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Abstract

Objective: We investigated the antitumor effects of salidroside and preliminarily examined its
underlying mechanisms by establishing a nude mouse model bearing MCF-7 breast cancer cell
xenografts.

Methods: The mice were grouped and intraperitoneally injected with salidroside, paclitaxel, or
physiological saline. Tumor samples were weighed, and immunohistochemical staining with hema-
toxylin and eosin and anti-CD34 antibody was performed. Tumor cell apoptosis was observed
using the terminal deoxynucleotidyl transferase deoxyuridine dUTP nick end labeling assay. Bcl-1,
p53, Bax, and caspase 3 expression in tumor tissues was determined via western blotting.
Results: The tumor inhibition rate of high-dose salidroside was 75.16%, which was significantly
higher than the rates for paclitaxel and saline. A tumor tissue pathology analysis revealed that
high-dose salidroside inhibited tumor cell proliferation and promoted tumor cell apoptosis.
Western blotting revealed that Bcl-2 and p53 expression were significantly lower in the salidro-
side group than in the other groups, whereas Bax and caspase 3 (17 kDa) expression were
increased.

Conclusions: Salidroside was more effective than paclitaxel in inhibiting tumor growth in MCF-7
breast cancer cell-bearing nude mice. The mechanism of action may involve Bcl-2 and p53 down-
regulation and Bax and caspase 3 upregulation, thereby increasing proapoptotic factor expression
and inducing tumor cell apoptosis.
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Introduction

Breast cancer is a malignant tumor with a
high incidence in women and a significantly
increasing incidence in developed and
developing countries globally, and it severe-
ly threatens the health of women.'
Therefore, it is vital to identify effective pre-
ventative and  treatment  measures.
Currently, there is a preference for molecu-
lar targeted drugs for the treatment of
breast cancer.” The clinical application of
different chemotherapeutics has significant-
ly increased the cure rates of tumors and
prolonged patient survival. However, che-
motherapy consists mainly of synthesized
drugs, which are expensive to develop and
which are associated with toxicity and
immunosuppression, leading to serious
toxic side effects in healthy body tissues.
Therefore, the development of effective
and safe antitumor drugs is currently the
most important goal. Traditional Chinese
medicine (TCM) formulations have direct
cytotoxic or inhibitory effects on tumor
cells. They also alleviate signs and symp-
toms in patients and increase the efficacy
of chemotherapy.’

Preclinical investigations regarding TCM
are usually fragmentary and are often not
comparable because of the use of different
extracts and administration, but it is impor-
tant to explore the mechanism of action of
the active ingredients in the herbs.
Salidroside is the main active ingredient in
Rhodiola rosea L. grass or its roots and
stems.*> In vitro experiments demonstrated
that salidroside inhibits the proliferation of
many types of cancer cells (HeLa human
cervical cancer, SPC-A-1 lung adenocarci-
noma, QGY-7703 liver cancer, and TEU-2

bladder cancer cells®'®). Furthermore, a
study found that salidroside inhibits breast
cancer cell growth and induces apoptosis
in vitro."!

To further study the antitumor effects of
salidroside, a nude mouse model bearing
MCEF-7 breast cancer cells was established.
Furthermore, we used a standard breast
cancer drug, paclitaxel, as a positive control
to examine the inhibitory effects of salidro-
side on breast cancer cells in vivo. Finally,
we preliminarily examined the underlying
mechanisms.

Materials and methods

Establishment of the animal model

Forty specific pathogen-free female BALB/
C-nu mice weighing 16 to 20g were pur-
chased from SJA Laboratory Animal Co.,
Ltd (Hunan, China). The MCF-7 human
breast cancer cell line was purchased from
Biofavor Biotechnology Co., Ltd (Wuhan,
China). After a 7-day acclimatization
period, cotton balls containing alcohol
were used to disinfect the skin of the right
forelimb of each animal. MCF-7 cells at the
logarithmic phase were collected and subcu-
taneously inoculated into the right fore-
limbs of nude mice (I x10° to 1x 10’
cells/mouse in a volume of 200 uL). Then,
the inoculation site was gently pressed to
prevent cells from escaping, and the mice
were returned to their cages for routine
housing. Tumorigenesis was confirmed
when subcutaneous tumor nodules with a
hard texture were observed at the inocula-
tion site.
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Hubei Provincial Center for Disease
Control and Prevention approved this
research (SYXK2017-0065, Hubei,
2017.6.). We have taken adequate care of
the animals in reference to the ARRIVE
guidelines and made efforts to minimize
the number of animals utilized and decrease
their suffering.

Drug administration method and dose

Salidroside (99.9%) was purchased from
Synchallenge Unipharm Inc., Ltd (Wuhan,
China), and paclitaxel was purchased from
Wuhan Biocata Biological Technology Co.,
Ltd (Wuhan, China). Tumor growth was
observed daily, and when the tumors had
grown to a volume of 100 to 150 mm?, the
mice were randomized into the five groups
of eight mice each as follows: 1) blank con-
trol (physiological saline); 2) positive
control (2mg/kg paclitaxel); 3) low-dose
salidroside (20mg/kg); 4) medium-dose
salidroside (40mg/kg); and 5) high-dose
salidroside (80 mg/kg). Drugs were admin-
istered via intraperitoneal injection to the
mice in a volume of 0.2 mL per mouse con-
tinuously for 8 days.

Measurement and sample collection

Starting on day 3 after drug administration,
Vernier calipers were used to measure the
long and short diameters of the tumors
until the end of the experiment. Tumor
volume was measured using the following
formula: V= (a x b%)/2, where a and b are
the long and short diameters of the tumor,
respectively. The mice were euthanized via
cervical dislocation, and the tumors were
weighed to calculate the tumor inhibition
rate (IR, %) as follows: IR =[1 — (weight
of tumor mass from the experimental
group/weight of tumor mass from the con-
trol group)] x 100. Tumor masses were
extracted, arranged by group on a piece of
white paper, photographed, fixed in 4%

paraformaldehyde, and preserved for subse-
quent experiments.

Hematoxylin and eosin (H&E) staining

Fixed tumor tissue blocks were trimmed
before ethanol dehydration and tissue clear-
ing to permit the paraffin to effectively pen-
etrate the cells. The paraffin wax-embedded
tissue blocks were sectioned, dried, and
stained with H&E for pathological exami-
nation. A microscope was used to photo-
graph the sections at x200 magnification
to observe the tumor tissue pathology and
structural changes.

CD34 immunohistochemical staining to
observe tumor blood vessels

The paraffin sections were dewaxed, and
antigen retrieval was performed. Briefly,
the tissue sections were incubated with 3%
hydrogen peroxide to block endogenous
peroxidases, followed by blocking with
dilute goat serum at 25°C for 30 minutes
to reduce non-specific staining. Then, the
tissues were sequentially incubated with pri-
mary antibodies, enzyme-labeled secondary
antibodies, and the chromogenic agent,
followed by hematoxylin counterstaining,
dehydration, and mounting. Weidner’s cal-
ibration method, in which the two regions
(hotspots) with the most microvessels were
selected under low magnification (x10) for
each sample, was used. The number of
microvessels was counted in four fields for
every region under x40 magnification, and
the microvessel density was calculated.

Terminal deoxynucleotidyl transferase
deoxyuridine dUTP nick end labeling
(TUNEL) assay

Tumor tissues were embedded in paraffin,
sectioned, washed with phosphate-buffered
saline (PBS), fully immersed in 20 pg/mL
proteinase K solution, and then incubated
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at room temperature for 20 minutes.
Deionized water was used to dilute 5x
equilibration buffer by 5-fold, and then
each tissue sample, including the test
region of interest, was covered with
100 mL of 1x equilibration buffer and incu-
bated at room temperature for 10 to
30 minutes. The glass slides were placed in
a wet box, which was wrapped in aluminum
foil to protect it from light and then incu-
bated at 37°C for 60 minutes. The slides
were then washed with PBS thrice for
5 minutes each, followed by incubation
with DAPI in the dark for 5 minutes for
nuclear staining. PBS plus Tween 20
(PBST) was used to wash the slides four
times for 5 minutes each. Absorbent paper
was used to remove excess liquid from the
sections, which were then mounted with
anti-fade mounting solution, and images
were observed and acquired using a fluores-
cent microscope.

Western blotting

Proteins were extracted from tumor tissues,
and a regression equation was used to
calculate the protein concentration of the
samples. The extracted proteins were dena-
tured before cooling to room temperature
and stored at —20°C. A polyacrylamide
gel electrophoresis (PAGE) gel was cast
and placed in the electrophoresis tank.
A micropipette was used to load the protein
samples (40 ug each) and marker into the
wells. The target bands were cut from the
gel based on the markers and washed with
distilled water. Polyvinylidene fluoride
(PVDF) membranes and filter papers of
the same size as the PAGE gel were cut,
and after the PVDF membranes were
soaked in methanol for several minutes,
they were immersed in transfer buffer with
filter paper.

Tris-buffered saline plus Tween (TBST,
blocking solution) containing 5% skimmed
milk was used to block the PVDF

membranes for 2 hours at room tempera-
ture with shaking. The PVDF membranes
were then incubated with the corresponding
primary antibodies diluted in blocking solu-
tion at 4°C overnight. This was followed by
thorough washing five to six times for 5
minutes each. Horseradish peroxidase-
labeled secondary antibodies were diluted
in blocking solution to 1:5000 and then
incubated with the PVDF membranes at
37°C for 2 hours with shaking. TBST was
used to thoroughly wash the PVDF mem-
branes five to six times for 5 minutes each.

The enhancer solution in the enhanced
chemiluminescence kit was mixed with the
peroxidase solution at a 1:1 ratio. The
working solution was added to the PVDF
membrane and allowed to react for a few
minutes, during which the fluorescent
bands were visible, and then filter paper
was used to absorb the excess substrate
solution. The membrane was covered with
plastic wrap, which was then covered with
the X-ray film, followed by the developing
solution and then the fixer solution. Finally,
the films were rinsed, dried, and scanned,
and then BandScan (Glyko Inc., Novato,
CA, USA) was used to analyze the gray-
scale values of the developed films.

Statistical analysis

Quantitative data were expressed as the
mean + standard deviation), and Statistical
Package for the Social Sciences version 17.0
(IBM, Armonk, NY, USA) was used to
perform analysis of variance.

Results

Tumor growth inhibition status

In nude mice bearing MCF-7 cell xeno-
grafts, tumor growth was significantly
inhibited by salidroside. High-dose salidro-
side exhibited the strongest antitumor
effects, and the differences in tumor
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volume and mass between the high-dose
salidroside and blank control groups were
statistically significant (both P <0.05). The
tumor IRs in the paclitaxel and high-dose
salidroside groups were 61.86 and 75.16%,
respectively (P <0.05). Figure 1 and
Table 1 present the tumor sizes, growth
curves, and tumor IRs.

Pathological and structural changes in
tumor tissues

H&E staining. H&E staining was used to
observe the pathological changes in tumor
tissues, and the results are presented in
Figure 2. In the blank control group,
tumor cells exhibited dense arrangement
and cellular atypia, and tumor tissues in
the middle of the section displayed
marked growth. Compared with the find-
ings in the blank control group, large
necrotic areas were observed in the positive
control and high-dose salidroside groups.

(a) (b)

800.00
700.00
600.00
500.00
400.00
300.00
200.00

100.00

Tumor volume/mm?

0.00

w==positive control group e high-dose group
w====|OwW- dose group

These tumor tissues were loose, they had
an irregular cell arrangement, and the
number of cells was significantly decreased.
In the other treatment groups, tumor cells
exhibited a sparse arrangement, and necrot-
ic areas were observed.

Immunohistochemical detection of CD34.
Immunohistochemical detection of CD34
in tumor tissues was conducted, as pre-
sented in Figure 3. As presented in
Table 2, the differences in microvessel den-
sity among the high-dose salidroside, posi-
tive control, and blank control groups were
statistically significant (P < 0.05). This illus-
trated that salidroside significantly reduced
microvessel density and inhibited angiogen-
esis in tumors, thereby inhibiting their
growth.

TUNEL assay. We established a breast cancer
mouse model and used the TUNEL assay
to quantitate tumor cell apoptosis

! 3 5 7
Dosing time/d

medium-dose group
=== blank control group

Figure |. Effects of salidroside on tumor size and growth curve in mice. (a) Effect of salidroside on tumor
size in mice. From left to right are the low-dose salidroside group, middle-dose salidroside group, high-dose
salidroside group, positive control group, and blank control group. Tumor size was smaller in the salidroside
groups than in the blank control group, and high-dose salidroside had the strongest antitumor effects.

(b) Tumor growth curve. The differences in tumor volume and mass between the high-dose salidroside and
blank control groups were statistically significant (both P < 0.05). In nude mice bearing MCF-7 cell xeno-
grafts, tumor growth was significantly inhibited in the salidroside groups. High-dose salidroside displayed the

best antitumor effects.
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Table I. Tumor weight and inhibition rates (n =8).

High-dose Medium-dose Low-dose
Variables Blank control Positive control salidroside salidroside salidroside
Tumor 1.180 £0.0778 0.450£0.112 0.293+0.102 0.835+0.143 1.065 £ 0.0542
weight (g)
Tumor 0.00% 61.86%* 75.16%+# 29.28%+# 9.74%+#
inhibition
rate

*compared with blank control group, P < 0.05.
#compared with positive control group, P < 0.05.

Figure 2. Pathological changes of tumor tissue after hematoxylin and eosin staining (x200). (a) Blank
control group, (b) positive control group, and (c, d, and e) samples treated with high-, medium-, and low-
dose salidroside, respectively. Compared with the blank control, large necrotic areas were observed in
tissues treated with the positive control and high-dose salidroside. These tumor tissues were loose, they had
an irregular cell arrangement, and the number of cells was significantly decreased. In the other treatment
groups, tumor cells displayed a sparse arrangement, and necrotic areas were observed.

(Figure 4). Compared with the findings in
the blank control group, the number of
apoptotic cells was significantly increased
in all treatment groups, with significant
apoptosis observed in the positive control
and high-dose salidroside groups.

We selected three high-magnification
fields (x400) and counted all cells in each
field to calculate the labeling index as the

number of positive cells in each field divid-
ed by the total number of cells in the field.
The apoptosis index of each group was
equal to the mean labeling index for each
field. As presented in Table 3, the apoptotic
indices in the positive control and high-dose
salidroside groups were significantly differ-
ent from that in the blank control group
(both P <0.05).
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(a)

Figure 3. Immunohistochemical staining for CD34 on tumor blood vessels (x400). (a) Blank control group,
(b) positive control group, and (c, d, and e) samples treated with high-, medium-, and low-dose salidroside,
respectively. Salidroside significantly reduced microvessel density and inhibited angiogenesis in tumors.

Table 2. Analysis of microvessels via immunohistochemical staining for CD34.

Groups Sample Field | Field 2 Field 3 Field 4 Average MVD
Blank control | 14 16 14 15 14.750 21.833
2 34 29 33 16 28.000
3 24 37 18 12 22.750
Positive control | 7 9 8 8 8.000 9.583*
2 Il 15 9 12 11.750
3 Il 9 6 10 9.000
High-dose salidroside | 6 12 I 8 9.250 8.250%
2 Il 13 8 10 10.500
3 3 4 7 6 5.000
Medium-dose salidroside | 13 14 12 15 13.500 12.833
2 9 15 9 I 11.000
3 12 18 10 16 14.000
Low-dose salidroside | 13 24 12 Il 15.000 15.000
2 14 16 13 20 15.750
3 12 15 16 14 14.250

*compared with blank control group, P < 0.05.
MVD, microvessel density.

Western blot quantitation of protein expression in
MCF-7 breast cancer cells. The results
revealed that Bcl-2 and p53 protein expres-
sion was significantly lower in the

salidroside and positive control groups
than in the blank control group (both
P <0.05), whereas Bax and caspase 3
(17kDa) levels were significantly higher in
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(a) (b) (c)

(d) (e)
Figure 4. (a) Blank control group, (b) positive control group, and (c, d, and e) samples treated with high-,
medium-, and low-dose salidroside, respectively. Compared with the effects of the blank control, the

number of apoptotic cells was significantly increased in all treatment groups, with significant apoptosis
present in (b) and (c).

Table 3. Apoptotic index.

Number of Total number Apoptotic Apoptotic Average
Group apoptotic cells of cells rate index value
Blank control group | 29 371 7.82% 6.67% 5.30%
32 741 4.32%
19 24| 7.88%
Blank control group 2 34 921 3.69% 4.78%
57 1035 5.51%
51 994 5.13%
Blank control group 3 47 985 4.77% 4.45%
21 482 4.36%
38 899 4.23%
Positive control group | 75 1052 7.13% 7.36% 10.68%*
47 984 4.78%
87 856 10.16%
Positive control group 2 189 1065 17.75% 12.95%
142 1452 9.78%
137 1211 11.31%
Positive control group 3 124 1245 9.96% 11.75%
141 1194 11.81%
154 1142 13.49%
High-dose group | 124 1385 8.95% 10.51% 10.41%*
133 1176 11.31%
15 1022 11.25%

(continued)
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Table 3. Continued.
Number of Total number Apoptotic Apoptotic Average
Group apoptotic cells of cells rate index value
High-dose group 2 84 1321 6.36% 8.55%
135 1256 10.75%
112 1309 8.56%
High-dose group 3 158 692 22.83% 12.17%
83 951 8.73%
6l 1235 4.94%
Medium-dose group | 68 1089 6.24% 7.87% 6.60%
72 805 8.94%
116 1377 8.42%
Medium-dose group 2 74 1597 4.63% 6.49%
62 1485 4.18%
9l 853 10.67%
Medium-dose group 3 49 901 5.44% 5.42%
57 878 6.49%
63 1452 4.34%
Low-dose group | 35 1315 2.66% 4.82% 4.98%
67 1605 4.17%
124 1624 7.64%
Low-dose group 2 48 1203 3.99% 5.42%
79 1459 5.41%
9l 1327 6.86%
Low-dose group 3 6 935 0.64% 4.69%
62 1557 3.98%

* compared with blank control group, P < 0.05.

the treatment groups

(both P <0.05).

Conversely, caspase 3 (35kDa) expression
was lower in the treatment groups than in
the blank control group, but these differen-
ces were not significant (Table 4 and
Figure 5).

Discussion

The cytotoxic effects of antitumor drugs
on breast cancer cells may be mediated
through multiple pathways such as inhibi-
tion of cell cycle progression, induction of
cellular apoptosis, inhibition of cell migra-
tion, reversal of drug resistance, and alter-
ation of gene expression, and these drugs
have wide application prospects. In addi-
tion, it is important to establish a suitable

animal model of breast cancer to study its
biological behavior and develop new treat-
ments.'>'® However, there are few local
and global reports on the inhibitory effects
of salidroside on breast cancer cells in vivo.
To understand the molecular effects of sali-
droside and evaluate its efficacy in vivo, we
establish an animal model and provided
evidence that the drug strongly inhibits pro-
liferation and induces apoptosis in MCF-7
breast cancer cells.

In this study, we observed that high
doses of salidroside exerted significant
inhibitory effects and had similar or stron-
ger inhibitory effects than paclitaxel on
MCEF-7 cell growth in vivo. There were sta-
tistically significant differences in tumor
volume and mass between the salidroside
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Table 4. Protein expression (n=3).

High-dose Medium-dose Low-dose
Protein Blank control Positive control  salidroside salidroside salidroside
Bcl-2 0.477 £0.0778 0.247 +-0.0207* 0.333+£0.0207* 0.398 -0.00958*  0.445 = 0.00976*
Bax 0.256 +-0.0308 0.484 +0.0200* 0.481 +-0.0169* 0.426 +-0.0240* 0.341 +0.0178*
p53 0.379+0.0144 0.136+0.0217% 0.1504+0.0335*% 0.223 +-0.0102* 0.295 +0.0172*
Caspase 3 0.507+£0.0190 0.506 +£0.0245 0.505+0.0150 0.498 +0.0427 0.504 +0.0345
(35kDa)
Caspase 3 0.153+0.0200 0.356 £0.0227* 0.381 +0.0398* 0.263 4+-0.0267* 0.217 £0.0222*
(17 kDa)

Data are presented relative to the expression of GAPDH, which was set as |.

*compared with blank control group, P < 0.05.

Figure 5. Expression of different proteins in MCF-7 cells. From left to right are the blank control group,
positive control group, high-dose salidroside group, middle-dose salidroside group, and low-dose salidroside
group. Salidroside decreased Bcl-2 and p53 expression and increased Bax and caspase 3 expression.

and blank control groups, and the drug
more strongly suppressed tumor growth
than paclitaxel. H&E staining was used to
analyze pathological and structural changes
in tumor tissues. We observed that tumor
tissues in the high-dose salidroside group
exhibited large areas of cell rupture, cell
loss, and infiltration of inflammatory cells.

This illustrated that salidroside inhibited
the proliferation of tumor cells. The forma-
tion of tumor blood vessels promotes tumor
growth. The result that high-dose salidro-
side significantly inhibited angiogenesis in
mouse tumors indicated antiangiogenesis
may be one of its antitumor mechanisms.
Coupled with the findings in the TUNEL
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assay, these results indicate that high doses
of salidroside significantly promoted cell
apoptosis. Therefore, salidroside inhibited
tumor cell proliferation and promoted apo-
ptosis, which are beneficial for restoring the
normal ratio of cells undergoing prolifera-
tion and apoptosis.

We further studied the effector mecha-
nisms by which salidroside exerted its inhib-
itory effects on tumor cells in vivo. We
selected and quantified the protein products
of relevant genes (Bcl-2, p53, Bax, and
Casp3) in breast cancer research. Our
preliminary results revealed that Bel-2 and
p53 downregulation and Bax and caspase
3 upregulation may be two mechanisms by
which salidroside induces apoptosis of
breast cancer cells.

This study had some limitations. For
instance, the dosage should be validated
scientifically, and the sample size should
be increased. To further investigate the
potential antitumor effects of salidroside
on breast cancer cells, we plan to use
MDA-MB-231 cells as models to study
the possible molecular mechanisms. In sum-
mary, additional research is needed before
clinical utility can be suggested.

Conclusion

Salidroside is effective in inhibiting tumor
grow in MCF-7 breast cancer cell-bearing
nude mice. The mechanism of action may
involve downregulating Bcl-2 and p53, and
upregulating Bax and caspase 3, thereby
increasing pro-apoptotic factor expression
and inducing tumor cell apoptosis.
Therefore, salidroside may be a promising
candidate for breast cancer treatment, and
it is important to further study the molecu-
lar effects of salidroside and evaluate its
efficacy.
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