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Abstract. Mesenchymal stem cells (MSCs) may influence
the growth and metastasis of various human malignancies,
including hepatocellular carcinoma (HCC). Therefore, the
underlying mechanisms via which MSCs are able to affect
malignancies require investigation. In the present study, the
potential role of MSC in the angiogenesis of HCC was investigated. A total of 17 nude mouse models exhibiting human HCC
were used to evaluate the effects of MSC on angiogenesis. A
total of 8 mice were injected with human MSCs via the tail vein,
and the remaining 9 mice were injected with phosphate‑buffered saline as a control. A total of 35 days subsequent to the
injection of MSCs, the microvessel density (MVD) of tumors
was evaluated by immunostaining, using cluster of differentiation 31 antibody. The mRNA levels of transforming growth
factor (TGF)β1, Smad2 and Smad7 were detected using reverse
transcription‑quantitative polymerase chain reaction. Protein
expression levels of TGFβ1 and vascular endothelial growth
factor (VEGF) in tumor tissues were analyzed using ELISA.
Compared with controls, MVD in MSC‑treated mice was
significantly increased (28.00±9.19 vs. 18.11±3.30; P= 0.006).
The levels of TGFβ1 mRNA in the MSC‑treated group were
2.15‑fold higher compared with the control group (1.27±0.61
vs. 0.59±0.39; P= 0.033), and MVD was higher in the group
exhibiting increased TGFβ1 mRNA levels compared with the
control group (26.50±9.11 vs. 19.44±6.14; P=0.038). In addition,
a close correlation between the expression levels of TGFβ1 and
VEGF was identified. The results of the present study suggested
that MSCs may be capable of enhancing the angiogenesis of
HCC, which may be partly due to the involvement of TGFβ1.
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Hepatocellular carcinoma (HCC) is the third leading cause
of cancer‑associated mortality worldwide (1,2). The poor
prognosis of HCC is primarily due to the high rate of tumor
recurrence following surgery, or the occurrence of intrahepatic
metastasis (3,4). Accumulating evidence indicates that the
occurrence of liver disease may be strongly associated with
bone marrow cells (5‑7). Bone marrow mesenchymal stem cells
(BM‑MSCs) have an inhibitory role in HCC metastasis (8).
Angiogenesis is a process that leads to the formation of
novel blood vessels from preexisting vascular networks.
Angiogenesis is a necessary process for tumor growth,
invasion and metastasis (9). Intratumor microvessel density
(MVD) and vascular endothelial growth factor (VEGF) are
significant biomarkers for the assessment of angiogenesis (10).
Due to the hypervascular nature of HCC tumors, angiogenesis
has a significant role in the progression of HCC (11). VEGF
and MVD have been demonstrated to be potential predictors
for clinical outcomes and HCC metastatic recurrence (12).
It has been reported that BM‑MSCs may contribute to tumor
vascularization (13). BM‑MSCs are a progenitor for angioblasts,
which subsequently differentiate into cells that express endothelial markers, which are capable of functioning in vitro as mature
endothelial cells, as well as contributing to neoangiogenesis
in vivo (14). MSCs are additionally capable of releasing various
cytokines, including VEGF and transforming growth factor
(TGF)β1 (8,15). These cytokines are able to influence angiogenesis in tumors (16‑18). However, the potential role of MSCs in
the angiogenesis of HCC tumors remains to be elucidated.
In a previous study conducted by the authors of the present
study, it was identified that MSCs are able to home to the sites
of HCC tumors, and affect tumor growth and progression
via the action of TGFβ1 (8). However, the role of MSCs in
the angiogenesis of HCC tumors remains to be elucidated.
Therefore, in the present study, the aim was to investigate the
potential role of MSCs in the angiogenesis of HCC tumors.
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Cell lines. Human BM‑derived MSCs were purchased from
Sciencell Research Laboratories (Carlsbad, CA, USA).
These cells were isolated from human bone marrow, and
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characterized by immunofluorescent methods, using cluster
of differentiation (CD)44 and CD90 antibodies and lipid
staining following differentiation. Following 5 passages
of subculture, the cells were re‑evaluated by immunocytochemical staining in order to assure that the normal phenotype
of MSCs had been retained. The 5th passage MSCs did not
express the surface marker CD34, expressed low levels of
fetal liver kinase (Flk)‑1 and increased levels of CD29 and
CD105. Reverse transcription‑quantitative polymerase chain
reaction (RT‑qPCR) revealed that the MSCs expressed
octamer‑binding transcription factor‑4 and Flk‑1, which was
concordant with previously published data concerning MSC
cell surface markers (19). Cells were cultured in α‑modified
minimum essential medium (Gibco; Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific) and 100 U/ml
penicillin/streptomycin solution (Sciencell Research Laboratories). The medium was replaced when the cell density reached
5,000 cells/cm2 and the culture reached 50% confluence. Cells
were subcultured when 90% confluence was reached. Cells
that had undergone between 5 and 8 passages were utilized for
the following experiments.
MHCC97‑H human HCC cell line was purchased from the
Liver Cancer Institute of Fudan University (Shanghai, China).
These cells exhibit a high metastatic potential, are positive
for α‑fetoprotein, albumin and cytokeratin 8 expression, and
negative for hepatitis B (HBV) surface antigen. Fluorescence
PCR has revealed the occurrence of HBV DNA integration in
the cellular genome (20,21). The cells were cultured in high
glucose Dulbecco's modified Eagle's medium (Gibco; Thermo
Fisher Scientific), supplemented with 10% FBS at 37˚C in a
humidified incubator with an atmosphere of 5% CO2.
Animal models. In total, 8 female mice and 9 male mice were
randomly assigned into two groups, an experimental group and
a control group. All mice were fed under specific‑pathogen free
conditions, food and water were treated by high pressure steam
sterilization, and the feeding temperature was 28˚C. A total
of 6x106 MHCC97‑H cells were subcutaneously implanted
into nude mice. A total of 30 days subsequent to implantation, subcutaneous tumor tissue was removed and cut into
1x1x1 mm3 tissue sections. These sections were subsequently
orthotopically implanted into the livers of 17 nude mice.
The experiments were performed following the approval
of Xijing Medical Ethics Committee (Xi'an, China), and were
also in compliance with the Helsinki Declaration and Animal
Research: Reporting in vivo experiments guidelines (22).
MSC injection. In order to evaluate the potential effects
of MSCs on pulmonary metastasis of HCC, 8 of the mice
were treated with 5x105 human MSCs via tail vein injection
3 times in one week. The remaining 9 mice were treated with
phosphate‑buffered saline (PBS; 0.2 ml), 3 times a week, as a
control. A total of 35 days following injection, the mice were
sacrificed and tumors were removed, weighed and subsequently
cryopreserved at ‑80˚C, with a 1:4 dilution of optimal cutting
temperature compound (Sakura Finetek, Inc., Torrance, CA,
USA) in PBS. Liver and lung tissues were fixed in paraformalin (Sigma‑Aldrich, St. Louis, MO, USA) and embedded in
paraffin.

Table I. Primer sequences used for reverse transcription‑polymerase chain reaction.
Gene
TGFβ1
Smad2
Smad7
β‑actin

Primer

Sequence 5'→3'

Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense

5'‑GGCGATACCTCAGCAACCG‑3'
5'‑CTAAGGCGAAAGCCCTCAAT‑3'
5'‑TACTACTCTTTCCCCTGT‑3'
5'‑TTCTTGTCATTTCTACCG‑3'
5'‑CAACCGCAGCAGTTACCC‑3'
5'‑CGAAAGCCTTGATGGAGA‑3'
5'‑TCGTGCGTGACATTAAGGAG‑3'
5'‑ATGCCAGGGTACATGGTAAT‑3'

TGF, transforming growth factor.

Evaluation of lung metastasis of HCC. The incidence and
tumor foci number of the lung metastases were evaluated using
hematoxylin and eosin (Beyotime Institute of Biotechnology,
Inc., Shanghai, China) staining in 10 consecutive sections, with
an interval of 50 µm, and were additionally assessed by two
independent pathologists.
MVD counting. Fresh‑frozen 8‑µm sections of tumor were
fixed in acetone sections (Spectrum Chemical Manufacturing
Corporation, New Brunswick, NJ, USA), and stained using
monoclonal mouse anti‑CD31 (CBL1337; dilution, 1:200; EMD
Millipore, Billerica, MA); and subsequently donkey anti‑mouse
Immunoglobulin G‑horseradish peroxidase (AP189; dilution,
1:500; EMD Millipore, Billerica, MA) was used as a secondary
antibody. Following 3,3‑diaminobenzidine (ZSGB‑BIO,
Beijing, China) staining, the maximum density of positive
staining was selected as microscope field (magnification, x20)
and microvessels were counted.
RNA extraction and RT‑qPCR. Total RNA of tumor tissues
was extracted using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer's protocols. SYBR Green Realtime PCR Master
Mix (Toyobo Co., Ltd., Osaka, Japan) was used to perform
RT‑qPCR analysis, in order to identify the expression levels of
TGFβ1, Smad2 and Smad7. The primers were designed using
Primer Premier software version 5.0 (PREMIER Biosoft, Palo
Alto, CA, USA), and the sequences used are listed in Table I.
Amplification conditions were as follows: 95˚C for 9 min,
followed by 45 cycles at 95˚C for 30 sec, 57˚C for 30 sec and
72˚C for 15 sec, followed by a final extension step at 72˚C for
5 min. β‑actin served as a control for detection of the presence
of amplifiable complementary DNA. The mRNA expression
levels were quantified using the 2‑∆∆Cq method. In brief, the Cq
value for the target gene was subtracted from the Cq value of
β‑actin in order to give a ∆Cq value. The average ∆Cq value
was calculated for the control group, and this value was subsequently subtracted from the ∆ Cq value of all other samples
(including the control group). This resulted in the production of
a ∆∆Cq value for all samples, which was subsequently used in
order to calculate the fold‑induction of mRNA expression of the
target genes using the formula 2‑∆∆Cq, as recommended by the
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Table II. Inhibitory effects of MSC on the in vivo pulmonary metastasis of hepatocellular carcinoma.
Variable

MSC injection

No. of animals
Body weight, g
Tumor weight, g
Tumor weight/body weight, g
Lung metastasis, %
No. of lung metastases
Cellular no. of metastases

No MSC injection

8
21.99±2.90a
2.90±0.80a
0.14±0.05a
50%
1.37±1.60a
50.37±60.19a

9
22.08±1.69a
2.86±0.72a
0.13±0.04a
100%
1.77±0.97a
74.44±84.22a

P‑value
N/A
0.918
0.906
0.754
0.029
0.263
0.292

Student's t test was used to assess the statistical significance of differences in tumor weight, number of lung metastases and cellular numbers
of metastases between the MSC injection group and no MSC injection group. Lung metastatic rate was evaluated using Fishers' exact test.
a
mean ± standard deviation. MSC, mesenchymal stem cells; N/A, not applicable.

Table III. Expression of TGFβ1, Smads and VEGF were influenced by MSC injection in mouse models.
Variable
TGFβ1 mRNA
Smad2 mRNA
Smad7 mRNA
TGFβ1 protein
VEGF protein
Microvessel density

MSC, mean ± SD

No MSC, mean ± SD

Fold change

P‑value

1.27±0.61
1.01±0.14
0.76±0.29
0.02±0.01
0.29±0.05
28.00±9.19

0.59±0.39
1.25±0.38
1.41±0.50
0.03±0.01
0.31±0.13
18.11±3.30

+2.15
‑1.25
‑1.86
‑1.50
‑1.07
+1.55

0.033
0.114
0.006
0.267
0.631
0.006

Student's t test was used to assess the statistical significance of differences between the MSC injection group and no MSC injection group. SD,
standard deviation; TGF, transforming growth factor; MSC, mesenchymal stem cells; VEGF, vascular endothelial growth factor; ‘+’ denotes a
fold increase, ‘‑’ denotes a fold decrease.

Table IV. MVD and tumor progression of hepatocellular carcinoma.
Variable
No. of animals
Body weight, g
Tumor weight, g
Tumor weight/body weight, g
Lung metastasis, %
No. of lung metastases
Cellular no. of metastases

Low MVD

High MVD

P‑value

8
20.62±1.66a
2.87±0.82a
0.14±0.05a
75.0%
1.75±1.16a
32.38±35.55a

9
21.58±2.08a
2.91±0.91a
0.14±0.05a
44.4%
1.22±1.56a
75.33±97.11a

N/A
0.314
0.926
0.904
0.335
0.447
0.257

Student's t test was used to assess the statistical significance of differences in tumor weight, number of lung metastases and cellular numbers
of metastases between the low MVD group and high MVD group. Lung metastatic rate was evaluated by Fishers' exact test. amean ± standard
deviation. MVD, microvessel density; N/A, not applicable.

manufacturer's protocols (Bio‑Rad Laboratories, Inc., Hercules,
CA, USA). In the present study, MHCC97‑H model samples
served as the control group.
Protein extraction and ELISA. Tumor samples were lysed
in radioimmunoprecipitation assay buffer (50 mM Tris‑HCl,
pH 7.5; 150 mM NaCl; 0.5% sodium deoxycholate; 1%
NP‑40; 0.1% sodium dodecyl sulfate) plus serine protease

inhibitors. Protein was extracted by microcentrifugation for 30 min at 13,000 x g. Protein concentration was
determined using Bradford Reagent (Beyotime Institute of
Biotechnology, Inc.). The VEGF and TGFβ1 concentration
in the protein extracts was determined using the Human
VEGF Quantikine ELISA assay kit (DVE00; R&D Systems,
Inc., Minneapolis, MN, USA) and Human TGF‑beta 1
Quantikine ELISA kit (R&D Systems, Inc.) according to
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Figure 1. Comparison of MVD between the MSC injection and no MSC injection groups. (A) MVD of tumor tissues in the MSC injection group was visualized
by immunohistochemical staining, using cluster of differentiation 31 antibody. The sample was observed under a light microscope (magnification, x20). Brown
coloring indicated microvessel positivity. (B) MVD in the group without MSC injection. MVD, microvessel density; MSC, mesenchymal stem cells.

A

B

C

D

Figure 2. Correlation between MVD and metastasis demonstrated in mouse models. (A) Association between MVD and the expression levels of TGF β1
mRNA, Smad2 mRNA, Smad7 mRNA, VEGF and TGFβ1 protein. Error bars represent the standard error of the mean. *Statistically significant difference
between two groups (P<0.05). (B) Correlation between VEGF and TGFβ1 protein. (C) Correlation between TGFβ1 protein and the tumor foci number of
pulmonary metastasis. (D) Correlation between VEGF protein and the tumor foci number of pulmonary metastasis. Dots represent all samples, and the line
denotes a regression line. MVD, microvessel density; TGF, transforming growth factor; mRNA, messenger RNA; VEGF, vascular endothelial growth factor;
OD, optical density.

the manufacturer's protocol. The optical density values
were measured using a Spectramax M5 microplate reader
(Molecular Devices, LLC., Sunnyvale, CA, USA) at 450 nm
wavelength.
Statistical analysis. Data was analyzed using SPSS
version 11.5 (SPSS, Inc., Chicago, IL, USA). Student's t test
was utilized for analysis of the significance of differences
between tumor weight and volume, and mRNA expression
levels of target genes for independent samples. Fishers' exact

test was performed for the comparison of ratio involved. All
statistical tests performed were two‑sided, and P<0.05 was
considered to indicate a statistically significant difference.
Results
MSC treatment reduces the rate of pulmonary metastasis of
HCC. No difference in tumor weight was observed between the
group treated with MSCs and the untreated control group; the
ratios of tumor to body weight were 0.14±0.05 vs. 0.13±0.04,
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respectively (P= 0.75). Compared with the control group, the
pulmonary metastasis rate of the MSC‑treated mice (100 vs.
50%, for the control and MSC‑treated mice, respectively) was
statistically reduced (100%; P=0.029; Table II).
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MVD was not observed to be associated with tumor growth
and metastasis of HCC. According to the median levels of
MVD, samples were divided into two groups, dependent on
high or low MVD. No statistically significant differences were
identified between the two groups, including for tumor weight,
pulmonary metastasis rate, tumor foci number of metastasis
and cellular number of metastases (Table IV).

In HCC, MVD is closely associated with tumor size,
recurrence and disease‑free survival (24). However, the
present study did not identify an association between MVD
and metastasis and tumor size. Although intratumor MVD
is a marker for angiogenesis, it is not able to provide any
functional information concerning the underlying molecular
pathways involved in the angiogenic activity of a specific
tumor (25). Multivariate analysis has indicated that MVD is
not an effective prognostic factor when tumor size is >5 cm (9).
In addition, three types of intratumor microvessels may be
identified in HCC, including capillary‑like, sinusoid‑like
and mixed‑type, which make the prognostic value of MVD
uncertain (24).
Cytokines have a significant role in tumor metastasis and
angiogenesis (26,27). TGFβ1 may influence the invasiveness
and metastasis of carcinoma (28‑30), and has been observed
to particularly promote angiogenesis (31‑34). The present
study identified that MSCs were able to significantly enhance
the expression of TGF β1 mRNA, however, inhibited the
expression of Smad7 mRNA. Additionally, TGFβ1 mRNA
expression levels correlated with MVD. The results of the
present study suggested that MSCs may promote angiogenesis via the TGFβ1/Smad signaling pathway, and may have
revealed a novel mechanism for the role of MSCs in tumor
progression. The present study detected TGFβ1 mRNA and
protein levels and demonstrated that MVD was correlated
with the levels of TGFβ1 mRNA, however, was not correlated
with the levels of TGFβ1 protein. This divergence may be due
to the complicated post‑transcriptional mechanisms involved
in translation of mRNA into proteins (35).
No association was identified between MSC injection and
VEGF expression, and VEGF was not observed to enhance
MVD in the present study. However, a close association was
observed between TGFβ1 and VEGF, and these cytokines
were demonstrated to be associated with tumor metastasis,
which may indirectly reflect the role of VEGF in tumor
angiogenesis. It has been reported that VEGF and TGF β1
interact with each other during the process of angiogenesis.
This interaction complicates their role in angiogenesis, and in
some cases may induce an inhibitory effect on cancer proliferation (36‑39).
In conclusion, the results of the present study suggested
that MSCs may enhance the angiogenesis of HCC through the
action of TGFβ1. The TGFβ1/Smad signaling pathway and
its interaction with VEGF may partly explain the intricate
role of MSCs in tumor progression. Whether the increase in
angiogenesis is due to the differentiation of MSCs or caused
by alternative vascular regulators secreted by MSCs requires
investigation in future studies.
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MVD is a direct reflection of tumor angiogenesis, and may
be visualized using immunohistochemical staining with
antibodies of anti‑CD31, anti‑CD34, factor VIII and α‑smooth
muscle actin (23). In the present study, it was identified that
MSC is capable of enhancing the MVD of HCC tumors, as
well as inhibiting pulmonary metastasis. The results of the
present study provided evidence and indicated that MSC may
promote tumor angiogenesis and influence tumor progression.
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MSC treatment exerts differential effects on the expression of
mRNA of TGFβ1 and Smads in HCC tumors. Levels of TGFβ1
mRNA in the MSC‑treated group were 2.15‑fold higher
compared with the untreated controls (1.27±0.61 vs. 0.59±0.39;
P= 0.033), however, the levels of Smad7 mRNA were downregulated compared with untreated controls (0.76±0.29 vs.
1.41±0.50; P=0.006; Table III).
MSC treatment exerts differential effects on MVD and
VEGF expression in HCC. The expression of VEGF in the
MSC‑treated group did not significantly differ compared
with the untreated control group (0.29±0.05 vs. 0.31±0.13;
P= 0.631). However, MVD was significantly increased in the
MSC‑treated group compared with the untreated control
group (28.00±9.19 vs. 18.11±3.30; P=0.006; Fig. 1; Table III).
Levels of TGFβ1 mRNA are associated with MVD. According
to the median levels of TGF β1 mRNA, Smad2 mRNA,
Smad7 mRNA, TGFβ1 protein and VEGF protein, expression
levels were divided into two groups, high‑level and low‑level.
MVD was increased in the TGFβ1 mRNA high‑level group
compared with the low‑level group (26.50±9.11 vs. 19.44±6.14;
P= 0.038), however, the levels of Smad2 mRNA (23.67±7.84
vs. 21.75±9.14; P= 0.648), Smad7 mRNA (24.33±8.26 vs.
21.00±8.46; P= 0.424), VEGF protein levels (22.12±8.82 vs.
23.33±8.23; P= 0.375) and TGFβ1 protein levels (23.66±8.23
vs. 20.63±8.29; P= 0.375) demonstrated no significant difference between the two groups (Fig. 2A).
TGFβ1 and VEGF protein levels are associated with metastasis.
In the present study, it was identified that TGF protein levels
were closely correlated with VEGF protein levels using linear
correlation analysis (R2=0.55; P=0.006; Fig. 2B). In addition,
TGFβ1 and VEGF protein levels were observed to be associated
with the tumor foci number of metastasis (R2= 0.28 and P= 0.030;
and R2=0.30 and P=0.001, respectively; Fig. 2C and D).
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