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Abstract. Melanoma is a common cutaneous malignancy, that 
is also found in specific mucosal sites, and is associated with 
a poor prognosis. The aim of the present study was to inves-
tigate the cytotoxicity of methionine enkephalin (MENK) for 
B16 melanoma cells in vivo and in vitro. The results of the 
present study allowed our conclusion that MENK regulates 
the proliferation of B16 cells, causing cell cycle arrest in the 
G0/G1 phase and a decrease in the percentage of cells in the 
S and G2/M phases. Reverse transcription-quantitative poly-
merase chain reaction demonstrated that MENK increased 
opioid receptor expression in the B16 cells. Furthermore, the 
tumor volume and weight in the MENK-treated group were 
lower than those in the control group (NS) and MENK and 
naltrexone (NTX)-treated groups. MENK exerted both signifi-
cant antitumor activity on the growth of B16 cells and a longer 
survival time in mice. The mice treated with MENK exhibited 
an increased ratio of CD4+ to CD8+ T cells as tested by flow 
cytometry (FCM), resulting in a ratio of 2.03 in the control 
group, 3.69 in the MENK-treated group, and 2.65 in the 

MENK and NTX group. Furthermore, a significant increase 
in plasma levels of IL-2, IFN-γ and TNF-α was revealed as 
assessed by ELISA. In conclusion, the results of the present 
study indicate that MENK has a cytotoxic effect on B16 
melanoma cells in vitro and in vivo, and suggest a potential 
mechanism for these bioactivities. Therefore, we posit that 
MENK should be investigated, not only as a primary therapy 
for melanoma, but also as an adjuvant therapy in combination 
with chemotherapies.

Introduction

Human melanoma is one of the most aggressive cutaneous 
and mucosal cancers, and is characterized by different genetic 
alterations that are dependent upon body site and the extent 
of ultraviolet exposure (1). The incidence of cutaneous mela-
noma has been increasing rapidly, although, relatively few new 
chemotherapeutic agents have been approved. This contrasts 
with the use of checkpoint immune therapy for melanoma 
which has had a significant impact on melanoma outcomes. 
The treatment of in-transit and satellite melanoma metastases 
are challenging and the treatment options for these cuta-
neous and subcutaneous lesions, including surgical excision, 
radiotherapy, electro-chemotherapy and cryotherapy, have 
suboptimal response rates (2).

Methionine enkephalin (MENK), an inhibitory growth 
factor, binds to opioid growth factor receptor (OGFR) in a 
selective manner, upregulating cyclin-dependent inhibitory 
kinases, and thus potentially regulating tumor cell replica-
tion. MENK is produced in an autocrine or paracrine manner 
and is modulated by the cells themselves or the extracel-
lular matrix (3,4). MENK, known as an endogenous opioid 
peptide, was found to be an important inhibitor of human 
cancer cell proliferation (5,6). There are 3 MENK receptors 
that were identified more than 3 decades ago: specifically the 
µ-, δ- and κ-opioid receptor (OR). The inhibitory effects of 
MENK on cell replication were first reported from the devel-
oping brains of rats (7,8), then, in tissue culture studies using 
mouse and human neuroblastoma cell lines (9-12). MENK 
inhibits DNA synthesis and cell replication of normal cells and 
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tissues (13,14), human tumor cells (15), and bacteria (16). The 
main function of MENK is to upregulate inhibitory kinases 
in the cell cycle process. The activity of MENK can be regu-
lated by the potent and long-acting opioid receptor antagonist 
naltrexone (NTX), resulting in increased DNA synthesis and 
cell division.

At present, there is no published data examining the 
response of murine melanoma cell lines and tumors by MENK. 
We investigated the mechanism underlying the therapeutic 
effect of MENK on human melanoma, and confirmed that 
MENK can inhibit the progression, aggression and metastasis 
of melanoma cells. Based on our studies reported herein, we 
conclude that MENK provides a potential therapeutic strategy 
for the treatment of neoplasia and other immunosuppressive 
conditions, and we may further identify the cytotoxic activity 
and mechanisms of action of melanoma regulation, both 
in vivo and in vitro.

Materials and methods

Cell culture. B16 mouse melanoma cells were provided by 
No. 1 Hospital, China Medical University (Shenyang, China), 
and cultured in RPMI-1640 medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), supplemented with 10% 
fetal calf serum (FCS; Biological Industries, Kibbutz Beit 
Haemek, Israel), 100 U/ml penicillin and 100 µg/ml strepto-
mycin. Cells were cultured at 37˚C in 5% CO2, and cells in 
the exponential phase of growth were used for subsequent 
experiments.

Reagents. MENK (≥97% purity) was provided by Penta Biotech, 
Inc. (Union City, CA, USA). Reverse transcription‑quantitative 
polymerase chain reaction (RT-qPCR) kits were purchased 
from Takara Bio, Inc. (Otsu, Japan). TRIzol® was obtained 
from Invitrogen; Thermo Fisher Scientific, Inc. Propidium 
iodide (PI), dimethyl sulfoxide and thymidine were purchased 
from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany).

MENK co-culture with B16 cells. B16 cells were treated with 
various concentrations of MENK (0, 2.5, 5, 10, 12.5 and 
15 mg/ml in RPMI-1640) for various times (24, 48, 72 and 
96 h). Cell viability was evaluated by MTS assays and FCM.

Tumor model and MENK administration. Syngenic mice 
(C57Bl/6) at 6-8 weeks of age were injected with B16 mela-
noma cells at a subcutaneous site. C57BL/6 mice (18-21 g) were 
obtained from Slac Laboratory Animals Co. Ltd. (Shanghai, 
China). All experiments with animals were conducted in 
pathogen‑free conditions according to the guidelines of the NIH 
Guide for the Care and Use of Laboratory Animals. B16 cells 
(2.0x106/ml) were subcutaneously injected into C57BL/6 mice 
(0.2 ml/mouse). Twenty-four hours after tumor cell injection, 
the mice were divided into 3 groups (10 mice/group). Mice in 
the MENK group were injected (i.p.) with MENK (20 mg/kg; 
≥97 purity; Penta Biotech, Inc.) once a day, consecutively 
for 30 days (17). Mice in the MENK and NTX groups were 
injected with NTX at 10 mg/kg by i.p. injection and 30 min 
later with MENK using the same schedule of administration. 
Mice in the vehicle control group received normal saline (NS) 
only. The mice were observed daily and when tumors became 

palpable, the shortest/longest diameters of the tumors were 
measured with a Vernier caliper every 3 days. Final tumor 
volume (mm3) (V) was calculated via the following formula: 
V = (shortest diameter)2 x (longest diameter) x 0.5 (18).

Cell growth and cell cycle analysis. MTS assay was carried out 
to determine the optimal concentration and incubation time for 
MENK. B16 cells were collected as target cells and seeded into 
96-well plates (3x103/well). The B16 proliferation in each well 
was determined 3 h following plating by measuring the optical 
density at 570 nm using a bichromatic microplate reader.

The effect of MENK on B16 cell cycle was analyzed 
using FCM. B16 cells were seeded in 6-well plates for 
48 h (5x105/well). The cells were trypsinized, washed with 
phosphate-buffered saline (PBS), and fixed in 70% ethanol. 
Prior to flow cytometric analysis, fixed cells were stained with 
0.5 mg/ml PI in PBS containing 50 mg/ml RNase A. Cells 
were acquired on a flow cytometer and the data were analyzed 
using ModiFit LT™ software version 4.0 (BD Biosciences, 
Franklin Lakes, NJ, USA).

RT-qPCR analysis of MENK-associated opioid receptors. The 
mRNA expression levels of µOR (MOR), δOR (DOR) and 
κOR (KOR) were detected by RT-qPCR. B16 cells (3x106/well) 
were divided into 3 groups: MENK (12.5 mg/ml), MENK+NTX 
1 mg/ml; and RPMI-1640 medium and cultured for 48 h. Total 
RNA was extracted using TRIzol, and cDNA was synthesized 
using reverse transcriptase. Aliquots of cDNA were used as 
the template for qPCR reactions containing primers for MOR, 
DOR, KOR or β-actin. The primers were synthesized by 
Invitrogen; Thermo Fisher Scientific, Inc. and had the following 
oligonucleotide sequences: forward, 5'-TGCTCCTGGCTC 
AACTTGTCC-3' and reverse, 5'-GCGTGCTAGTGGCTAA 
GGCATCTG-3' for MOR; forward, 5'-CCATCCACATCT 
TCGTCATCGTCTG-3' and reverse, 5'-TCGTCCAGGAA 
GGCGTAGAGAAC-3' for DOR; forward, 5'-TCTCCCAGTG 
CTTGCCTTCTCC-3' and reverse, 5'-TTGCGGTCTTCATC 
TTCGTGTATCG-3' for KOR; and forward, 5'-TTCCAGCGT 
TCCTTCTTGGGTAT-3' and reverse, 5'-GTTGGCATAGAG 
GTGTTTACGG-3' for β-actin. The qPCR reactions were 
performed using an Applied Biosystems 7500 Real-Time PCR 
System (Thermo Fisher Scientific, Inc.) and SYBR® Premix 
Ex Taq II. The cycling conditions were as follows: an initial 
denaturation step at 95˚C for 2 min, followed by 40 cycles of 
denaturation at 95˚C for 15 sec and annealing at 60̊C for 
1  min. Data were normalized to β-actin using the 2-ΔΔCq 
method (19).

Apoptosis analysis. The induction of apoptosis was analyzed 
by FCM. Apoptosis was assessed by labeling B16  cells 
with Annexin V-fluorescein isothiocyanate (FITC) and PI 
(BD Biosciences) according to the manufacturer's protocol. 
The samples were acquired on a FACSCalibur flow cytom-
eter (BD Biosciences) and analyzed by ModiFit LT software 
version 4.0 or WinMDI version 2.9 (The Scripps Research 
Institute, La Jolla, CA, USA).

Transwell invasion assay. The invasive ability of cells was 
determined by Transwell assay. The 8-µm pore polycarbonate 
filters were coated with extracellular matrix (50 µg/filter; 
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Sigma-Aldrich; Merck Millipore); 500 µl (2x105) cells were 
added to the upper chamber and 500 µl RPMI-1640 with 10% 
FCS was pipetted into the lower chamber. The non-invasive 
cells in the upper chamber were gently wiped-off 16 h later. 
The cells that penetrated to the lower chamber were stained 
with crystal violet, imaged and counted. Each experiment was 
performed in triplicate.

Tumor morphology. Tumor tissues from each mouse were 
fixed in 4% paraformaldehyde at 4̊C for histological assess-
ment. After fixation, the tissues were dehydrated with a graded 
series of ethanol and embedded in paraffin. Thin sections 
(4-µm) prepared from the paraffin-embedded tissues were 
mounted on glass slides, and deparaffinized with xylene. 
Then, tissues were mounted on glass slides and stained with 
H&E for light microscopic examination. For morphological 
studies, 3 randomly selected sections were photographed using 
a x100 objective lens (Olympus BX-51) locating the tumor as 
described previously (21) (Olympus, Tokyo, Japan).

Analysis of macrophages and Th lymphocyte subsets by FCM. 
Splenocytes were separated and tested for membrane pheno-
types CD4, CD8, CD3 and NK cells by FCM. Splenocytes 
were prepared as previously described. The digested and 
processed splenocytes were filtered by a 200-micron nylon 
cell strainer (BD Biosciences) in PBS containing 2% FCS to 
obtain single‑cell suspensions and red blood cells were lysed. 
Isolated splenocytes were placed in 1 ml of staining buffer 
at 1x106 cells/ml. The following antibodies were utilized: 
anti-CD3 (APC), anti‑CD4  (PE), anti-CD8  (FITC) and 
anti-NK (PE).

All cells were analyzed using FACSCalibur (BD Biosciences). 
The percentage of positive cell staining for each antibody was 
determined by comparing test samples with an isotype control. 
Data were analyzed by FCS Express Version 3 software.

ELISA assay for cytokines. The production of cytokines, IL-2, 
TNF-α and IFN-γ in the sera obtained by retinal orbital bleed 
was measured using ELISA kits from eBioscience (San Diego, 
CA, USA).

Statistical analysis. All experiments were performed in tripli-
cate at a minimum. Data are expressed as the mean ± standard 
deviation. Statistical analyses were performed using SPSS 
software version 13.0 (SPSS, Inc., Chicago, IL, USA). Groups 
were compared using one-way analyses of variance followed 
by a post hoc test S-N-K. P<0.05 was considered to indicate a 
statistically significant difference.

Results

MENK inhibits B16 cell proliferation. The highest extent 
of B16 inhibition was observed at concentrations of MENK 
>10 mg/ml. As compared to the inhibition observed in the 
control group following 48 h of incubation, cell proliferation in 
the 12.5 mg/ml MENK-treated group was reduced by 41.06% 
(P<0.001; Fig.  1). The viability of B16 cells treated with 
MENK was reduced in a dose- and time-dependent manner.

MENK induces cell cycle arrest. MENK reduced B16 cell 
proliferation and restricted them to the G0-G1  phase of 

Figure 1. Growth inhibition of B16 cells by various concentrations of methio-
nine enkephalin (MENK) after 24-96 h. The inhibitory rate of B16 cell 
growth following treatment with 0, 2.5, 5, 10 or 12.5 mg/ml MENK for 24, 
48, 72 and 96 h was evaluated by an MTS assay. The inhibition rate in the 
12.5 mg/ml MENK group was significantly increased compared to control 
cultures that received RPMI-1640 only at 72 h (P<0.01), and 96 h (P<0.01, 
*P<0.05 and **P<0.01 vs. RPMI-1640).

Figure 2. MENK inhibits B16 growth by cell cycle arrest. (A) The cell cycle of 
B16 cells treated with 0, 2.5, 10 or 12.5 mg/ml MENK for 48 h was analyzed 
by flow cytometry. (B) The percentage of 10 mg/ml MENK-treated cells in the 
G0/G1 phase was significantly elevated in comparison to the control (P<0.01). 
(P<0.01, *P<0.05 and **P<0.01 vs. RPMI-1640). The mean percentage of cells 
in the G0/G1, S and G2/M phases are shown.
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Figure 4. MENK induces apoptosis of the B16 cells. (A) Annexin V/PI staining of B16 cells was performed following treatment with 0, 2.5, 5, 10 or 12.5 mg/ml 
MENK for 12, 24, 48 or 72 h. Apoptotic cells were defined as Annexin V+/PI-. Experiments were performed 3 times with similar results and one representative 
experiment is presented. (B) The rate of apoptosis increased from 4.22% in the control group to 25.1% in the 12.5 mg/ml MENK treatment group (P<0.01). 
(P<0.01, *P<0.05 and **P<0.01 vs. RPMI-1640). MENK, methionine enkephalin; PI, propidium iodide.

Figure 3. mRNA expression levels of DOR, MOR and KOR in B16 cells. 
mRNA expression levels were detected using reverse transcription-quanti-
tative polymerase chain reaction following treatment with RPMI-1640 or 
the MENK and MENK+NTX groups in vitro for 48 h. β-actin served as an 
internal reference. MENK upregulated the mRNA expression levels of DOR, 
MOR and KOR in B16 cells. DOR and MOR were significantly upregulated 
following MENK treatment compared with the RPMI-1640 group (P<0.01, 
*P<0.05 and **P<0.01  vs.  RPMI-1640). The increased expression was 
attenuated by NTX. DOR, δ-opioid receptor, MOR, µ-opioid receptor; KOR, 
κ-opioid receptor; MENK, methionine enkephalin; NTX, naltrexone.
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the cell cycle (Fig. 2A). The percentage of B16 cells in the 
G0/G1 phase cultured with 12.5 mg/ml MENK at 48 h was 
89.63%, as compared to 55.95% in control group (P=0.015; 
Fig. 2B). Furthermore, the percentage of cells in the S phase 
cultured with 12.5 mg/ml MENK was decreased to 10.35% 
compared to 25.66% of the control cells  (P=0.004). The 
percentage of B16 cells in the G2/M phase following treatment 
with 12.5 mg/ml MENK for 48 h was 0.01% compared with 
18.39% in the control cells (P=0.24).

Culture of B16 cells with MENK increases mRNA opioid 
receptor expression. Following treatment with 12.5 mg/ml 
MENK, mRNA transcription of MOR, DOR and KOR by B16 
cells was determined by RT-qPCR (Fig. 3). Their expression 
levels were upregulated post-treatment with MENK and the 
expression levels were blocked by NTX. Expression levels 
of DOR, MOR and KOR were 6.68-, 5.46-  and 2.81-fold 
increased, compared to the control group. These differences 
reached statistical significance for DOR  (P<0.001) and 
MOR (P=0.001). This increased expression of all 3 ORs was 
attenuated by NTX (P=0.004).

MENK induces apoptosis in vitro. Apoptosis of B16 cells 
was observed as assessed by Annexin V staining. Following 
MENK treatment of B16 cells, decreased viability was 
accompanied by alterations in cell morphology. This was 
confirmed by Annexin V/PI staining. There was a significant 
dose-dependent increase in Annexin V+/PI- apoptotic cells 
following MENK co-culture as compared to the control 
cells (Fig. 4A). Apoptosis appeared to peak at 48 h following 
addition of MENK to the culture. The apoptosis of B16 cells 
increased from 6.37% in the control group to 28.1% in the 
12.5  mg/ml cultured MENK treatment group  (P=0.001; 
Fig. 4B).

MENK inhibits B16 cell invasion. The invasion capacity 
of B16 cells was determined using a Transwell assay. The 
number of cells that penetrated the membrane was signifi-
cantly decreased (5.46%) following culture with 5 mg/ml 
MENK (P=0.26) and by 31.18% following culture with 
12.5 mg/ml MENK (P<0.001) as comparison to the control 
group (Table I).

Tumor size and survival. The tumor volume and weight in 
the MENK-treated group were significantly lower than those 
in the control and MENK+NTX groups. Mean tumor volume 
and weight were significantly different  (P<0.01). MENK 
treatment significantly increased the survival time relative to 
the control group and this impact on survival was reversed by 
administration of NTX. The tumors in the MENK group were 
suppressed during the treatment. In contrast, the tumors in the 
vehicle control group grew quickly. The results determined 
that after 30 days, tumor size and weight were suppressed 
significantly in the MENK group (Fig. 5A and B; P<0.01) 
in comparison to the control group. The survival rate in the 
MENK group was significantly prolonged in comparison 
with that in the control group (P<0.05), as shown in Fig. 5C. 
The results showed that MENK could delay tumor growth 
and significantly enhance the survival of mice bearing B16 
tumors.

Table  I. Methionine enkephalin (MENK) inhibits B16 cell 
invasion.

Group	 Cell number	 P-value

Control	 95.65±6.71
MENK (mg/ml)
  2.5 	 90.43±7.28
  5	 81.35±5.35	 0.26
  10	 78.67±5.83	 <0.001
  12.5	 65.83±4.21	 <0.001

A Transwell assay was performed and the number of cells that had 
migrated to the lower chamber following a 12-h incubation was 
counted. Data are expressed as the mean ± standard deviation (n=6). 

Figure 5. Control of tumor growth by MENK administration. (A) Tumor 
volume in the MENK-treated group compared with the control tumor-
bearing mice. (B) Effect of MENK on tumor weight in the tumor-bearing 
mice. (C) Survival rate in the experimental groups vs. the control tumor-
bearing mice; *P<0.05, **P<0.01 vs. the NS (normal saline) group. MENK, 
methionine enkephalin.
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Histopathologic morphology of tumors. Histopathologic anal-
yses of control tumors, as previously reported, have shown that 
B16 tumor cells grow as diffused nests with a high frequency 
of mitotic cells, cellular heterogeneity, with an epithelioid or 
spindle type, cell volume and a large nuclear to cytoplasm ratio 
and varying nuclear morphology. A significant increase in the 
nucleoli:nucleoplasm ratio is observed, melanin is observed in 
the cytoplasm, less nuclear pyknosis is observed with occa-
sional sites of scattered focal necrosis. The presence of necrosis 
in the MENK-treated tumors was increased. In the treated B16 
tumors they were significantly reduced in size, had visible 

nuclear pyknosis, karyorrhexis, necrosis and a rich cytoplasm 
and an increase in inflammatory cell infiltration (Fig. 6).

Analysis of T lymphocyte subsets by FCM. The phenotypes of 
splenic T lymphocyte subsets were studied using 3-color FCM. 
The percentage of CD3+ lymphocytes in the MENK group 
was markedly higher than that in the control group, while the 
percentage of NK lymphocytes was not significantly increased. 
The mice treated with MENK exhibited an increased ratio of 
CD4+ to CD8+ T cells as assessed by FCM, with a ratio of 2.03 
in the control group, 3.69 in the MENK‑treated group and 2.65 

Figure 7. Phenotype characteristics of the splenocytes. FCM was undertaken following MENK administration daily for 30 days. (A) Ratio of CD4+ and CD8+ 

T cells. (B) NK and CD3+ T cells. B cells were identified as those cells that are CD3 and NK-negative. MENK, methionine enkephalin.

Figure 6. Morphology of histopathological tumor sections. Histopathology of tumors in the MENK-treated mice vs. that in the NS/control-treated mice 
(magnification, x100). The tumor regression was accompanied by apoptosis (black arrow) in the MENK-treated group. At the same time, tumors in the control 
group were observed as exhibiting diffused distribution in nests and vigorous growth. MENK, methionine enkephalin.
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in the MENK+NTX group. These data indicate that MENK 
induced Th1 immunity effectively in the tumor-bearing 
mice (Fig. 7).

Effect of MENK administration on serum cytokine levels. 
The cytokine levels in the serum of MENK-treated mice were 
assessed by ELISA analysis and included IL-2, IFN-γ and 
TNF-α levels. Twenty-four hours after the last injection, serum 
was obtained from the retinal orbital plexus. In the MENK 
group all cytokines were significantly increased (P<0.01) 
compared with these levels in the NS and MENK+NTX 
groups (Fig. 8).

Discussion

Successful treatment of melanoma is a significant challenge, 
and novel combinations of targeted drugs and immunothera-
pies have recently provided encouraging outcomes, not only 
for melanoma, but also for other solid tumors. In recent years, 
cancer immunotherapy has become an important adjacent 
therapy to traditional cancer therapies. By regulation of the 
immune system, particularly immune cells within the tumor 

microenvironment, the growth of some cancers can be 
controlled (22).

The coordination of the endocrine and immune systems 
maintains the stability of many host functions. Indeed, 
MENK may contribute to immune responses by activating 
multiple types of immune cells for tumors and viral infections, 
enabling them to secrete various cytokines or killing target 
cells directly (23,24). Opioid peptides and opioid receptors 
have been found in a variety of human cancer tissues and to 
have a direct influence on the growth of neural and non-neural 
cells and tissues (25). Moreover, there are interactions among 
immune cells which take place by the secretion of a variety 
of cytokines. In our previous study, we demonstrated that 
MENK alone or in combination with IL-2 or IFN-γ, respec-
tively strengthened the pathway between dendritic cells (DCs) 
and CD4+ T cells, and induced maturation of DCs with higher 
production of IL-12 (26). MENK was found to inhibit the 
growth and induce apoptosis of A375 cells (27). In the present 
study, we made the unique discovery that MENK not only can 
inhibit the proliferation and metastasis of B16 cells directly, 
but also can indirectly kill B16 cells by stimulating lympho-
cyte subsets and cytokine secretion to achieve the therapeutic 
goal. The importance of this discovery cannot be emphasized 
sufficiently since it now provides a direct clue to the solution 
for melanoma B16 treatment with MENK.

The present study investigated the detailed mecha-
nisms underlying the effects of MENK on melanoma B16 
cell tumor-bearing mice. Our results conclude that: ii) the 
optimal concentration of MENK to inhibit the progression, 
aggression and metastasis of B16 cells was 12.5  mg/ml. 
ii) The expression of DOR, MOR and KOR in B16 cells was 
upregulated post-treatment with MENK, and the increased 
expression was attenuated by NTX. iii) MENK retarded the 
growth of B16 cells, and restricted them to a G0-G1 portion of 
the cell cycle. iv) Apoptosis of B16 cells was observed. v) The 
result of the Transwell assay also concluded that 12.5 mg/ml 
MENK effectively inhibited B16 cell invasion. vi) Treatment 
of B16 primary tumors with MENK administration reduced 
tumor volume and weight and prolonged survival rela-
tive to control-treated mice and this therapeutic activity 
was blocked following the administration of NTX. This is 
consistent with prior studies of MENK-increased antitumor 
resistance in mice against the growth of B16 cells and also 
increased survival time. vi) The histopathologic morphology 
of tumors demonstrated significant differences between the 
MENK and NS groups (8). Furthermore, in our present study 
the mice treated with MENK exhibited increased frequency 
of CD4+ and CD8+ T cells and ratio as detected by FCM, 
with ratios of 2.03 in the control group, 3.69 in the MENK-
treated group and 2.65 in the MENK+NTX group (Fig. 7). 
ix) MENK induced an increase in IL-2, IFN-γ and TNF-α 
as assessed by ELISA. Therefore, MENK not only inhibited 
the proliferation of B16 cells directly, but also regulated B16 
tumor growth by stimulating T cell frequency and cytokine 
secretion.

The immune system includes a complex, diverse network 
of leukocyte cells by forming a feedback loop regulated by 
secreted cytokines. The secretion of IFN-γ may also entice 
B  cells to produce opsonizing antibodies, which aids in 
phagocytosis by the macrophage and antibody-dependent, 

Figure 8. Levels of IL-2, IFN-γ and TNF-α secreted from serum of the 
tumor-bearing mice injected with MENK. (A) IFN-γ. (B) IL-2. (C) TNF-α; 
*P<0.05, **P<0.01, vs. the normal saline (NS)-treated group. MENK, methio-
nine enkephalin.
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cell-mediated cytotoxicity of NK cells  (28). TNF-α is a 
multi‑functional cytokine, playing a pivotal role in cell 
apoptosis, cell proliferation and tumorigenesis. A high level 
of TNF-α could enhance the cytotoxic effect against cancer 
cells, direct blockage of cancer cells, ischemic necrosis of 
tumors and lysis of cancer cells (29). TNF-α also can induce 
inflammation of capillary endothelium resulting in tumor 
necrosis (30). In the present study, MENK promoted the secre-
tion of IFN-γ, TNF-α and IL-2.

Intralesional IL-2 may be beneficial for the treatment of 
intransit melanoma metastases. Previous studies used lower 
concentrations (3 and 3.6 million units) with lower response 
rates (50 and 62.5%) compared with the recent study by 
Shi et al  (31), in which higher-dose IL-2 (up to 22 million 
units) combined with topical imiquimod and tretinoin 0.1% 
cream resulted in a 100% complete response (32).

In response to immune system, antigen-presenting cells 
such as DCs secrete a variety of cytokines by stimulating 
CD4+ T cells to become differentiated into Th1, Th2 or Th17 
by a process known as polarization (33). Th1 cells are often 
considered as pro-inflammatory factors, which could respond 
to IL-12, produce IFN-γ and enhance the pathway of CD4+ 

T cell proliferation and inflammation (34,35). In the present 
study, the ratio of CD4+ to CD8+ T cells was increased. It is 
also helpful to gain deep insight into the immunological 
mechanisms of MENK for its positive immune regulation. 
Based on the above findings, we may consider this strategy for 
application in cancer therapy in the future.

From the results of the present study we conclude that 
MENK inhibits the growth and induces the apoptosis of 
B16 cells, resulting in a potential therapeutic mechanism. 
MENK administration also enhanced immune function in 
tumor-bearing mice and thus may act as an immunomodulator 
for patients with melanoma. Therefore, MENK should be 
investigated as an adjuvant therapy for melanoma patients in 
combination with chemotherapy. Additional studies are needed 
to obtain deeper insight into the immunological mechanisms 
of MENK and its immune regulatory activity. Further studies 
are still needed to develop an optimal strategy for the adjuvant 
use of MENK in the treatment of melanoma.
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