME2 vs. IN

2ME2 vs. IN+2ME2
Caspase-9 0.07 ± 0.03 0.10 ± 0.06 0.78 ± 0.31 0.10 ± 0.03 0.16 ± 0.15 0.49 ± 0.30 2ME2 vs. IN+2ME2 S vs. IN+2ME2

K vs. IN+2ME2
DMSO vs. IN+2ME2

IN vs. IN+2ME2

S vs. 2ME2
K vs. 2ME2

2ME2 vs. DMSO
2ME2 vs. IN

Bcl-2 0.07 ± 0.01 0.07 ± 0.01 0.11 ± 0.05 0.07 ± 0.03 0.12 ± 0.04 0.09 ± 0.04 S vs. 2ME2
S vs. IN

K vs. 2ME2
K vs. IN

DMSO vs. IN
Bax 0.11 ± 0.07 0.45 ± 0.54 3.52 ± 4.33 0.46 ± 0.38 1.07 ± 1.44 1.68 ± 2.70 S vs. 2ME2

K vs. 2ME2
2ME2 vs. DMSO

Bcl-2/Bax 0.79 ± 0.30 0.50 ± 0.40 0.08 ± 0.06 0.46 ± 0.69 0.56 ± 0.42 0.27 ± 0.21 S vs. IN+2ME2
K vs. 2ME2

2ME2 vs. DMSO
2ME2 vs. IN

S vs. 2ME2

Cyt-c 0.14 ± 0.10 0.21 ± 0.21 0.99 ± 1.23 0.21 ± 0.07 0.25 ± 0.36 0.45 ± 0.52 S vs. 2ME2
K vs. 2ME2

2ME2 vs. DMSO
2ME2 vs. IN

PCNA 0.27 ± 0.04 2.17 ± 1.02 0.82 ± 0.15 2.29 ± 0.50 1.95 ± 1.01 1.41 ± 0.70 DMSO vs. IN+2ME2 S vs. IN+2ME2
K vs. 2ME2

2ME2 vs. DMSO
2ME2 vs. IN

S vs. K
S vs. DMSO

S vs. IN

Protein relative value in all groups.
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Figure 6. Immunofluorescence staining and western blot data analysis of PCNA expression in all groups. A. Immuno-
fluorescence staining images. PCNA showed similar high expression in groups K, DMSO, and IN. 2ME2 significantly 
decreased the PCNA expression in keloid fibroblasts. B. PCNA relative value. Compared with groups K, DMSO, and 
IN, the PCNA expression was remarkably reduced with 2ME2 treatment. Values are expressed as means ± SD (n = 
6 in each group; **P < 0.01, ***P < 0.001 vs. group S; #P < 0.05, ##P < 0.01).

was increased in group IN+2ME2 (0.59 ± 0.07) 
(P < 0.05) (Figure 2).

2ME2 transforms keloid fibroblasts into apop-
totic phenotype

Figure 3 shows the TUNEL staining results in 
different groups. In groups S, K, DMSO, and IN, 
fibroblasts showed basically normal morpholo-
gy, which appears as a long spindle-shaped 
form with clear nuclei and cytoplasm. Fibro- 
blasts in group 2ME2 showed apoptotic ap- 

pearance, such as cell shrinkage and rounding, 
chromatin pyknosis, and karyorrhexis. Fibro- 
blasts in group IN+2ME2 also showed apoptot-
ic appearance, but to a lesser extent.

2ME2 increased the expression of key factors 
in the apoptosis pathway

Expression analysis of caspase-3, caspase-8, 
caspase-9, Bcl-2, Bax, and cyt-c was perform- 
ed by immunofluorescence and Western blot  
studies. In immunofluorescence images, group 
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2ME2 showed the highest expression level of 
key factors in the apoptosis pathway. There 
were no obvious changes in the expression of 
key factors among groups S, K, DMSO, and IN 
(Figure 4).

According to Western blot results, 2ME2 signifi-
cantly increased the expression of key factors 
in the apoptosis pathway, such as caspase-3, 
caspase-8, caspase-9, and cyt-c, compared  
to that in the other groups. No significant  
differences were found in the expression of 
caspase-3, caspase-8, caspase-9, and cyt-c 
among groups IN, S, and K. However, the cas-
pase inhibitor increased the Bcl-2/Bax ratio 
and reduced the cell apoptosis level. Although 
the expression levels of Bcl-2 and Bax were 
also increased by 2ME2 treatment, the Bcl-2/
Bax ratio was remarkably decreased. Compared 
with group 2ME2, levels of the above-men-
tioned key factors, especially caspase-3, cas-
pase-8, and caspase-9, in group IN+2ME2 
were decreased due to the effect of the cas-
pase inhibitor (Figure 5; Table 1).

2ME2 reduced the PCNA expression in keloid 
fibroblasts

The PCNA expression level was evaluated by 
immunofluorescence and Western blot. In all  
of the keloid groups, fibroblasts showed high- 
er PCNA expression that was remarkably 
decreased by 2ME2 treatment (Figure 6A). 
Qualitative analysis by western blot showed 
similar results. No significant difference in 
PCNA expression was observed between 
groups K and DMSO, indicating that 0.7‰ 

DMSO has no effect on keloid fibroblast prolif-
eration. The anti-proliferation effect of 2ME2 
was also decreased by the caspase inhibitor in 
group IN+2ME2 (Figure 6B; Table 1).

2ME2 showed low toxicity towards normal skin 
fibroblasts

CCK-8 was used to evaluate the 2ME2 toxicity 
towards normal skin fibroblasts. In this study, 
both normal fibroblasts and keloid fibroblasts 
were treated with 6.975 μM 2ME2 for 6 h, 12 h, 
24 h, and 48 h. In group S, significant differ-
ences were observed between the 6 h and 
other time point groups, implying that 2ME2 
could affect the normal fibroblast cell activity 
from 6 h to 12 h, and, after using 2ME2 for 
more than 12 h, the normal fibroblast cell activ-
ity remained at a high level and was slightly 
changed. On the contrary, with passage of time, 
the keloid fibroblast cell activity started to 
decrease. At each time point, there was a sig-
nificant difference between groups S and K (12 
h & 24 h, P < 0.05; 6 h & 48 h, P < 0.001) 
(Figure 7; Table 2).

Discussion

Apoptosis, also known as programmed cell 
death, occurs in multicellular organisms and it 
leads to characteristic cell changes and death. 
The changes include blebbing, cell shrinkage, 
nuclear fragmentation, chromosomal DNA frag-
mentation, and chromatin condensation [16]. 
Many signaling pathways and key factors play a 
paramount role in the apoptosis process, which 
may be activated by inflammatory factors  
and stress conditions. Caspase-8 expression 
increases when cell-surface death receptors 
are bound with ligands, thus magnifying the 
programmed cell death signal and delivering 
this signal to the mitochondria [17-19]. Then, 
Bax is assembled on the mitochondrial mem-
brane and it decreases the Bcl-2/Bax ratio, 
leading to the release of cyt-c from the mito-
chondria to the cytoplasm. In the cytoplasm, 
cyt-c combines with Apaf-1 to become the 
apoptosome with the dATP/ATP unit, which acti-
vates the initiator caspase (caspase-9). Once 
caspase-3 is activated, it promotes apoptosis 
as a result of the above-mentioned morphologi-
cal changes [20-22].

2ME2 is generated by a sequential hydroxyl-
ation of estradiol through the enzyme cyto-

Figure 7. Cell activity in groups S and K (all treated 
with 6.975 μM 2ME2) at different time points. The 
values are expressed as mean ± SD (n = 6 in each 
group; *P < 0.05, ***P < 0.001 vs. group S; #P < 
0.05, ##P < 0.01, ###P < 0.001).
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Table 2. Cell activity of different times in S and K groups (all treated with 6.975 μM 2ME2). Values are 
means ± SD (n = 6 in each group)

Time
Cell Activity

P value
S S group P value K K group P value

6 h 0.95 ± 0.02 6 h vs. 12 h, P < 0.01
6 h vs. 24 h, P < 0.001
6 h vs. 48 h, P < 0.01

0.82 ± 0.04 6 h vs. 24 h, P < 0.01
6 h vs. 48 h, P < 0.001
12 h vs. 24 h, P < 0.05

12 h vs. 48 h, P < 0.001
24 h vs. 48 h, P < 0.001

P < 0.001
12 h 0.84 ± 0.05 0.77 ± 0.05 P < 0.05
24 h 0.79 ± 0.08 0.69 ± 0.06 P < 0.05
48 h 0.81 ± 0.09 0.48 ± 0.07 P < 0.001

Cell activity in all groups.

chrome P450 isoform 1A1 to produce 2-hydro- 
xyestradiol followed by a conjugation reaction 
catalyzed by the enzyme Catechol-O-Methyl- 
transferase generating 2ME2 from 2-hydrox- 
yestradiol [23]. Presently, it is an investigation-
al drug that is considered to be a potential can-
cer chemotherapeutic agent, which can inhibit 
cell growth and induce cell death in a variety of 
malignant cell lines, including lung and colon 
carcinomas, melanoma, and reproductive sys-
tem cancers [23-28]. Its anticancer activity has 
been attributed to inhibition of angiogenesis [4, 
28], induction of apoptosis [29], and inhibition 
of β-tubulin polymerization [30].

Unlike hypertrophic or physiological scars, 
keloids tend to outgrow the original boundary 
of the wound and they do not regress, and this 
type of keloid has been regarded as a benign 
dermal tumor [14]. The high recurrence of 
keloids makes it a refractory disease in plastic 
surgery. In our previous study, we observed  
that keloid tissue has a similar apoptosis level 
as physiological scars and normal skin but it 
has a higher expression of PCNA [13]. In such  
a case, the promotion of apoptosis and inhibi-
tion of the proliferation of keloid fibroblasts is a 
key point in keloid treatment. In this study, we 
assessed whether 2ME2 has a double effect 
(cell growth inhibition and cell death induction) 
towards keloid fibroblasts and we verified the 
mechanism by using a caspase inhibitor.

PCNA is a homotrimer that achieves its activity 
by acting as a scaffold that encircles the DNA 
and recruits proteins involved in DNA replica-
tion, DNA repair, chromatin remodeling, and 
epigenetics [31]. PCNA expression is upregu-
lated in proliferating tissue, especially tumors 
[32, 33], making it an effective indicator of the 
tissue proliferation level. Research by Massaro 
demonstrated that 2ME2 has an inhibitory 

effect on proliferation and invasion in human 
melanoma cells [7]. In our study, keloid fibro-
blast activity and PCNA expression were signifi-
cantly decreased by 2ME2 treatment. The 
effect of 2ME2 towards keloid fibroblasts was 
evaluated by TUNEL staining. In groups S, K, 
DMSO, and IN, the cells basically maintained 
their normal appearance with a clear nucleus 
and cytoplasm. 2ME2 transformed the keloid 
fibroblasts into the apoptotic form, such as cell 
shrinkage, nuclear fragmentation, chromosom-
al DNA fragmentation, and chromatin conden-
sation, and stained them a brown color.

Caspases are a family of protease enzymes 
playing essential roles in apoptosis and inflam-
mation. For the apoptosis process, caspases 
are mainly classified as apoptosis initiators 
(caspase-8, caspase-9) and executioners  
(caspase-3) [34]. According to our results, the 
levels of key apoptosis factors, including cas-
pase-3, caspase-8, and caspase-9, were sig- 
nificantly increased after 24 h of 2ME2 treat-
ment, while the promoting effect of 2ME2 was 
inhibited by the caspase inhibitor, indicating 
that 2ME2 may exert its effect through a cas-
pase-dependent mechanism in keloid fibro-
blasts. During the apoptosis process, one pair 
of proteins is of great importance: the anti-
apoptotic protein Bcl-2 and the pro-apoptotic 
protein Bax. These two proteins usually exist in 
a heterodimer form, and the Bcl-2/Bax ratio 
determines the apoptotic fate of cells [35]. 
According to our results, 2ME2 increased the 
expression of both Bcl-2 and Bax proteins; how-
ever, the Bcl-2/Bax ratio was significantly 
decreased compared with that in the other 
groups, which leads to apoptosis of fibroblasts. 
Cyt-c release is also one of the necessary activ-
ities during the apoptosis process, and it was 
induced by the assembled Bax on the mito-
chondrial membrane [2]. In group 2ME2, cyt-c 
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expression was increased and this might be the 
indirect result of high expression of assembled 
Bax after 2ME2 treatment. No significant differ-
ences in Bcl-2/Bax ratio and other key apopto-
sis factors were found between groups S and K, 
indicating a similar apoptosis level in normal 
skin and keloid tissue at the cellular level. In 
addition, expression levels of all factors in 
group DMSO were quite similar to those in 
group K, implying that 0.7‰ DMSO may exert 
minimal influence on keloid fibroblasts and may 
hardly affect cell activity.

Drug toxicity is one of the most important indi-
ces to evaluate the safety. In this study, a cer-
tain concentration of 2ME2 was also used in 
normal skin fibroblasts at different time points. 
The results showed that 2ME2 could affect the 
cell activity of normal fibroblasts from 6 h to 12 
h, and after using 2ME2 for more than 12 h, the 
cell activity of normal fibroblasts was main-
tained at a high level and it was slightly changed. 
However, the activity of keloid fibroblasts start-
ed to decrease. In such a case, 2ME2 showed 
the characteristic of selectivity between normal 
fibroblasts and keloid fibroblasts. Previous 
studies have also demonstrated similar results, 
and they showed that 2ME2 could decrease 
cell viability in nasopharyngeal carcinoma cells, 
ovarian cancer cells, or human neuroblastoma 
cells but not in their normal counterparts 
[36-38].

2ME2, considered to be a new type of anti-can-
cer drug, showed effects such as the inhibition 
of proliferation and the promotion of apoptosis 
in keloid fibroblasts. Other studies also showed 
the other characteristics of 2ME2 in keloid tis-
sue. Ma [39] demonstrated that the hypoxia/
HIF-1α microenvironment provides a favorable 
environment for keloid-derived keratinocytes to 
adopt a fibroblast-like appearance through epi-
thelial-mesenchymal transition. 2ME2 is also 
regarded as the inhibitor of HIF-1α, which 
implies that 2ME2 may ameliorate the hypoxia 
environment and reverse the EMT process in 
keloid tissue. Long [10] pointed out that 2ME2 
effectively inhibited the protein expression of 
HIF-1α and significantly increased the radio-
therapy sensitivity of keloid fibroblasts. The tox-
icity of 2ME2 was also studied. Our result illus-
trates its characteristics of selectivity. In the 
study by Luc [40], stimulated T-cells treated 
with 2ME2 were still able to produce normal 
levels of cytokines and the author speculated 

that 2ME2 may lead to an oral immunomodula-
tory adjunct therapy with a low side effect pro-
file for individuals undergoing transplantation. 
Although 2ME2 has these benefits, clinical use 
of 2ME2 is still limited due to its poor water 
solubility and low bioavailability [41, 42]. 
However, 2ME2 is easily soluble in DMSO (60 
mg/ml), and the amount of DMSO used in this 
study showed no significant cell toxicity towards 
both normal and keloid fibroblasts. Experiments 
suggest that 2ME2 may be rapidly metabolized 
in the gastrointestinal tract [43]. In keloid treat-
ment, drugs are used via local injection instead 
of oral usage, and in such a case, 2ME2 may 
maintain its bioavailability. Based on these 
studies, we inferred that 2ME2 may be a prom-
ising and effective drug for keloid treatment. 
However, this study only focused on the effect 
and mechanisms of action of 2ME2 at the cel-
lular level. Animal experiments still need to be 
performed to verify its effects in vivo.
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