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Morphine promotes angiogenesis by activating PISBK/Akt/HIF-1a
pathway and upregulating VEGF in hepatocellular carcinoma
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Background: Hepatocellular carcinoma (HCC) is characterized by the neo-angiogenesis induced by tumor
and adjacent cells. It is a leading cancer-related cause of death. Morphine has effects on angiogenesis with
pro-angiogenic or anti-angiogenic phonotypes. This study explores the function of morphine on cancer cell
growth, angiogenesis and the underlying mechanism in HCC.

Methods: Morphine was used to treat BEL-7402 or HCC-LM3 cells and human umbilical vein endothelial
cells (HUVECs) were subsequently incubated in the conditioned media (CM) of HCC cells. The potential
effects of cell proliferation, migration and tube formation of CM-treated HUVECs were investigated.
Furthermore, the angiogenesis regulated factors of VEGFA, PIGE, ANG-1, ANG-2, FGF-1 and FGF-2
were assessed. siRNA and LY294002 were further used to explore the mechanism mediating the effects of
morphine on the angiogenesis pathway. The neovascularization effect by morphine was confirmed through
the use of human HCC cancer heterotopic mouse model iz vivo.

Results: A significantly increased cell proliferation, migration, and tube formation effect of HUVECs
induced by the CM from HCC cell lines treated with morphine was observed. More VEGFA secretion in
CM from LM3 or BEL-7402 cell lines was found than the controls (P=0.03 and P=0.027, respectively).
VEGFA knock-down could significantly reverse cell proliferation, migration and tube formation induced
by the CM from HCC cell lines with morphine treatment. Further molecular experiments indicated that
VEGFA secretion was activated by morphine potentially through the PI3K/Akt/HIF-10 pathway. Morphine-
induced neovascularization was also observed by the IHC of CD31 and VEGFA.

Conclusions: Morphine promotes angiogenesis in hepatocellular carcinoma possibly through the
activation of the PI3K/Akt/HIF-1a pathway and VEGFA stimulation.
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Introduction Being the most primary liver cancer, hepatocellular

. : : . rcinoma (H rin n immen mount of
Liver cancer is one of the most common malignancies and carcinoma (HCC) brings a ense amount o

often entails a poor prognosis (1). It accounts for 8.2% of psychological distress to the families of the afflicted and the

cancer-related deaths worldwide (2). society-at-large. Devising cancer-pain alleviating treatment
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regimens is a matter of utmost urgency.

Morphine is the classic opiate that is widely used to
alleviate the pain of cancer patients (3). In recent years, the
effects of morphine on tumor progression, angiogenesis,
immune function, and metastatic potential have attracted
much academic attention (4). Morphine is positively
correlated with p-opioid receptor (MOR) pathway,
which has shown its function in tumor progression by
promoting the cell survival signal protein kinase B, Akt,
phosphoinositol-3-kinase/Akt (5,6). Despite this, the
effects of morphine on different kinds of cancer remain
inconclusive. Several studies have reported the inhibited
growth effects on various cancers including lung cancer,
breast cancer, colorectal cancer and melanoma (7-10).
Contrastingly, other studies reported the detrimental effects
of morphine on breast cancer, lung cancer, melanoma and
sarcoma (11-14). Moreover, few reports make mention of
the effects of morphine on HCC.

Angiogenesis formation involves multiple steps such
as basement membrane degradation, endothelial cell
proliferation, migration, aggregation and new tube
formation. Phosphatidylinositol-3-kinases (PI3K)/protein
kinase B (Akt) pathway and vascular endothelial growth
factor A (VEGFA) activation play a vital role in hepato-
carcinogenesis (15,16).

In this study, the effect of morphine on tumor growth and
angiogenesis in HCC has been explored i vitro and in vivo.

We present the study in accordance with the ARRIVE
reporting checklist (available at https://dx.doi.org/10.21037/
jgo-20-394).

Methods
Cell lines

The HCC-LM3 cell was obtained from Liver Cancer
Institute, Fudan University, Shanghai, China (17). The
human BEL-7402 cell was obtained from the Chinese
Academy of Science (Shanghai, China). The cells
were cultured in 10% FBS DMEM, 37 °C, 5% CO,
incubator. HUVECs were obtained from the Allcells
Company(Shanghai, China) and cultured in 10% FBS
Endothelial Cell Growth Medium (ECM, Lonza,
Switzerland), 37 °C, 5% CO, incubator.

Conditioned medium (CM) collection

HCC cells were cultured in 0.1% BSA DMEM treated

© Journal of Gastrointestinal Oncology. All rights reserved.

with morphine (100 pmol/L) or PBS for 12 h, and then
incubated in DMEM with 0.1%BSA for another 12 h,
followed by collecting of the conditioned medium, which
was centrifuged at 3,000 g for 20 min.

ELISA

The concentration of VEGFA in supernatants was
measured by enzyme-linked immunosorbent assay (ELISA)
kit (Boster, Wuhan, China) according to the manufacturer’s
instruction. The total cell protein was collected to assess
the different cell numbers of each group. An equal volume
of lysis buffer was added before cellular protein extraction.
The bicinchoninic acid (BCA) assay was applied to measure
the protein concentration. Thereafter, the VEGFA
concentration was normalized to the total cellular protein.

Cell transfection

Cells with small interfering RNA (siRNA) (Genepharma,
Shanghai,China ) transfection was achieved using
Lipofectamine 2000 (invitrogen) in OPRI-MEM medium
(Gibco) according to the manufacturer’s instructions and
then incubated for further experiments. The sequence of
siRINA was listed in Table 1.

RNA isolation and RT-qgPCR

Total RNA was extracted using Trizol (Invitrogen). cDNA
library was constructed using 1 pg RNA with PrimeScript
RT reagent Kit (Takara, Kyoto, Japan). RT-qPCR was
performed using SYBR green II Premix (Takara, Kyoto,
Japan) on ABI 7500 instrument (Applied Biosystems,
Lincoln, CA, USA). The 2**“* method with the Ct values
of reference gene was used for calculating the relative gene
expression. Data normalization was carried out against the
percentage for control taken as 100%. The primers used
were shown in Table 1.

Western blot

Equal amounts of protein were separated by SDS-
PAGE gel and then transferred to PVDF membranes
(Millipore). After blocking with 5% skim milk at room
temperature for 2 h, the PVDF membrane was incubated
with corresponding primary antibodies at 4 °C overnight.
The primary antibodies included anti-Akt, anti-phosphor-
Akt, anti-HIF-1o anti-GAPDH (1:1000, Cell Signaling

7 Gastrointest Oncol 2021;12(4):1761-1772 | https://dx.doi.org/10.21037/jgo-20-394


http://dx.doi.org/10.21037/jgo-20-394
http://dx.doi.org/10.21037/jgo-20-394

Journal of Gastrointestinal Oncology, Vol 12, No 4 August 2021

Table 1 The primers in qRT-PCR

1763

Gene Forward (5’-3’) Reverse (5’-3’)

VEGFA CGAAGTGGTGAAGTTCATGGATGT TGGAAGATGTCCACCAGGGTC
FGF-2 GCTCTTAGCAGACATTGGAAG GTGTGTGCTAACCGTTACCT
PIGF GCCTGGATGAGAAACAGCTC GAGAATCTGGCTTGGCAGTC
ANG-2 GTCCACCTGAGGAACTGTCT TTGTGACAGCAGCGTCTGTA
ANG-1 CAGCGCCGAAGTCCAGAAAAC CACATGTTCCAGATGTTGAAG
FGF-1 GATGGCACAGTGGATGGGAC GATGGCACAGTGGATGGGAC
GAPDH GGAGTCAACGGATTTGGT GTGATGGGATTTCCATTGAT

Technology, USA), anti-VEGFA (1:500, Abacm, USA). The
membrane was incubated with corresponding secondary
antibody (Beyotime, China) at room temperature for 2h and
then visualized with ECL kit (ThermoFisher, USA).

HUVEC cell proliferation assay

Cell proliferation assay was performed using Cell Counting
Kit-8 (Dojindo, Kumamoto, Japan) in accordance to
manufacturer’s instructions. Harvested cells were cultured
with various CMs in 96-well plates at 1.5x10* per well
(n=3 for each time point) in a final volume of 100 pL. After
incubation for 24 hours at 37 °C, the absorbance at 450 nm
was measured to calculate the number of viable cells.

HUVEC cell migration and invasion assay

Cell migration assay was performed using a chamber
(Corning, Tewksbury. MA) with 8.0-pm polycarbonate
filter inserted in 24-well plates as described before (18).
HUVECs (4x10* cells/well) in serum-free medium were
added to the upper chamber wheras CM was filled in
the lower chamber. After cultured at 37 °C for 36 h, the
nonmigrated cells were removed from the upper surface
of the membrane by scraping with a cotton swab. The
migrated cells were fixed with methanol, stained with crystal
violet, and photographed under an inverted microscope.
Migration was assessed by counting the number of stained
cells from 10 random fields at x200 magnification. The
relevant effect of CM was normalized to the total cellular
protein

HUVEC tube formation assay

HUVEC tube formation assay is a quantitative method to
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evaluate the ability of endothelial cells to form capillary-like
tubes and model the reorganization stage of angiogenesis
as described before (18-21). Briefly, Before photographed
under an inverted microscope, HUVECs (1.5x10*well)
were added to Matrigel-coated 96 well plates and incubated
at 37 °C for 6 h with various CMs. Tube formation was
assessed by measuring the length of tube from 10 random
fields at x100 magnification. The relevant effect of CM was
normalized to the total cellular protein.

HCC xenograft models

BALB/c SPF male nude mice (5 weeks) were purchased from
the Shanghai Institute of Materia Medica, Chinese Academy
of Science. All the experiments were implemented according
to the Shanghai Medical Experimental Animal Care
Commission guideline. The mice were housed with 12-h
light/dark cycle and the housing group was 5 at maximum.
We randomly chose twenty-four mice and grouped into
BEL-7402 group, BEL-7402+morphine group, HCC-
LM3 group, HCC-LM3+morphine group. Subcutaneous
tumors were obtained by injection of HCC-LM3 and BEL-
7402 cells (6x10° cells). And the volumes were determined
every four days using vernier caliper for four weeks. The
nude mice liver was implanted of tumor tissue to construct
xenograft HCC model. Mice were intraperitoneally injected
with 10 mg/kg morphine or vehicle every day for five weeks.
The weights were measured every week. The tumor volume
was measured and fixed in 4% paraformaldehyde solution.
The volume was calculated: volume = (largest diameter x
perpendicular height’)/2.

Immunobhistochemical (IHC) analysis

Paraffin-embedded tissues were sectioned into 6-pm slides.
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The slides were blocked with 3% hydrogen peroxide for
15 min, microwaved for 10 min to retrieve antigen. The
slides were incubated with CD31 (1:100, Abcam) or
VEGFA (1:100, Santa Cruz) at 4 °C overnight. Then the
slides were washed and incubated with indicated secondary
antibody for 30 min at room temperature. The images were
visualized by an optical microscope (Olympus).

Statistical analysis

Student’s 7 test was performed to assess the differences.
The Pearson chi-square test was conducted to evaluate the
correlation. Differences were considered as statistically
significant if P<0.05. All statistical analysis was performed
using SPSS16.0.

Ethical statement

All experiments with animal and human samples in this
study were approved by Zhongshan Hospital Fudan
University (Shanghai, China) (No. 20130227-078). The
study with human samples was conducted in accordance
with the Declaration of Helsinki (as revised in 2013).
Each human participant signed informed consent. The
experiments in mouse model were implanted according to
the institutional guideline for the care and use of animals.

Results

A dose-dependent effect of morpbine on cell proliferation
and angiogenesis

To eliminate the cytotoxicity interference of morphine on
the cell lines, in vitro proliferation of BEL-7402, HCC-
LM3 and HUVECs was measured using Cell Counting Kit-
8. Cells were cultured in the culture medium with 10, 100,
200, 500 and 1,000 pmol/L of morphine for 24, 48, 72 and
96 hours. The results suggested that 10-200 pM morphine
produced no apparent inhibition of the proliferation of
BEL-7402, HCC-LM3 and HUVECs, although exceed 500
pM morphine showed a marked inhibition of proliferation
rate of the BEL-7402 and HCC-LM3 at 72 h (P<0.0001,
n=5 for each concentration), except HUVECs (Figure S2).
These results indicated that morphine below 200 pmol/L
had no apparent cytotoxicity to the BEL-7402, HCC-LM3
and HUVECs.

Next, a dose dependent experiments for cell proliferation
and angiogenesis of HUVECs were performed. Morphine

© Journal of Gastrointestinal Oncology. All rights reserved.

at 1 pmol/L, 10 pmol/L and 100 pmol/L or negative control
(NC) was used to treat HCC-LM3, BEL-7402 cells for
12 h and then cells were incubated without morphine for
another 12 h. After that, CM of morphine treated HCC-
LM3 and BEL-7402 cells was collected. Cell proliferation
and tube formation of HUVECs treated with various
CMs were assessed. Morphine at the 10 pmol/L and
100 pmol/L showed an apparent increased cell proliferation
and tube formation (Figure S1). According to the dose-
effect relationship, we chose the most effective dosage
100 pmol/L as the objective test.

Morphine increased the pro-angiongenic ability for HCC
cells

To investigate the potential effect of morphine in hepatic
carcinogenesis, morphine at 100 pmol/L or NC was used to
treated HCC-LM3, BEL-7402 cells and CM was collected.
Cell numbers of HCC-LM3 and BEL-7402 showed a
declined tendency but had no statistical significance before
morphine treated and after co-cultured for 12 h (Figure S3).
As shown in Figure 14, an increased cell proliferation effect
of HUVEC:s was observed in morphine treated groups than
the corresponding control groups (P=0.021 and P=0.006,
respectively, Figure 14). More efficient cell migration of
HUVECs was observed after being cultured with morphine
induced CM (P=0.02 and P=0.001, respectively, Figure
1B,C). To further explore the effects of morphine on
angiogenesis, tube formation was performed. As shown in
Figure 1D,E, HUVECs cultured with morphine induced
CM developed more tubes compared with control (P=0.04
and P=0.02, respectively, Figure 1D,E).

Morphine increased pro-angiongenic ability of HCC cells
by upregulating VEGFA

In order to study the underlying mechanism mediated by
morphine in HCC-LM3 and BEL-7402 cells, the transcripts
of VEGFA, PIGF, ANG-1, ANG-2, FGF-1 and FGF-
2 were determined. We found VEGFA was significantly
up-regulated by 2.3-folds in HCC-LM3 cells containing
morphine and 2.6-folds in BEL-7402 cells containing
morphine compared with those in control (P<0.001), while
other angiogenic factors were not consistently up-regulated
by morphine (Figure 24). ELISA showed that morphine
treatment led to more VEGFA secretion in CM of LM3 or
BEL-7402 cells lines than the control group (P=0.03 and
P=0.027; Figure 2B). Western blot showed that morphine
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Figure 1 Morphine increased the pro-angiongenic ability of HCC cells. (A) The CM from HCC-LM3, BEL-7402 treated with morphine
showed better proliferation ability on HUVEC. (B,C) Quantified results of the effects of CM from HCC cells treated with morphine on
the migration of HUVEC cells stained with with crystal violet. (D, E) Images and quantified results of the effects of CM from HCC cells
treated with morphine on the tube formation of HUVEC cells. The migration cells were assessed by calculation 10 random fields at 100x

magnification, tube formation at 200x magnification. *, P<0.05; **, P<0.01.
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significantly stimulated VEGFA expression of HCC-LM3 and
BEL-7402 cells (Figure 2C). To investigate whether VEGFA
mediated this process, VEGFA was knocked down by siRNA
(Figure 2D and Figure S4). As shown in Figure 2E, si-VEGFA
could significantly decrease the cell proliferation and reverse
the effects of morphine on cell proliferation of HUVECs
(P<0.05). Similar effects from cell migration and tube
formation (Figure 2F,G) were observed. From these results, it
could be suggested that morphine stimulated cell proliferation,
cell migration and tube formation depending on VEGFA.

Morphine regulated VEGFA through PI3K/Akt/HIF-1o.
pathway

As we know, PI3K/Akt pathway and HIF-1o regulated
VEGFA expression. Western blot was used to determine the
Akt, phosphorylated Akt (p-Akt) and HIF-1a expression.
As shown in Figure 34, the VEGFA and HIF-1o were
significantly up-regulated by morphine compared with the
control group. Besides, phosphorylation level of Akt was
also increased after treatment with morphine (Figure 34).
To further investigate the function of PI3K/Akt/HIF-1a
pathway in regulation of VEGFA, LY294002, as the PI3K/
Akt inhibitor, was added. Results showed that the effects of
morphine on increasing expression of VEGFA and HIF-1a
as well as phosphorylation level of Akt were abolished by
LY294002 (Figure 3B,C). Also, ELISA results revealed that
the concentrations of VEGFA in CM of LY294002 treated
cells were suppressed by LY294002 (Figure 3D). These
results showed morphine could activate VEGFA secretion
through PI3K/Aktv/HIF-10 pathway.

Morphine promoted tumor neovascularization

To explore the pro-angiogenic effects of morphine in
vivo, the xenograft mouse models of human HCC were
established with HCC-LM3 and BEL-7402 cells. We found
that the tumor volume of mice treated with morphine
was increased in comparison with the control group
(Figure 44,B), as well as the body weight of mice was
decreased in the morphine treated group (Figure 4C).
Intratumoral microvessel density was evaluated by assessing
CD31" using IHC. Significantly higher density of CD31"
microvessels was found in morphine-treated mice than the
control group (Figure 4D). Besides, the increased VEGFA
expression was also found in morphine-treated mice
compared with the control group (Figure 4E).

© Journal of Gastrointestinal Oncology. All rights reserved.

Discussion

Morphine has long been used as an analgesic opioid
to alleviate pain (22). In recent years, the effects of
opioids on cancer treatment have garnered significant
academic attention worldwide. The study from Cao et al.
demonstrated that morphine accelerated the growth of
tumour cells and induced metastasis (23). In contrast, other
studies reported that morphine could induce the apoptosis
of several cancer cells, such as lung cancer and breast
cancer (24). Only a few studies have delved into the effects
of morphine on the malignant transformation and tumor
progression in hepatocellular carcinoma (HCC). Numerous
studies have demonstrated the direct involvement of the
opioids’ receptors on HCC cells’ proliferation, apoptosis,
invasion and migration iz vive and in vitro, including &
opioid receptor (DOR), x-opioid receptor (KOR), p-opioid
receptor (MOR) (25-27). This study is the first of its
kind, proving that morphine promotes cell proliferation,
migration, and tube formation in HUVECs stimulated with
CM:s of HCC-LM3 and BEL-7402 cell lines. The potential
mechanism is hypothesized to be that morphine promotes
the angiogenesis of HUVECs through the activation of
VEGFA secretion through the PI3K/Akt/HIF-1a pathway.
Angiogenesis is a critical process in cancer progression
and metastasis (28,29). The inhibition of angiogenesis has
been suggested to be a promising therapeutic strategy in
the treatment of cancer (30-33). Previous studies yielded
contradicting results regarding the effects of morphine
on tumor angiogenesis. Cheng et /. found that morphine
promoted the angiogenesis of postoperative breast tumor in
a nude mice model (34). In contrast, Koodie et /. revealed
the anti-angiogenic potential of morphine in mouse Lewis
lung carcinoma cells (10,35). This study demonstrates that
morphine promotes tumor neovascularization of human
HCC in a nude mice model. Despite the fact that no
clinical research has been undertaken to study the effects
of morphine in patients with HCC, multi-centers and
large-sample clinical trials should be performd to confirm
this hypothesis. Our finding of the potential “detrimental
effects” in the animal model provided a reference for the
further clinical research.

Angiogenesis in HCC is characterized by the activation
of VEGEF, PDGEF, angiopoietins, hepatocyte growth
factors, transforming growth factors, and basic fibroblast
growth factors. Angiogenesis also leads to the secretion of
angiogenic inhibitors, including angiostatin, endostatin,
and thrombospondin-1 (36,37). This study revealed that
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Figure 2 Function of morphine on VEGFA expression in HCC cell lines. (A) qRT-PCR determined the VEGFA, PIGE, ANG-1, ANG-2, FGF-
1 and FGF-2 expression. (B) ELISA determined the VEGFA expression in the CM. (C) The expression of VEGFA was determined by Western
blot in HCC cells treated by morphine. GADPH was used as loading control. (D) VEGFA expression in conditioned media after using VEGFA-
siRNA or not. (E) The effect of morphine on cell proliferation after using VEGFA-siRNA or not. (F) Images and quantified results of crystal violet
staining on the migraton of HUVEC cells with CM from HCC cell lines used VEGFA-siRNA or not. (G) Images and quantified results on the
tube formation of HUVEC cells with CM from HCC cell lines after siRNA ant-VEGFA transfection or not. The migrating cells and the tube
length were assessed by calculating 10 random fields at 200x magnification compared with control group. **, P<0.01; ***, P<0.001.
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the inhibitor LY294002 inducement. GAPDH was used as loading control. (D) VEGFA in the CM treated with LY294002 was assessed by

ELISA. **, P<0.01; ***, P<0.001.

mRNA expression of VEGFA was upregulated, and VEGFA
secretion was promoted by morphine. Moreover, the effects
of morphine were waived following the knock-down of
VEGFA by siRNA. The effects of morphine on promoting
cell proliferation, cell migration and tube formation depend
on VEGFA. This result is consistent with previous studies,
which stated that morphine could transactivate the VEGF
receptors (38).

Morphine is positively correlated with the MOR
pathway, which has been found to promote tumor
progression by activating various pathways and promoting

© Journal of Gastrointestinal Oncology. All rights reserved.

angiogenesis through EGFR, PDGF-p, and VEGF
(39-41). Different mechanisms of morphine on pro-
angiogenic and anti-angiogenic activities have been
suggested. Koodie er 4/. indicated that the p38 MAPK
pathway mediated the inhibitory effect of morphine (35).
However, other studies revealed the involvement of
different pathways in the anti-angiogenic effects of
morphine. Yamamizu et #/. showed that morphine
inhibited angiogenesis by suppressing VEGF signaling
via the k-opioid receptor (42). Zhang et 4. demonstrated
that morphine stimulated angiogenesis by activating the
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Figure 4 Effect of neovascularization by morphine. (A, B, C) HCC subcutaneous tumor tissues were implanted into nude mouse. The
tumor volume and the body weights of HCC-LM3, HCC-LM3+morphine, BEL-7402, BEL-7402+morphine were assessed; (D,E) images
and quantified results of effects of morphine on the neovascularization with IHC using anti-CD31 antibody and VEGFA. The results were
assessed by calculating 10 random fields at 200x magnification compared with control group. **, P<0.01; ***, P<0.001, n=8/group.
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Akt/mTOR/elIF4E signaling pathway (43). Cheng et al.
revealed the promotion of morphine on angiogenesis could
be related to the PI3K-c-Myc signaling pathway (34).
Downstream signaling factor or endothelial cell tyrosine
kinase would be activated through both the MAPK/ERK
pathway and the PI3K/Akt/HIF-1a pathway (16). Our
study revealed morphine could stimulate the key factors
of VEGFA, Akt, p-Akt and HIF-1o. The data showed that
morphine activated the PI3K/Akt pathway and promoted
tumor progression. The results yielded in our study are
consistent with the previous findings that the Akt signaling
pathway played a critical role in promoting angiogenesis (43).

Several limitations limited the plenitude of our study.
Firstly, the dose-dependent effect of morphine in vivo
has not been investigated. Secondly, the blood morphine
concentration following intraperitoneal injection has not
been investigated. Finally, a significantly higher density of
CD31" microvessels and VEGFA expression were found in
morphine-treated mice than in the control group. However,
the study lacked the intervention experiments to clarify
the actual effects of morphine and its synthetic derivations
on HCC progression in vivo. The tumor progression
effects of morphine was hereby revealed. Further research
indicated that morphine could promote neovascularization
and upregulate the expression of VEFGA in both cell lines.
Although the PI3K/Akt/HIF-1a signaling pathway was
activated by morphine in HCC progression, other pathways
or biological functions should be investigated. Further
clinical significance is also needed to be illustrated.
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