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Objective. To observe the inhibitory effect of solanine on regulatory T cells (Treg) in transplanted hepatoma mice and to study the
mechanism of solanine inhibiting tumor growth. Methods. The levels of Treg cells and IL-2, IL-10, and TGFf in the blood of
patients with liver cancer were detected by flow cytometry and ELISA, respectively. A mouse hepatocellular carcinoma (HCC)
graft model was established and randomly divided into four groups: control group, solanine group, TGES inhibitor group
(SB-431542), and solanine "TGFJ3 inhibitor combined group. Tumor volume of each group was recorded, tumor inhibition rate
was calculated, and tumor metastasis was counted. The proportion of CD4"CD25"Foxp3" Treg in transplanted tumor tissues
was detected by flow cytometry. The expression levels of Foxp3 and TGFJ in transplanted tumor tissues were detected by
quantitative fluorescence PCR. Results. Compared with healthy people, Treg cells and IL-2, IL-10, and TGFf contents in
peripheral blood of liver cancer patients were increased. The results of the transplanted tumor model in mice showed that
the tumor volume of the transplanted mice in the solanine group and the TGFf inhibitor mice was reduced compared
with the control group. The combined group had the smallest tumor volume. The proportion of CD4*CD25"Foxp3" Treg in
the transplanted tumor tissues of mice in the solanine treatment group was significantly lower than that in the control group.
The expressions of Foxp3 and TGFp in the transplanted tumor tissues of mice in the solanine group were significantly lower
than those in the control group. Conclusion. Solanine may enhance the antitumor immune response by downregulating the
proportion of CD4"CD25" Treg and the expression of Foxp3 and TGFJ3 in tumor tissues.

1. Introduction

The mechanism of HCC development and distant metastasis
is very complex, among which immune dysfunction is an
important factor [1-5]. Various immune mechanisms can
target tumor cells to stimulate the body’s immune response
to tumor cells, including cellular immunotherapy, cytokines,
tumor vaccines, and immunocheckpoint inhibitors [6-8].
CD4"CD25" Treg cells are usually divided into two cate-
gories according to the differences in cell development, bio-
logical characteristics, and mechanism of action [9-11].
These include naturally occurring regulatory T cells (nTreg)
and induced (or acquired) regulatory T cells (iTreg) from
the thymus [12]. iTreg cells are induced, immunomodulatory

cells. Recent studies have shown that in addition to CD4*
CD25" Treg cells produced by the thymus, peripheral com-
mon CD4"CD25" T cells can express Foxp3 in vivo and
transform into iTreg cells under the conditions of chronic
antigen stimulation and cytokines [13, 14]. iTreg cells are
derived from peripheral CD4" T cells under the influence
of various cytokines and environmental factors after receiv-
ing antigen stimulation [15]. CD4"CD25" Treg cells are
closely related to immune evasion and tolerance of tumors.
A large number of studies have found that CD4"CD25" Treg
cells can be detected in peripheral blood and tumor-
infiltrating lymph nodes of patients with gastric cancer, liver
cancer, breast cancer, and other cancers [16]. CD4*CD25*
Treg cells may play an immunosuppressive role by activating
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them after recognizing tumor antigens and inhibit the
production of antitumor immune responses in the body [9-
11], to leave the body in a state of low or no response to the
tumor. Foxp3, a member of the forkhead transcription factor
family, is a specific morphological and functional indicator of
human CD47CD25" Treg cells. Foxp3 plays an important
role in the development, differentiation, maturation, and
function maintenance of Treg cells, and is considered to be
the most sensitive marker of CD4"CD25" Treg cells [17-
19]. As a member of the TGFf family of growth factors,
TGEFp can regulate the proliferation and differentiation of
immune cells and suppress the immune response. TGEf is
a growth regulator of a variety of human epithelial-derived
cells and plays an important role in the occurrence, develop-
ment, and metastasis of tumors.

Solanine is a weakly basic glycoside [20, 21]. Studies have
shown that solanine has a wide range of anticancer effects in
liver cancer, breast cancer, liver cancer, pancreatic cancer,
colorectal cancer, and other tumors [22]. Solanine can inhibit
cell proliferation, induce cell apoptosis, block cell cycle, induce
autophagy, enhance chemoradiotherapy, inhibit epithelial-
mesenchymal transformation, inhibit tumor metastasis, and
inhibit angiogenesis [21, 23]. However, there are few studies
on the effect of solanine on tumor immune function.

In this study, the effects of solanine on CD4"CD25" Treg
cells in tumor microenvironment of transplanted hepatocel-
lular carcinoma mice were observed, to study the antitumor
effect of solanine and to explore the possibility of solanine
in immunotherapy for tumor.

2. Materials and Methods

2.1. Collection of Patient Specimens. Fifteen cases of
hepatocellular carcinoma were collected from our hospital
from December 2018 to April 2020. Preoperative chemother-
apy and immunotherapy were not performed to exclude
immune-related diseases. The age ranged from 36 to 68, with
a median age of 47. Fifteen healthy subjects excluded tumor
and immune-related diseases in hospital physical examina-
tion were taken as the control group. All patients signed
informed consent forms, and the study was reviewed by the
ethics committee of our hospital.

2.2. Serum Samples Were Detected by ELISA. Cytokines IL-2,
IL-6, and IL-10, TGEp, and enzyme-linked immunosorbent
assay (ELISA) kits were purchased from Wuhan Baodu
Company. In the detection of TGFp, the reagent was pur-
chased from Jingmei Bioengineering Co., Ltd. and was
detected by Denley automatic labeling analyzer in the United
States. Serum TGFp was detected by ELISA, and the opera-
tion was strict according to the instructions.

2.3. Cell Culture and Transfection. RPMI1640 cell culture
medium, fetal bovine serum, and lymphocyte separation
solution were purchased from Gibco, USA. Human hepato-
cytes and hepatocellular carcinoma cells were purchased
from American Type Culture Collection (ATCC, Manassas,
VA, USA). H22 cells were inoculated in culture bottles at
appropriate concentrations and added to culture medium
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containing 10% FBS RPMI1640, cultured in an incubator
with constant temperature of 37°C, 5% CO,, and saturated
humidity. Adherent cell growth, passage every 2~3 days
once. At the time of administration, human liver cancer cells
at exponential growth stage were taken and digested by
0.25% trypsin. Cell suspension with 10% fetal bovine serum
was adjusted to a concentration of 3 x 10°/mL and inoculated
into 6-well plates with 1 mL per well. The 6-well plate was
placed in a carbon dioxide incubator at 37°C and 5% CO,.
After 24 h of culture, solanine was added, and the final con-
centrations were 0.4, 2, and 10 ymol/L, respectively.

2.4. Xenograft Tumor Model. Eighty female nude mice aged 4
to 5 weeks, with SPF grade, were purchased from the Labora-
tory Animal Center of Peking University and kept in SPF
room. Liver cancer cell H22 was diluted with RPMI1640 cell
culture medium to a suspension containing 1 x 107 cells per
200 uL and injected subcutaneously into 3 mice. After con-
tinued feeding for 1 week, the subcutaneous eminence of
mice was visible, indicating the formation of tumors contain-
ing liver cancer tumor cells. After the mice were put to death,
the subcutaneous skin was cut off in the superclean work-
bench after sterilization with medical alcohol, and the disin-
fected scalpel was cut into small pieces. The cells were washed
with sterile PBS solution twice. The nude mice were ran-
domly divided into 4 groups: the tumor blocks were inocu-
lated subcutaneously under the right armpit to about 2 cm
above the midaxillary line of the mice, and tumor formation
in the mice was observed. When the diameter of the subcuta-
neous cervical tumor block was 5mm, the tumor-bearing
model was successful.

2.5. Administration Method and Dose. In the model control
group, 0.2mL/d of normal saline was intraperitoneally
injected. In the solanine group, solanine was intraperitone-
ally injected at a dose of 37.5 mg/kg, 0.2 mL/day. In the com-
bined TGFp inhibitor group, solanine was intraperitoneally
injected at a dose of 37.5mg/kg, 0.2mL per day, and TGFf
inhibitor SB-431542 was added on the 6th, 7th, and 13th and
14th days, at a dose of 0.2 mL per 10 mg/kg. In the TGEp inhib-
itor group, 0.2mL/d of normal saline was intraperitoneally
injected. TGFf inhibitor SB-431542 was added on the 6th,
7th, and 13th and 14th days, and 0.2mL of 10 mg/kg dose
was intraperitoneally injected.

2.6. Flow Cytometry to Detect Treg in Peripheral Blood.
Reagents were purchased from Jingmei Bioengineering Co.,
Ltd. and tested using Coulter Epics XL flow cytometer (Beck-
man Coulter, USA). 40 uL of EDTA-K2 anticoagulated blood
and 5 uL of CD4-PE and CD25-FITC antibodies were added.
In the same type of control tube, another 40 uL of blood was
added to 5uL of IgG1-PE and 5 uL of IgG2a-FITC, mixed
well, and incubated in the dark at room temperature for
20 min. After hemolysis, add 3 mL of PBS buffer, centrifuge
at 1800 r/min for 5min, and discard the supernatant. Then,
add 500 uL of PBS buffer solution and check by flow cytom-
etry. The results are expressed as a percentage.

2.7. Treg Cells in Mouse Spleen Lymphocytes Were Detected by
Flow Cytometry. The mouse spleen was isolated to make cell



BioMed Research International

suspension. After filtration, the cells were transferred to the
new centrifuge tube. Centrifuge at 800x g for 5min and
remove the supernatant. The cells were washed with PBS
solution 2 times and then centrifuged to remove supernatant.
An appropriate amount of cell culture medium was added to
adjust the cell density to 1 x 107/mL. The cells were stratified
by the treatment of lymphocyte separation solution, and the
lymphocyte layer was the cloud layer between the stratified
solution and the supernatant. Draw the needle into the new
centrifuge tube. After washing with sterile PBS solution for
2 times, the supernatant was centrifuged to obtain the
mononuclear cells of spleen tissue. 100 yL of mononuclear
cell suspension of spleen tissue was added into the flow tube
with PERCP-labeled CD4 antibody and the second tube with
PERCP-labeled CD4 and FITC-labeled CD25. After incuba-
tion at room temperature in dark for 20min, 500 uL of
intracellular membrane breaker was added for 10 min, and
the supernatant was removed by centrifugation. PE-labeled
Foxp3 antibody was added, was incubated in the dark for
20 min, was washed with PBS once, and was suspended.
The proportion of CD4"CD25"Foxp3*/CD4" (Treg) cells in
mouse lymphocytes in each group was measured by upflow

cytometry.

2.8. Immunofluorescence. The slides were fixed with 4% para-
formaldehyde for 15min, and the slides were soaked with
PBS for 3 times, 3 min each. Triton X-100 (PBS) permeable
cells at room temperature for 20 min. Normal goat serum
was added to the slides and sealed at room temperature for
30 min. Each slide was dripped with enough diluted primary
antibody (Foxp3, Abcam, 1:100) and placed in a wet box,
incubated at 4°C overnight. Add fluorescent secondary anti-
body. After the absorbent paper was dried and the excess liq-
uid was added to the slide, the diluted fluorescent secondary
antibody was added and incubated at 37°C in a wet box for
1h. PBST was soaked and sliced for 3 times, 3 min each.
DAPI was added for incubation in dark for 30 min, and the
specimen was stained. The tablets were sealed with a sealing
solution containing an antifluorescent quenching agent.
Images were observed and collected under a fluorescence
microscope (Nikon, Japan).

2.9. Immunohistochemical. The THC EnVision two-step
method was used to detect the expression of Ki-67 in tumor
tissue. All fresh specimens were fixed with 10% formaldehyde
and sampled within 48 h, paraffin-embedded, and consecu-
tively sectioned, with 4 ym thick. Mouse anti-human Ki-67
monoclonal antibody was purchased from Abcam Company.
The working fluid concentration was 1: 100, and PBS was used
as the negative control instead of two primary antibodies.
EnVision Kit was purchased from Dako. The sodium citrate
buffer (pH = 6.0) was used to repair the antigen by microwave.
The rest of the steps strictly follow the instructions.

2.10. gqRT-PCR. The reverse transcription kit and qPCR kit
were purchased from Dalian Takara Company. The total
RNA of spleen lymphocytes in each group was extracted by
the TRIzol method. Total RNA concentration was deter-
mined by spectrophotometry. A c¢DNA template was

obtained by using reverse transcription kit to extract 500 ng
of total RNA from mouse lymphocytes. qPCR primers for
target genes were designed and synthesized by Shanghai
Sangon Co., Ltd.: Foxp3 Sense: 5'-CACCTATGCCACCC
TTATCCG-3', Foxp3 Anti-sense: 5'-CATGCGAGTAA
ACCAATGGTAGA-3'; GAPDH Sense: 5'-AGGTCGGTG
AACGGATTTG-3', GAPDH Anti-Sense: 5 -GGGGTC
GTTGATGGCAACA-3'. Procedures were performed as
described in SYBR Premix Ex Taq™ II and tested by the
U.S. Bio-Rad iQ5 qPCR system. Reaction conditions are as
follows: 94°C, 30s; 58°C, 30s; and 72°C, 30s, with a total of
40 cycles. As an internal reference gene, GAPDH was
repeated for 3 times, and the mRNA expression of each
group was calculated by the 27T method.

2.11. Statistical Analysis. SPSS 20.0 (SPSS Inc., Chicago, IL,
USA) statistical software was used for relevant data analysis.
All data were expressed as the mean + standard deviation.
Comparisons between the two groups were performed using
the t-test. Comparisons between groups were performed
using one-way ANOVA. P<0.05 or P<0.01 means that
the difference was statistically significant.

3. Results

3.1. Treg Cells Increased in Peripheral Blood of Tumor
Patients, and the Levels of IL-2, IL-10, and TGEp Increased.
In order to study the content of immune cells and the
changes of tumor immune-related factors in peripheral blood
of patients with liver cancer, we collected the peripheral
blood of 15 healthy volunteers and 15 patients with liver can-
cer. The experimental results showed that compared with
healthy volunteers, the proportion of Treg in peripheral
blood of liver cancer patients in CD4" T cells was analyzed
and cell surface markers were detected on flow cytometry,
and the number of Treg in the liver cancer group was higher
than that in the control group (P <0.01, Figure 1(a)). Fur-
ther, ELISA was used to detect the levels of IL-2, IL-10, and
TGEp in serum. The results showed that the levels of IL-2,
IL-10, and TGFp in the serum of liver cancer patients were
significantly increased compared with healthy volunteers
(P < 0.01, Figures 1(b)-1(d)).

3.2. Liver Cancer Cells Release More TGFf3 than Normal Stem
Cells. Furthermore, the expression of TGEp in liver cancer
cell lines and normal liver cells was determined. The experi-
mental results showed that compared with normal liver cells,
TGEp expression was higher in HCC cell lines, with H22
having the highest TGFf3 expression (Figure 2(a)). In the pre-
vious experimental results, we confirmed the inhibitory effect
of solanine on liver cancer. In this study, we examined the
inhibitory effect of solanine on TGFf3 of hepatocellular carci-
noma cell line H22. The results showed that solanine could
significantly reduce the content of TGFf in H22 with a
dose-dependent relationship (Figures 2(b) and 2(c)).

3.3. Solanine Inhibits the Growth and Metastasis of
Transplanted Hepatoma in Mice. After inoculation of liver
cancer cells in mice for 5-7 days, subcutaneous tumor
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FIGURE 2: Liver cancer cells release more TGFf3 than normal stem cells. (a) Compared with normal liver cells (LO2) and liver cancer cells
(HepG2, SMMC-7721, Hep3B, BEL-7402, and H22), TGEf content was detected. (b) Structural formula of solanine. (c) Solanine treats

liver cancer cells and inhibits TGFf. *P < 0.05 and **P < 0.01.

formation could be felt, and tumor lesions could be observed
by naked eye on the 7th day or so. The transplanted tumors
in the PBS group grew rapidly, and the growth curve was
steep (Figures 3(a) and 3(b)). There was no significant differ-
ence in the growth rate of transplanted tumors in the sola-
nine group, the TGFf inhibitor group, and the
combination group compared with the control group at the
initial stage of treatment. With the extension of treatment
time, the growth of transplanted tumors in mice in the sola-

nine group, the TGFp inhibitor group, and the combination
group was slow. The tumor weight test results showed that
the transplanted weight of mice in the solanine group was
significantly lower than that in the control group
(Figure 3(c)). The tumor metastasis detection results showed
that compared with the control group, tumor metastasis was
significantly reduced in the solanine group, the TGFf inhib-
itor group, and the combination group (Figure 3(d)). Fur-
ther, we detected the cell proliferation index Ki-67 staining
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by immunohistochemistry. The experimental results showed
that compared with the control group, Ki-67 staining of
tumor cells was significantly decreased in the solanine group,
the TGEp inhibitor group, and the combination group, indi-
cating that the solanine group, the TGFf inhibitor group,
and the combination group could significantly reduce the
proliferation ability of tumor cells (Figure 3(e)).

3.4. Solanine Treatment Reduced the Proportion of
CD4"CD25"Foxp3" Treg in Transplanted Tumor Tissues. In
order to observe the effect of solanine on Treg in hepatocel-
lular carcinoma-bearing mice, CD4"CD25"Foxp3™ was used
as the marker of Treg in this study. CD4 coil gates were first
used; then, CD25 coil gates were used to detect the proportion
of CD4"CD25"Foxp3™ Treg in CD4" T cells in each group.
The proportion of CD4"CD25 Foxp3™ Treg in CD4" T cells
in the solanine group, the TGFJ3 inhibitor group, and the com-
bination group was significantly lower than that in the control

group (Figures 4(a) and 4(b)). At the same time, immunoflu-
orescence staining results showed that the expression of Foxp3
in Treg cells of the solanine group, the TGFf inhibitor group,
and the combination group was also significantly decreased
(Figure 4(c)). At the same time, we also found that solanine
treatment reduced the contents of IL-2, IL-10, and TGFp in
the serum of tumor-bearing mice (Figures 5(a)-5(c)). The
Treg cells in the control group, the solanine group, the TGEp
inhibitor group, and the combined group were separated by
flow cytometry and then cultured to detect the contents of
IL-2, IL-10, and TGEFp in the cell supernatant. The results
showed that the levels of IL-2, IL-10, and TGEFf in Treg cells
isolated from the solanine group, the TGEp inhibitor group,
and the combined treatment group were significantly lower
than those in the control group (Figures 6(a)-6(c)).

3.5. Solanine Inhibited the Expression of Foxp3 and TGEp
mRNA in Transplanted Tumor Tissues. In order to further
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investigate the molecular mechanism of solanine in the
treatment of liver cancer, we detected the changes of the
TGF/Smad signaling pathway in tumor tissues after treat-
ment with solanine. The experimental results showed that
compared with the control group, TGEf expression was
significantly reduced in the solanine group, the TGEFp
inhibitor group, and the combination group, with the max-
imum reduction in the combination group (Figure 7(a)).
Further test results showed that the overall expression of
Smad2 did not change significantly, but the p-Smad2
expression decreased significantly (Figures 7(b) and 7(c)).
The detection results of Smad3 were consistent with those
of Smad2. The overall expression level of Smad2 in the
solanine group, the TGFf inhibitor group, and the combi-
nation group did not change significantly, but the expres-
sion level of p-Smad2 was significantly decreased, and the
reduction degree of the combination group was the largest
(Figures 7(d) and 7(e)).

4. Discussion

Hepatocellular carcinoma (HCC) is one of the most common
malignancies and ranks the second leading cause of cancer

death worldwide [24-26]. Immunotherapy is one of the
important means of tumor therapy. In recent years, it has
been found that the occurrence, development, and prognosis
of tumors are closely related to CD4"CD25" Treg cells.
Treatment measures against Treg in vivo are obviously ben-
eficial to antitumor immunity [27-30]. Ideal tumor thera-
peutic effects can be achieved by removing Treg cells in
tumor patients and regulating the migration, distribution,
and function of Treg. Tumor cells retain the antigenicity of
the original cells and produce tumor antigens during carci-
nogenesis. Therefore, the immune escape of the tumor results
in the body’s unresponsiveness to the tumor or low immune
function. Treg cells can inhibit the development and activa-
tion of effector cells that recognize their own tumor cells,
and play an important role in mediating tumor immune tol-
erance. Therefore, inhibition of Treg cells is of great signifi-
cance for tumor immunotherapy [31-34].

Treg cells are involved in tumor escape by secreting
inhibitory cytokines. Treg cells mainly secrete TGFf and
IL-10 to inhibit the body’s antitumor immunity. IL-10 pro-
motes tumor immune escape by inhibiting the function of
APC, Thl cells, NK cells, and macrophages. TGFf also
induces excessive IL-10 secretion in tumors, leading to
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immunosuppression of the antitumor response. Chen et al.
[35] found that CD4"CD25" Treg cells could inhibit the
tumor clearance effect mediated by CD8" T cells. TGFj3 plays
a key role in this inhibitory process. Treg cells promote
tumor immune escape by interacting with immune cells in
the tumor microenvironment. Treg cells inhibit tumor
immunity by inhibiting tumor-infiltrating T cells (TIL),
dendritic cells, and macrophages in the tumor microenviron-
ment. Treg cells inhibit proliferation and induce immune
incompetence by competing with effector T cells to bind
IL-2 or acting directly on them. IL-2 is a signal of cell pro-
liferation. CD4'CD25" Treg cells can upregulate the
expression of IL-2 receptor chain, while interfering with
the expression of IL-2 receptor chain in effector T cells.
Finally, IL-2 receptor can be used competitively, so that
effector cells cannot get growth signal and cannot prolifer-
ate. In this study, it was found that solanine and TGEFf
inhibitors could significantly inhibit Treg cell content
and reduce IL-2 and IL-10 levels.

In this study, a mouse model of hepatocellular carci-
noma was successfully established, and it was found that
solanine could significantly inhibit the growth of hepatocel-
lular carcinoma in vivo. With the extension of time, the

rate of tumor inhibition increased. The results of animal
experiments verified the inhibitory effect of solanine on
liver cancer. Foxp3 is the most specific marker of Treg cells
and plays a key role in the differentiation and function reg-
ulation of Treg cells. In this study, qPCR was used to detect
gene expression changes of key transcription factors of Treg
cells in spleen lymphocytes of hepatoma-bearing mice. The
results showed that the expression level of Foxp3 mRNA in
lymphocytes of mice in the tumor-bearing model group
increased significantly, while the expression level of Foxp3
mRNA in the solanine treatment group decreased signifi-
cantly, with a time effect [36, 37]. This suggests that sola-
nine may play an immunomodulatory role by inhibiting
the expression of Foxp3, a key transcription factor in Treg
cells [38, 39]. At the same time, it was also found in this
study that the levels of Treg-related immune cytokines
(IL-2, IL-10, and TGEFp) were significantly increased in
mice in the hepatoma-bearing model group. However, Treg
cell-related immune cytokines decreased after treatment
with solanine. This indicated that solanine could reduce
Treg cell content in spleen lymphocytes of hepatocellular
carcinoma-bearing mice by inhibiting Treg cell-related
immune cytokines.
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FiGURE 7: Detected the TGFf3/Smad3 signaling pathway. (a) Detection of TGFp content in sorted cells. (b) Detection of Smad2 content in
sorted cells. (c) Detection of p-Smad2 content in sorted cells. (d) Detection of Smad3 content in sorted cells. (e) Detection of p-Smad3

content in sorted cells. *P < 0.05 and **P < 0.01.

5. Conclusion

The results of this study showed that solanine inhibited the
growth of transplanted hepatoma in mice and reduced the
proportion of CD4"CD25"Foxp3™ Treg and the expression
levels of Foxp3 and TGF8 mRNA. Mechanism studies have
shown that solanine reduces the proportion of local CD4""
CD25"Foxp3” Treg in mice and enhances the body’s
antitumor immune response by inhibiting the TGFf/Smad

signaling pathway. Therefore, as a potential drug for effective
treatment of liver cancer, solanine has potential application
prospect. This study provides experimental basis for the
future clinical application of solanine.

Data Availability

All the experimental data can be made public by the require-
ments of qualified researchers.
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