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Abstract 

Background: Patients with cancer rely on morphine for analgesia, while studies have indicated morphine can induce 
immunosuppression in cancer. Therefore, investigating the immunosuppressive roles and molecular mechanism of 
morphine on lung cancer progression is imperative.

Methods: Lactate dehydrogenase (LDH) release assay was used to determine the cytotoxicity of morphine to lung 
cancer cells. The percentage of  CD4+ and  CD8+ T cells was detected by flow cytometry. In addition, Maelstrom 
(MAEL), Nrf2, and PTEN were determined by western blot and RT-qPCR. Immune factors programmed death-ligand 1 
(PD-L1), transforming growth factor (TGF-β), interleukin (IL)-10, and IL-2 were determined by western blot and ELISA 
assay.

Results: Morphine increased the levels of PD-L1, TGF-β, and IL-10, while decreased IL-2 level. Morphine enhanced 
MAEL expression in A549 cells and H460 cells. Morphine up-regulated Nrf2 and down-regulated PTEN, and morphine-
induced MAEL up-regulation was reversed by PTEN. However, MAEL silencing inhibited the enhanced effects of mor-
phine on cell viability and proliferation of A549 cells. Furthermore, morphine treatment reduced the LDH release and 
the percentage of  CD8+ T cells, and increased the ratio of  CD4+/CD8+ T cells and tumor weight. Meanwhile, MAEL 
silencing reversed the effects of morphine on immune factors (PD-L1, TGF-β, IL-10, and IL-2), the percentage of  CD8+ T 
cells, and the ratio of  CD4+/CD8+ T cells.

Conclusion: Morphine activated MAEL in lung cancer cells by Nrf2/PTEN pathway and regulated the immune fac-
tors, thereby promoting tumor immune escape.
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Background
Lung cancer is a high mortality heterogeneous disease 
[1]. Approximately 80-85% of human lung cancers are 
non-small cell lung cancer (NSCLC), and the remaining 
15-20% are small cell lung cancer (SCLC) [2]. Lung cancer 

patients are caused by smoking, while non-smokers are 
caused by exposure to secondhand smoke [3]. Surgery 
is the main treatment for patients with early lung can-
cer, other common treatments for lung cancer patients 
include radical radiotherapy, radiofrequency/microwave 
ablation, systemic therapies, immunotherapy, and tar-
geted therapy [4, 5]. Pain is a very common symptom in 
all stages of cancer patients. Pain suppresses immunity, 
and immunity is important to prevent cancer [6]. There-
fore, it is very important to control cancer-related pain 
and improve immune function in cancer patients.
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Maelstrom (MAEL) is a cancer-testis (cancer-germline) 
gene, which is principally expressed in germline cells. 
Furthermore, MAEL is over-expressed in various cancer 
types including lung, breast, prostate, and colon cancer 
[7]. MAEL interacts with stress granule proteins and may 
be part of the ribonucleoprotein complex in breast can-
cer and colorectal cancer [8]. MAEL up-regulates IL8 
through Akt1/RelA to promote esophageal squamous cell 
carcinoma progression [9]. MAEL exerts its oncogenic 
function by promoting ILKAP degradation in gastric 
cancer [10]. Moreover, evidence has suggested that many 
cancer germline genes are involved in cell proliferation, 
and their high expression triggers the attack of immune 
cells in cancer [11]. MAEL protein has two domains, the 
MAEL-specific domain (MSD) with a putative RNAse-
H-like fold and the amino-terminal high mobility group 
(HMG)-box domain [12, 13], which plays an important 
role in the innate immune response to immunogenic for-
eign nucleic acids [14, 15]. However, the role of MAEL on 
immune regulation in lung cancer is unclear.

Morphine is an opioid widely used in the treatment 
of pain, but the individual response of patients varies 
greatly, and there is no clear guidance on the morphine 
dosage regimen, which complicates clinical treatment 
[16]. In addition, morphine plays a vital role in the reg-
ulation of cancer [17]. It can regulate and suppress the 
immune system through the central mediated mecha-
nism [18]. Intravenous morphine suppresses the immune 
and stress of patients with modified radical mastectomy 
[19]. Morphine increases IL-6 concentration and sup-
presses natural killer cell activity, thereby suppressing 
immune response during surgery [20]. Morphine also 
increases the ratio of  CD4+/CD8+ T cells, thereby inhib-
iting the immune function of patients with gastric cancer 
[21]. Moreover, morphine can enhance the growth and 
spread of some cancer diagnoses, such as NSCLC [18]. 
Overall survival (OS) is significantly shorter in NSCLC 
patients taking opioids than in those who didn’t [22]. 
However, the molecular mechanism of morphine-medi-
ated immunity in lung cancer remains unclear.

In this research, we demonstrated morphine may sup-
press immune response via promoting MAEL expression 
in lung cancer cells, and MAEL may be a potential target 
for clinical research.

Materials and methods
Cell culture
The human lung cancer cell lines (A549 and H460 cells) 
and normal cells (BEAS-2B) were obtained from Ameri-
can Type Culture Collection (Manassas, VA, USA), and 
cultured in RPMI Medium 1640 (Gibco, Waltham, MA, 
USA) supplemented with 10% FBS, 1% streptomycin 
/ penicillin at 37 °C in 5%  CO2 and 95% humidity. A549 

cells were randomly divided into control and morphine 
(treatment with 1, 10, and 20 μM morphine, respectively) 
groups.

Transfection
Small interfering RNA targeting MAEL (si-MAEL) and 
the negative control (si-NC) were obtained from GeneP-
harma (Shanghai, China). Cells were seeded in 24-well 
plates at 37 °C for 24 h and were transfected with si-
MAEL and si-NC for 48 h using Lipofectamine 3000 rea-
gent (Invitrogen, Carlsbad, CA, USA) according to the 
instructions of manufacturer. Subsequently, the trans-
fected cells were collected for the next experiments.

Enzyme‑linked immunosorbent assay (ELISA)
The levels of programmed cell death ligand 1 (PD-L1), 
transforming growth factor-beta (TGF-β), interleu-
kin (IL)-10, and IL-2 in the cellular supernatant were 
detected by ELISA kits (Esebio, Shanghai, China) follow-
ing the instructions of the manufacturer.

Western blot assay
Protein was extracted using Protein Extraction Kit 
(Sigma-Aldrich, St. Louis, MO, USA). The samples 
were resolved by 10% SDS-PAGE and transferred to the 
PVDF membrane. Next, the membranes were blocked 
with 5% skim milk at 25 °C for 1 h, then incubated with 
the primary antibodies against MAEL (ab106713, 1:100, 
Abcam, Cambridge, MA, USA), PD-L1 (ab205921, 
1:100, Abcam), TGF-β (ab215715, 1:1000, Abcam), IL-2 
(ab92381, 1/1000, Abcam), IL-10 (ab133575, 1:1000, 
Abcam) and GAPDH (ab8245, 1:1000, Abcam) over-
night at 4 °C. After, the membranes were incubated with 
horseradish peroxidase (HRP)-conjugated secondary 
antibody (1:5000) at 25 °C for 1 h. Blots were analyzed by 
enhanced chemiluminescence western blotting detection 
kits (Sigma-Aldrich). GAPDH was employed as a protein 
loading control.

Quantitative real‑time PCR (qRT‑PCR)
The total RNA was extracted using TRIzol reagent 
(Sigma-Aldrich). RNA was reversed transcribed into 
cDNA using M-MLV Reverse Transcriptase kit (Sigma-
Aldrich). The qRT-PCR was performed using a SYBR® 
Green PCR Kit (Sigma-Aldrich) according to the instruc-
tions of manufacturer. The Mastercycler ep realplex 
detection system (Eppendorf, Hamburg, Germany) was 
used for RT-qPCR assay. β-Actin was used for normaliza-
tion of the mRNA expression. The primer sequences are 
shown in Table 1.
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Bioinformatics
Gene Expression Profiling Interactive Analysis (GEPIA) 
(http:// gepia. cancer- pku. cn/) was used to analyze the 
expression of MAEL in lung adenocarcinoma (LUAD).

3‑[4,5‑dimethyl‑2‑thiazolyl]‑2,5 diphenyl‑2H‑tetrazolium 
bromide (MTT) assay
The viability of A549 cells was measured using the MTT 
kit (Sigma-Aldrich). Cells were cultured into 96-well 
plates for 24 h. Then, 20 μl of MTT (2.5 mg/ml) was added 
to the wells and maintained at 37 °C for 4-6 h. Afterward, 
the formazan crystals were dissolved by dimethyl sul-
foxide (DMSO) after the medium was removed. Finally, 
the absorbance was measured at 450 nm, and this was 
recorded at 0, 24, 48, and 72 h.

Cell proliferation assay
According to the instructions of manufacturer, the pro-
liferation of A549 cells was detected by the 5-Ethynyl-
20-deoxyuridine (EdU) kit (Ribobio, Guangzhou, China). 
The cell nuclei were counter stained with DAPI (1 mg/ml) 
for 5 min. Finally, the images were acquired by the fluo-
rescence microscope (Leica, Wetzlar, Germany), and the 
EdU positive cell ratio was calculated.

Animals
Male Sprague-Dawley rats (180 ± 20 g, EseBio, Shanghai, 
China) were used in this experiment. The tumor model 
was established by subcutaneously injecting 2 ×  107 cells 
in 200 μL PBS into the bilateral flank of the rats.To evalu-
ate the effect of morphine on immune function, the rats 
were randomly divided into control (n = 6) and morphine 
(n = 6, intraperitoneally injected, 0.1, 0.3, and 0.5 mg/kg, 
respectively) groups. In addition, to explore the interac-
tion between MAEL and morphine on immune function 
in lung cancer, the rat models were divided into control, 
morphine, morphine+si-NC, and morphine+si-MAEL 
groups (n = 6 each group). For the rats of morphine+si-
NC and morphine+si-MAEL groups, a total of 0.2 mL of 

PBS containing A549 cells (2 ×  107 cells) with si-NC and 
si-MAEL were subcutaneously injected into the bilateral 
flank of the rats. In addition, rats were injected intraperi-
toneally with morphine (0.3 mg/kg) once daily for 3 days. 
Rats in the control group were injected with 0.9% saline. 
At the end of the experiment, the rats were euthanized 
with pentobarbital sodium. The animal research proce-
dures were carried out in accordance with the protocol 
approved by the Institutional Animal Care and Use Com-
mittee and approved by the committee of Dalian Fifth 
People’s Hospital.

Lactate dehydrogenase (LDH) assay
Collect the spleen under aseptic conditions after rats 
are sacrificed. The spleen sterile Tris-NH4Cl is used to 
remove red blood cells and RPMI-1640 medium was 
used to make spleen cell suspension (1 ×  107 cells/ml). 
A549 cells (4 ×  104) and 8 ×  105 spleen cells were added to 
each well of the 96-well plate to make an effective target 
ratio of 20:1. Effector cells natural release control, target 
cells natural release control, target cells max release con-
trol, culture medium control, and cell culture medium 
correction control were set. Each sample was repeated 
3 times. After incubation for 4 h, cell lysate (10 μl) was 
added to the target cells, Max release control wells and 
culture medium control wells. After incubating for 1 h, 
50 μl supernatant was collected from each well and trans-
ferred to another 96-well plate. Then, 50 μl LDH sub-
strate was added to each well and incubated at 25 °C for 
30 min (avoid light). Stop solution (50 μl) was added and 
the absorbance (490 nm) was determined via a micro-
plate reader (Bio-Rad, Hercules, CA).

Flow cytometry
Rats were sacrificed by cervical dislocation. Peripheral 
blood mononuclear cells (PBMCs) were isolated from 
fresh heparinized blood samples of rats by density gradi-
ent separation using Ficoll density gradient (TBD Science, 
China). PBMCs were then stained with the PE-anti-CD8, 
FITC-anti-CD4 (BioLegend, San Diego, USA), and incu-
bated at 4 °C for 30 min (avoid light). Subsequently, cells 
were washed twice with PBS and re-suspended in a 4% 
paraformaldehyde solution with a final volume of 300 μL 
for analysis. The percentage of  CD4+ T cells and  CD8+ T 
cells in peripheral blood were detected by flow cytometry 
and analyzed by FlowJo VX (Treestar, USA).

Statistical analysis
Two-group comparisons were analyzed by Student’s 
t-test. Differences among groups were analyzed by one-
way ANOVA with Tukey’s post hoc test and two-way 
ANOVA by post-hoc t tests corrected with false discov-
ery rate using Prism 5.0 software (GraphPad, La Jolla, 

Table 1 Primers for qRT-PCR in this study

Gene Forward Reverse

MAEL 5′-TTC CAC GAG GAT TTC GAT 
TC-3′

5′-TCC ATA CGC TTC AAA CAC 
CA-3′

Nrf2 5′-ACA CGG TCC ACA GCT CAT 
C-3′

5′-TGC CTC CAA GTA TGT CAA TA-3′

PTEN 5′-TTG ATT GCA TCT CCA TCT 
CCT-3′

5′-TTC GCT TTC TCT GAG CAT 
TCT-3′

β-Actin 5′-AAG TGT GAC GTT GAC ATC 
CG-3′

5′-GAT CCA CAT CTG CTG GAA 
GG-3′

http://gepia.cancer-pku.cn/


Page 4 of 10Wang et al. BMC Pharmacology and Toxicology           (2022) 23:92 

CA). Statistical data were presented as the mean ± SD. 
P < 0.05 was considered significant.

Results
Morphine regulates immune factors expression 
and reduces LDH release
PD-L1 is highly expressed in various types of cancer and 
contributes to promoting the tumor immune escape [23]. 
The activation of TGF-β and IL-10 play an immunosup-
pressive role in the tumor microenvironment, while IL-2 
can enhance the immune response of cancer patients 
[24–26]. The effects of morphine on immune factors were 
determined in A549 cells. The result suggested that the 
expression of PD-L1, TGF-β, and IL-10 were increased 
in a dose-dependent manner of morphine, while mor-
phine reduced IL-2 expression in a dose-dependent man-
ner (Fig.  1A, P < 0.01). Furthermore, these results were 
further verified by the western blot analysis (Fig.  1B, P 
< 0.01). Meanwhile, similar results are shown in H460 
cells, morphine increased the levels of PD-L1, TGF-β, 
and IL-10, while decreasing the level of IL-2 (Fig. 1C, P 
< 0.05). The results showed that morphine treatment 
may promote the tumor immune escape by regulating 

immune factors expression in lung cancer cells. In addi-
tion, LDH release assay was used to determine the cyto-
toxicity of morphine to normal cells. Low concentration 
morphine treatment had no significant effect on the 
cytotoxicity of BEAS-2B cells, while 20 μM morphine has 
toxic to BEAS-2B cells (Fig. 1D, P < 0.01).

Morphine up‑regulates MAEL expression in A549 and H460 
cells
Nuclear factor erythroid 2-related factor 2 (Nrf2) / phos-
phatase and tensin homologue (PTEN) plays an impor-
tant role in antitumor immunity [27, 28]. We found 
morphine increased Nrf2 and decreased PTEN expres-
sion in A549 and H460 cells, while naringin (PTEN acti-
vator, 150 μM) decreased MAEL expression induced by 
morphine (Fig. 2A-D, P < 0.01), suggesting morphine may 
regulate MAEL expression by Nrf2/PTEN pathway. The 
expression of MAEL was determined in lung adenocar-
cinoma (LUAD) based on GEPIA. As shown in Fig.  2E, 
MAEL was highly expressed in LUAD compared with the 
normal samples, while the difference was not significant. 
Furthermore, morphine treatment up-regulated MAEL 
expression in A549 and H460 cells (Fig. 2F-I, P < 0.01).

Fig. 1 Morphine regulates immune factor expression and reduces LDH release. A The expression of PD-L1, TGF-β, IL-2, and IL-10 was detected by 
ELISA assay in A549 cells. B The expression of PD-L1, TGF-β, IL-2, and IL-10 was detected by western blot. C The expression of PD-L1, TGF-β, IL-2, and 
IL-10 was detected by ELISA assay in H460 cells. D The LDH release was detected using the LDH kit.*P < 0.05, **P < 0.01 versus control
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MAEL regulates immune cytokines expression in A549 
and H460 cells
To explore the function of MAEL in lung cancer, MAEL 
was knocked out by siRNA transfection. The data showed 
that MAEL expression was decreased after MAEL silenc-
ing in A549 cells (Fig. 3A, P < 0.01). As shown in Fig. 3, 
the silencing of MAEL decreased the expression of 
PD-L1 (P < 0.05), TGF-β (P < 0.01), and IL-10 (P < 0.01), as 
well as increased the expression of IL-2 (Fig. 3B, P < 0.01). 
In addition, MAEL expression was significantly reduced 
in H460 cells after transfection with si-MAEL (Fig.  3C, 
P < 0.01). Similarly, MAEL silencing reduced the expres-
sion of PD-L1, TGF-β, and IL-10, while increasing the 
expression of IL-2 in H460 cells (Fig.  3D, P < 0.01). The 
result showed that MAEL may regulate the secretion of 
immune cytokines in lung cancer cells.

Morphine promotes proliferation and regulates immune 
factors by increasing MAEL expression
Morphine treatment increased cell viability, while 
MAEL silencing inhibited the increase of cell viability 

by morphine (Fig. 4A, P < 0.05). Meanwhile, morphine 
treatment increased EdU positive cells, while MAEL 
silencing inhibited the increase of EdU positive cells 
by morphine (Fig.  4B, P < 0.01). Furthermore, MAEL 
silencing reversed the effects of morphine on PD-L1, 
TGF-β, IL-10, and IL-2 (Fig. 4C-G, P < 0.01). The data 
showed that silencing of MAEL attenuates the effects 
of morphine on cell viability, proliferation, and immune 
factors.

Morphine decreases LDH release and the percentage 
of  CD8+ T cells, increased the ratio of  CD4+/CD8+ T cells, 
and promoted the tumor weight
LDH release assay was used to determine the cytotoxicity 
to A549 cells. The activation of  CD4+ and  CD8+ T cells 
is critical for an effective immune response [21, 29]. In 
addition, the ratio of  CD4+/CD8+ T cells may be a criti-
cal parameter of anti-tumor immunity [29, 30]. Morphine 
treatment reduced the LDH level (Fig. 5A, P < 0.01), but 
did not distinctly change the number of  CD4+ T cells in 
peripheral blood (Fig. 5B). The number of  CD8+ T cells 
was reduced (Fig. 5C, P < 0.01), while the ratio of  CD4+/

Fig. 2 Morphine up-regulates MAEL expression in A549 and H460 cells. A-D The expression of Nrf2, PTEN, and MAEL was determined in by 
qRT-PCR. **P < 0.01 versus control. ##P < 0.01 versus morphine. E MAEL expression was determined in LUAD and normal samples. F, G MAEL 
expression in A549 cells. H, I MAEL expression in H460 cells.*P < 0.05, **P < 0.01 versus control
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CD8+ T cells was increased by morphine (0.3 mg/kg and 
0.5 mg/kg) treatment (Fig. 5D, P < 0.05). In addition, mor-
phine treatment (0.3 mg/kg and 0.5 mg/kg) promoted the 
weight of the tumor compared with control (Fig.  5E, P 
< 0.05). The data showed that morphine treatment signifi-
cantly decreased cytotoxicity to A549 cells and facilitated 
tumor immune escape and tumor growth.

MAEL silencing reverses the effects of morphine 
on immune cells
MAEL silencing reversed the effect of morphine treat-
ment on the LDH level (Fig. 6A, P < 0.05). The change 
of CD4+ T cells did not distinctly difference after 
MAEL silencing (Fig.  6B). Furthermore, MAEL silenc-
ing reversed the effects of morphine on the number of 
 CD8+ T cells and the ratio of  CD4+ T/CD8+ T cells 
(Fig.  6B, P < 0.01). The result showed that MAEL is 
involved in the regulation of morphine on the immune 
response.

Discussion
Lung cancer is the third most common cancer. Cancer 
patients generally show immune suppression [31]. The 
host immune system, particularly cellular immunity, is 
closely associated with tumor occurrence, development, 
and metastasis of malignant tumors [32]. Studies have 
demonstrated that tumor immune evasion is one of the 
hallmarks of malignant tumors and represents an impor-
tant step in tumor development [32]. In this research, 
we proved that morphine can regulate immune factors 
and immune cells, and morphine inhibits the immune 
response via up-regulating MAEL in lung cancer cells.

Morphine is a highly effective analgesic, which is 
widely used to relieve the pain and suffering of cancer 
patients [17]. Studies have suggested that morphine can 
promote the growth and spread of cancer, such as pros-
tate cancer, breast cancer, and NSCLC [18]. Moreover, 
opioid alkaloids (morphine and heroin) have immuno-
suppressive effects in  vivo and in  vitro [33]. Morphine 
has analgesic activity and improvement of postoperative 
immunosuppression in patients undergoing abdominal 
surgery for uterine cancer [34]. Morphine-3-glucuron-
ide up-regulates PD-L1 expression in NSCLC cells, and 
eventually promotes tumor immune escape [35]. There-
fore, based on this, we speculated morphine can regulate 
the immune response in lung cancer. In this research, 
morphine up-regulated PD-L1 expression in A549 cells 
and H460 cells. Meanwhile, we also proved the effects 
of morphine on other immune factors, the expression of 
TGF-β and IL-10 were increased, while IL-2 expression 
was reduced. The result indicated that morphine induced 
tumor immune escape by regulating immune factors 
expression. Moreover, morphine decreases natural killer 
cell cytotoxicity and T cell subtypes  (CD4+ and  CD8+) 
content [36]. In this research, morphine decreased LDH 
level, the number of  CD4+ T and  CD8+ T cells, as well as 
the ratio of  CD4+/CD8+ T cells was increased. Hence, the 
balance of  CD4+ T and  CD8+ T cells is pivotal for lung 
cancer prognosis, and morphine-induced tumor immune 
escape was further supported. Consequently, these 
results suggested that lung cancer is related to immune 
response, and morphine suppressed the immune system 
by regulating immune factors and immune cells in lung 
cancer.

Fig. 3 MAEL regulates immune cytokines expression in A549 and H460 cells. A MAEL expression was detected by RT-qPCR. B The expression of 
PD-L1, TGF-β, IL-2, and IL-10 in A549 cells. C MAEL expression was detected by RT-qPCR in H460 cells. D The expression of PD-L1, TGF-β, IL-2, and 
IL-10 in H460 cells. *P < 0.05, **P < 0.01 versus si-NC
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Activation of Nrf2 can promote lung tumor develop-
ment and associates with poor prognosis [37]. PTEN is 
considered a tumor suppressor. It regulates important 
cellular processes such as survival and proliferation 
[38]. Loss of PTEN is associated with poor clinical out-
comes in NSCLC patients [39]. PTEN/PD-L1 axis regu-
lates the tumor immune response in osteosarcoma [40]. 
Furthermore, the inhibition PTEN increases NRF2 pro-
tein levels [41]. In this study, we found that morphine-
induced MAEL up-regulation can be reversed by PTEN 
in lung cancer cells. Based on these data, we suggested 
that morphine may regulate MAEL by regulation of the 
Nrf2/PTEN axis.

Some evidence has demonstrated the important role of 
MAEL in the progression of cancer. MAEL expression is 

associated with cell proliferation and invasion of colon 
cancer cells [42]. Knockdown of MAEL significantly 
inhibits cell proliferation in urothelial carcinoma of the 
bladder cell lines. MAEL is significantly highly expressed 
in breast cancer cells and related to some immune cells 
[43]. Similarly, in the present research, MAEL was up-
regulated in A549 cells, and MAEL silencing inhibited cell 
viability and proliferation. Therefore, MAEL may exert an 
oncogenic role in the progression of lung cancer. Stud-
ies have indicated that tumor immune evasion is a criti-
cal process in the development of malignant tumors, and 
cancer germline genes may be involved in immune regula-
tion in cancer [11]. Therefore, we speculated MAEL may 
promote immune evasion in lung cancer. In this study, 
MAEL silencing down-regulated the expression of PD-L1, 

Fig. 4 Morphine promotes proliferation and regulates immune factors by increasing MAEL expression. A Cell viability was detected by MTT assay. B 
Cell proliferation was detected by the EdU kit. C-F The expression of PD-L1, TGF-β, IL-2, and IL-10 were detected by ELISA assay. G The expression of 
PD-L1 and TGF-β were detected by western blot. *P < 0.05, **P < 0.01 versus control. ##P < 0.01 versus morphine+si-NC
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TGF-β, and IL-10, and up-regulated IL-2 expression. 
Hence, the results suggested that MAEL may promote 
tumor immune evasion by regulating the expression of 
immune factors in lung cancer. Additionally, based on the 
immunosuppressive effects of morphine, we speculated 
morphine may exert effects by interacting with MALE 
in lung cancer. The result indicated that MAEL silencing 

reversed the effects of morphine on immune factors, 
 CD8+ T cells, and the ratio of  CD4+ T/CD8+ T cells. 
The results further demonstrated that MAEL silencing 
alleviated immune inhibition effects of morphine in lung 
cancer. Consequently, morphine may induce an immune-
suppressive state by up-regulating MAEL expression in 
lung cancer.

Fig. 5 Morphine decreases LDH release and the percentage of  CD8+ T cells, increased the ratio of  CD4+/CD8+ T cells, and promoted the tumor 
weight. A The LDH release was detected using a LDH kit. B-D The numbers of  CD4+ T and  CD8+ T cells, and the ratio of  CD4+/CD8+ T cells in 
control and morphine groups. E The picture of the tumor and weight of the tumor. *P < 0.05, **P < 0.01 versus control

Fig. 6 MAEL silencing reverses the effects of morphine on immune cells. A The LDH level was detected using a LDH kit. B The numbers of  CD4+ 
T and  CD8+ T cells, and the ratio of  CD4+ /CD8+ T cells in control, morphine, morphine+si-NC, and morphine+si-MAEL groups. **P < 0.01 versus 
control. #P < 0.05, ##P < 0.01 versus morphine+si-NC
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In conclusion, this research demonstrated that mor-
phine may suppress lung cancer immune by up-regulating 
the expression of MAEL. Furthermore, MAEL silencing 
may alleviate immune inhibition. This is worthy of further 
clinical study to validate in lung cancer patients.

Abbreviations
LDH: Lactate dehydrogenase; MAEL: Maelstrom; PD-L1: Programmed death-
ligand 1; TGF-β: Transforming growth factor beta; IL: Interleukin; NSCLC: 
Non-small cell lung cancer; SCLC: Small cell lung cancer; MSD: MAEL-specific 
domain; HMG: High mobility group; qRT-PCR: Quantitative real-time PCR; 
ELISA: Enzyme-linked immunosorbent assay; PBMCs: Peripheral blood 
mononuclear cells; Nrf2: Nuclear factor erythroid 2-related factor 2; PTEN: 
Phosphatase and tensin homologue.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40360- 022- 00632-z.

Additional file 1. 

Acknowledgements
Not applicable.

Authors’ contributions
All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by Shuhong Tang, Zhenfu 
Liu, Zhen Wu. The first draft of the manuscript was written by Qichao Wang 
and all authors commented on previous versions of the manuscript. All 
authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets generated during and/or analysed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study accordance with ARRIVE guidelines, the animal research procedures 
were carried out in accordance with the protocol approved by the Institu-
tional Animal Care and Use Committee and approved by the committee of 
Dalian Fifth People’s Hospital.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details
1 Department of Oncology II, Dalian Fifth People’s Hospital, No. 890, Huanghe 
Road, Shahekou District, Dalian City 116021, Liaoning Province, China. 
2 Department of Anesthesiology, Zaozhuang Hospital of Zaozhuang Mining 
Group, No. 188, Shengli Road, Zaozhuang City 277100, Shandong Province, 
China. 3 Department of Anesthesiology, The Fourth Hospital of Hebei Medical 
University, No.12, Jiankang Road, Shijiazhuang City 050000, Hebei Province, 
China. 

Received: 13 January 2022   Accepted: 22 November 2022

References
 1. Rodriguez-Canales J, Parra-Cuentas E, Wistuba II. Diagnosis and Molecular 

Classification of Lung Cancer. Cancer Treat Res. 2016;170:25–46.
 2. Leclerc M, Mezquita L, Guillebot De Nerville G, Tihy I, Malenica I, Chouaib 

S, et al. Recent Advances in Lung Cancer Immunotherapy: Input of T-Cell 
Epitopes Associated With Impaired Peptide Processing. Front Immunol. 
2019;10:1505.

 3. Warren GW, Cummings KM. Tobacco and lung cancer: risks, trends, 
and outcomes in patients with cancer. Am Soc Clin Oncol Educ Book. 
2013;33(1):359–64

 4. Jones GS, Baldwin DR. Recent advances in the management of lung 
cancer. Clin Med (Lond). 2018;18(Suppl 2):s41–6.

 5. Hoy H, Lynch T, Beck M. Surgical Treatment of Lung Cancer. Crit Care Nurs 
Clin North Am. 2019;31(3):303–13.

 6. Boland JW, Pockley AG. Influence of opioids on immune function in 
patients with cancer pain: from bench to bedside. Br J Pharmacol. 
2018;175(14):2726–36.

 7. Kim SH, Park ER, Cho E, Jung WH, Jeon JY, Joo HY, et al. Mael is essential 
for cancer cell survival and tumorigenesis through protection of genetic 
integrity. Oncotarget. 2017;8(3):5026–37.

 8. Yuan L, Xiao Y, Zhou Q, Yuan D, Wu B, Chen G, et al. Proteomic analysis 
reveals that MAEL, a component of nuage, interacts with stress granule 
proteins in cancer cells. Oncol Rep. 2014;31(1):342–50.

 9. Li P, Chen X, Qin G, Yue D, Zhang Z, Ping Y, et al. Maelstrom Directs 
Myeloid-Derived Suppressor Cells to Promote Esophageal Squamous 
Cell Carcinoma Progression via Activation of the Akt1/RelA/IL8 Signaling 
Pathway. Cancer Immunol Res. 2018;6(10):1246–59.

 10. Zhang X, Ning Y, Xiao Y, Duan H, Qu G, Liu X, et al. MAEL contributes to 
gastric cancer progression by promoting ILKAP degradation. Oncotarget. 
2017;8(69):113331–44.

 11. Van Tongelen A, Loriot A, De Smet C. Oncogenic roles of DNA hypometh-
ylation through the activation of cancer-germline genes. Cancer Lett. 
2017;396:130–7.

 12. Zhang D, Xiong H, Shan J, Xia X, Trudeau VL. Functional insight into Mael-
strom in the germline piRNA pathway: a unique domain homologous 
to the DnaQ-H 3′-5′ exonuclease, its lineage-specific expansion/loss and 
evolutionarily active site switch. Biol Direct. 2008;3:48.

 13. Majorek KA, Dunin-Horkawicz S, Steczkiewicz K, Muszewska A, Nowotny 
M, Ginalski K, et al. The RNase H-like superfamily: new members, com-
parative structural analysis and evolutionary classification. Nucleic Acids 
Res. 2014;42(7):4160–79.

 14. Yanai H, Ban T, Wang Z, Choi MK, Kawamura T, Negishi H, et al. HMGB 
proteins function as universal sentinels for nucleic-acid-mediated innate 
immune responses. Nature. 2009;462(7269):99–103.

 15. Yanai H, Chiba S, Ban T, Nakaima Y, Onoe T, Honda K, et al. Suppression 
of immune responses by nonimmunogenic oligodeoxynucleotides with 
high affinity for high-mobility group box proteins (HMGBs). Proc Natl 
Acad Sci U S A. 2011;108(28):11542–7.

 16. Sverrisdóttir E, Lund TM, Olesen AE, Drewes AM, Christrup LL, Kreilgaard 
M. A review of morphine and morphine-6-glucuronide’s pharmacoki-
netic-pharmacodynamic relationships in experimental and clinical pain. 
Eur J Pharm Sci. 2015;74:45–62.

 17. Bimonte S, Barbieri A, Palma G, Arra C. The role of morphine in animal 
models of human cancer: does morphine promote or inhibit the tumor 
growth? Biomed Res Int. 2013;2013:258141.

 18. Gundestrup S, Sjøgren P. Opioids can modulate the immune system. 
Ugeskr Laeger. 2014;176(5a):V08130516.

 19. Bakr MA, Amr SA, Mohamed SA, Hamed HB, Abd El-Rahman AM, Mostafa 
MA, et al. Comparison Between the Effects of Intravenous Morphine, 
Tramadol, and Ketorolac on Stress and Immune Responses in Patients 
Undergoing Modified Radical Mastectomy. Clin J Pain. 2016;32(10):889–97.

 20. Wodehouse T, Demopoulos M, Petty R, Miraki-Moud F, Belhaj A, Husband 
M, et al. A randomized pilot study to investigate the effect of opioids on 
immunomarkers using gene expression profiling during surgery. Pain. 
2019;160(12):2691–8.

 21. Hou M, Zhou NB, Li H, Wang BS, Wang XQ, Wang XW, et al. Morphine and 
ketamine inhibit immune function of gastric cancer patients by increas-
ing percentage of CD4(+)CD25(+)Foxp3(+) regulatory T cells in vitro. J 
Surg Res. 2016;203(2):306–12.

https://doi.org/10.1186/s40360-022-00632-z
https://doi.org/10.1186/s40360-022-00632-z


Page 10 of 10Wang et al. BMC Pharmacology and Toxicology           (2022) 23:92 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 22. Botticelli A, Cirillo A, Pomati G, Cerbelli B, Scagnoli S, Roberto M, et al. 
The role of opioids in cancer response to immunotherapy. J Transl Med. 
2021;19(1):119.

 23. Cha JH, Chan LC, Li CW, Hsu JL, Hung MC. Mechanisms Controlling PD-L1 
Expression in Cancer. Mol Cell. 2019;76(3):359–70.

 24. Batlle E, Massagué J. Transforming Growth Factor-β Signaling in Immunity 
and Cancer. Immunity. 2019;50(4):924–40.

 25. Li L, Yu R, Cai T, Chen Z, Lan M, Zou T, et al. Effects of immune cells and 
cytokines on inflammation and immunosuppression in the tumor micro-
environment. Int Immunopharmacol. 2020;88:106939.

 26. Konjević GM, Vuletić AM, Mirjačić Martinović KM, Larsen AK, Jurišić VB. The 
role of cytokines in the regulation of NK cells in the tumor environment. 
Cytokine. 2019;117:30–40.

 27. Friedmann Angeli JP, Meierjohann S. NRF2-dependent stress defense in 
tumor antioxidant control and immune evasion. Pigment Cell Melanoma 
Res. 2021;34(2):268–79.

 28. Aquila S, Santoro M, Caputo A, Panno ML, Pezzi V, De Amicis F. The Tumor 
Suppressor PTEN as Molecular Switch Node Regulating Cell Metabolism 
and Autophagy: Implications in Immune System and Tumor Microenvi-
ronment. Cells. 2020;9(7):1725.

 29. Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P, Schwartzentruber 
DJ, et al. Cancer regression and autoimmunity in patients after clonal 
repopulation with antitumor lymphocytes. Science (New York, NY). 
2002;298(5594):850–4.

 30. Nozoe T, Maehara Y, Sugimachi K. Preoperative sorting of circulating T 
lymphocytes in patients with esophageal squamous cell carcinoma: its 
prognostic significance. World J Gastroenterol. 2005;11(42):6689–93.

 31. Draghiciu O, Nijman HW, Daemen T. From tumor immunosuppression to 
eradication: targeting homing and activity of immune effector cells to 
tumors. Clin Dev Immunol. 2011;2011:439053.

 32. Whiteside TL. Immune responses to malignancies. J Allergy Clin Immunol. 
2010;125(2 Suppl 2):S272–83.

 33. Eisenstein TK. The Role of Opioid Receptors in Immune System Function. 
Front Immunol. 2019;10:2904.

 34. Sacerdote P, Bianchi M, Gaspani L, Manfredi B, Maucione A, Terno G, et al. 
The effects of tramadol and morphine on immune responses and pain 
after surgery in cancer patients. Anesth Analg. 2000;90(6):1411–4.

 35. Wang K, Wang J, Liu T, Yu W, Dong N, Zhang C, et al. Morphine-3-glucuro-
nide upregulates PD-L1 expression via TLR4 and promotes the immune 
escape of non-small cell lung cancer. Cancer Biol Med. 2021;18(1):155–71.

 36. Du JY, Liang Y, Fang JF, Jiang YL, Shao XM, He XF, et al. Effect of systemic 
injection of heterogenous and homogenous opioids on peripheral cellu-
lar immune response in rats with bone cancer pain: A comparative study. 
Exp Ther Med. 2016;12(4):2568–76.

 37. Singh A, Daemen A, Nickles D, Jeon SM, Foreman O, Sudini K, et al. NRF2 
Activation Promotes Aggressive Lung Cancer and Associates with Poor 
Clinical Outcomes. Clin Cancer Res. 2021;27(3):877–88.

 38. Li Y, Chu J, Li J, Feng W, Yang F, Wang Y, et al. Cancer/testis antigen-Plac1 
promotes invasion and metastasis of breast cancer through Furin/NICD/
PTEN signaling pathway. Mol Oncol. 2018;12(8):1233–48.

 39. Pérez-Ramírez C, Cañadas-Garre M, Molina M, Faus-Dáder MJ, Calleja-
Hernández M. PTEN and PI3K/AKT in non-small-cell lung cancer. Pharma-
cogenomics. 2015;16(16):1843–62.

 40. Wu W, Jing D, Meng Z, Hu B, Zhong B, Deng X, et al. FGD1 promotes 
tumor progression and regulates tumor immune response in osteosar-
coma via inhibiting PTEN activity. Theranostics. 2020;10(6):2859–71.

 41. Rojo AI, Rada P, Mendiola M, Ortega-Molina A, Wojdyla K, Rogowska-
Wrzesinska A, et al. The PTEN/NRF2 axis promotes human carcinogenesis. 
Antioxid Redox Signal. 2014;21(18):2498–514.

 42. Li Q, Wei P, Huang B, Xu Y, Li X, Li Y, et al. MAEL expression links epithelial-
mesenchymal transition and stem cell properties in colorectal cancer. Int 
J Cancer. 2016;139(11):2502–11.

 43. Lan Y, Su J, Xue Y, Zeng L, Cheng X, Zeng L. Analysing a Novel RNA-
Binding-Protein-Related Prognostic Signature Highly Expressed in Breast 
Cancer. J Healthc Eng. 2021;2021:9174055.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Morphine suppresses the immune function of lung cancer by up-regulating MAEL expression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cell culture
	Transfection
	Enzyme-linked immunosorbent assay (ELISA)
	Western blot assay
	Quantitative real-time PCR (qRT-PCR)
	Bioinformatics
	3-[4,5-dimethyl-2-thiazolyl]-2,5 diphenyl-2H-tetrazolium bromide (MTT) assay
	Cell proliferation assay
	Animals
	Lactate dehydrogenase (LDH) assay
	Flow cytometry
	Statistical analysis

	Results
	Morphine regulates immune factors expression and reduces LDH release
	Morphine up-regulates MAEL expression in A549 and H460 cells
	MAEL regulates immune cytokines expression in A549 and H460 cells
	Morphine promotes proliferation and regulates immune factors by increasing MAEL expression
	Morphine decreases LDH release and the percentage of CD8+ T cells, increased the ratio of CD4+CD8+ T cells, and promoted the tumor weight
	MAEL silencing reverses the effects of morphine on immune cells

	Discussion
	Acknowledgements
	References


