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Abstract. Hepatocellular carcinoma (HCC) is the leading 
cause of cancer‑associated death in the world. Chemotherapy 
remains the primary treatment method for HCC. Despite 
advances in chemotherapy and modalities, recurrence 
and resistance limit therapeutic success. Salidroside (Sal), 
a bioactive component extracted from the rhizome of 
Rhodiola rosea L, exhibits a spectrum of biological activities 
including antitumor effects. In the present study, it was demon‑
strated that Sal could induce apoptosis and autophagy of 97H 
cells by using CCK‑8 assay, transmission electron microscopy 
(TEM), Hoechst33342 staining, MDC staining, western blot‑
ting. Pretreatment with Sal enhanced apoptosis and autophagy 
via upregulation of expression levels of Bax, Caspase‑3, 
Caspase‑9, light chain (LC)3‑II and Beclin‑1 proteins and 
downregulation of expression levels of Bcl‑2, LC3‑I and p62 
protein in 97H cells. Furthermore, Sal was demonstrated to 
inhibit activation of the PI3K/Akt/mTOR signaling pathway 
and, when combined with autophagy inhibitor chloroquine 
diphosphate (CQ), increased phosphorylation of PI3K, Akt 
and mTOR proteins. The combined treatment with Sal and CQ 
not only decreased Sal‑induced autophagy, but also acceler‑
ated Sal‑induced apoptosis. Therefore, Sal‑induced autophagy 
might serve a role as a defense mechanism in human liver 
cancer cells and its inhibition may be a promising strategy for 
the adjuvant chemotherapy of liver cancer.

Introduction

Hepatocellular carcinoma (HCC) was the sixth most commonly 
reported cancer and the third most common cause of cancer 
death in the world in 2020 (1). With research of HCC, the 
methods of treatment have developed rapidly. Following tradi‑
tional surgery, radiotherapy and chemotherapy, novel methods 
(such as interventional, molecular targeted and cell therapy 
and immunotherapy) have been widely used in the treatment 
of HCC (2‑4). However, the prognosis of most patients is still 
poor, which is related to the poor response of regimens for 
treatment (5), numerous side effects (including gastrointestinal 
reaction, cutaneous pruritus) (6) and multidrug resistance (7). 
Therefore, exploration of effective and safe drugs for the treat‑
ment of HCC is an urgent clinical problem.

Rhodiola  rosea L, also known as ‘golden root’, is a 
perennial herbaceous plant of the crassulaceae family and is 
widely distributed in zones with severe cold, dry and hypoxic 
conditions at high altitude (3,500‑5,000 meters) (8). In Asia, 
Rhodiola rosea L is used as a herbal medicine to relieve certain 
symptoms, such as headache and hernias (9). In Europe and 
North America, Rhodiola rosea L is used as a dietary supple‑
ment  (10,11). According to modern pharmacology reports, 
the key metabolites of Rhodiola rosea L include phenethyl 
alcohol derivatives, monoterpenes, triterpenes, flavonoids and 
phenolic acids (12,13). Salidroside (Sal), a primary compo‑
nent, is extracted from the rhizome of Rhodiola rosea L. An 
increasing number of studies have reported that Sal not only 
demonstrates anti‑hypoxia and anti‑aging effects  (14,15), 
but also demonstrates anti‑fibrotic and immune regulatory 
effects (16,17). Therefore, development of Sal for treatment of 
disease is a promising field.

Induction of cancer cell apoptosis is one of the goals of 
anti‑cancer treatment. Apoptosis is an active physiological 
response and the primary form of type I programmed cell 
death, which is characterized by eversion of the membrane, 
condensation of nuclear chromatin, splitting of the nucleus and 
formation of apoptotic bodies (18). Autophagy is a pathway 
of type II programmed cell death, which is different from 
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apoptosis. Autophagy primarily refers to the action of autoph‑
agic vesicles, which wrap senescent or damaged organelles in 
a double‑layered membrane to form autophagosomes when 
cells receive certain stimuli (such as starvation or hypoxia). 
Autophagosomes combine with lysosomes to form autolyso‑
somes, which degrade the wrapped contents to maintain the 
stability of internal environment and the renewal of organ‑
elles (19). Autophagy has become a hot topic in anti‑cancer 
therapy (20,21). At present, the association between autophagy 
and apoptosis is still controversial  (22). In tumorigenesis 
and development, autophagy may serve two opposite roles; 
autophagy can act as a protective mechanism to resist stress 
response and inhibit apoptosis. For example, Wang et al (23) 
reported that pseudolaric acid B induces autophagy and 
inhibits apoptosis in human lung fibroblast MRC5 cells via the 
response to DNA damage. Furthermore, autophagy produces 
certain products (such as amino acids and fatty acids), which 
provide nutrients for the growth of tumor (24,25). However, 
autophagy synergistically induces apoptosis. For example, 
resveratrol synergistically treats ovarian cancer by inducing 
autophagy in human ovarian cancer cells  (26). Combined 
treatment with matrine and 5‑fluorouracil upregulates expres‑
sion of autophagy‑associated genes Atg5 and Beclin‑1 to 
enhance the chemosensitivity of liver cancer cells (27). Thus, 
autophagy exerts a dual effect in the therapy of cancer.

Increasing studies have reported that glycosides, which 
are derived from traditional Chinese medicine, treat cancer 
through the autophagy pathway (28,29). For example, ginsen‑
oside F2 induces autophagy by upregulating expression levels 
of Atg7, Beclin‑1 and microtubule‑associated protein light 
chain 3 (LC3)B proteins in human breast cancer stem cells; 
moreover, combined treatment with the autophagy inhibitor 
chloroquine enhances ginsenoside F2‑induced apoptosis (30). 
Pulsatilla saponin D induces autophagy by activating phos‑
phorylation of ERK and inhibiting phosphorylation of mTOR 
and p70S6K, which enhances the level of human cervical 
cancer HeLa cell apoptosis (31).

There are numerous reports for the use of Sal in the 
treatment of cancer (32,33), but to the best of our knowledge, 
there are few studies (34,35) on Sal‑induced apoptosis and 
autophagy of liver cancer cells in Chinese and international 
literature. In particular, there are no reports on the mechanism 
of Sal‑induced apoptosis and autophagy in liver cancer cells. 
Therefore, in the present study, the mechanisms of Sal‑induced 
apoptosis and autophagy in highly metastatic human hepa‑
toma cells (MHCC97‑H, 97H) were evaluated. Moreover, 
to assess the association between autophagy and apoptosis, 
chloroquine diphosphate (CQ), a commonly used inhibitor of 
the autophagic pathway, was used in the present study.

Materials and methods

Reagents and antibodies. Sal (purity, 99.56%), CQ (purity, 
99.65%) and rapamycin (Rap; purity, 99.30%) were purchased 
from Selleck Chemicals. DMEM, RPMI‑1640 medium and 
phosphate‑buffered saline (PBS) were purchased from Cytiva. 
Trypsin‑EDTA solution, 1% crystal violet stain solution, 
1% osmium tetroxide, saturated uranyl acetate, lead citrate, 
Hoechst33342 dye, dansylcadaverine (MDC, cat. no. G0170) 
staining kit, radioimmunoprecipitation assay (RIPA, cat. 

no. R 0010), phenylmethylsulfonyl f luoride (PMSF, cat. 
no. P0100), SDS‑PAGE gel preparation kit (cat. no. P1200), 
Tween‑20, 10% SDS, 20X Tris‑HCl buffered saline, 10X 
transfer buffer, BCA protein assay kit and 4X bromophenol 
blue buffer were purchased from Beijing Solarbio Science & 
Technology Co., Ltd.

Penicillin‑streptomycin (100X) was purchased from 
Shanghai Basal Media Technologies Co., Ltd. Fetal bovine 
serum (FBS) was purchased from Sartorius AG. 4.0 and 
2.5% paraformaldehyde and extra‑enhanced chemilumi‑
nescence substrate kit (cat. no.  BL520A) were purchased 
from Biosharp Life Sciences. Cell Counting Kit‑8 (CCK‑8) 
and three‑color pre‑stained protein marker were purchased 
from Yeasen Biotechnology (Shanghai) Co., Ltd. 95% abso‑
lute ethanol was purchased from Tianjin Damao Chemical 
Reagent Factory Difco™ skimmed milk and glycine were 
purchased from Beijing Biotopped Technology Co., Ltd. 
Tris was purchased from Shanghai Scigrace Biotech Co., 
Ltd. Anti‑β‑actin (cat. no. GTX109639), anti‑GAPDH (cat. 
no. GTX627408), anti‑β‑tubulin (cat. no. GTX101279) and 
anti‑p62 (cat. no. GTX100685) antibodies were purchased 
from GeneTex, Inc. Anti‑C‑myc (cat. no. 67447‑1‑Ig), anti‑Bax 
(cat. no.  60267‑1‑Ig), anti‑Bcl‑2 (cat. no.  12789‑1‑AP), 
anti‑Caspase‑3 (cat. no. 19677‑1‑AP), anti‑Caspase‑9 (cat. 
no. 10380‑1‑AP) and anti‑Beclin‑1 (cat. no. 1C10C4) antibodies 
were purchased from ProteinTech Group, Inc. Anti‑LC3‑I/II 
(cat. no. ab192890) antibodies were purchased from Abcam. 
Anti‑PI3K (cat. no. YM3503), anti‑p‑PI3K (cat. no. YP0765), 
anti‑Akt (cat. no. YT0185), anti‑p‑Akt (cat. no. YP0006), 
anti‑mTOR (YT2913) and anti‑p‑mTOR (YP0176) antibodies 
were purchased from ImmunoWay Biotechnology Company. 
Horseradish peroxidase‑conjugated goat anti‑rabbit IgG anti‑
bodies (cat. no. TA130023) were purchased from OriGene 
Technologies, Inc.

Cell culture and treatment. The hepatocellular carcinoma 97H 
and epithelial THLE‑2 and Hs578Bst cell lines were purchased 
from the Cell Bank of The Shanghai Institute for Biological 
Sciences. 97H cells were cultured in DMEM with 10% FBS. 
THLE‑2 and Hs578Bst cells were cultured in RPMI‑1640 
medium with 10% FBS. All cells were incubated at 37˚C in a 
humidified atmosphere with 5% CO2. Cells were treated with 
or without Sal (5, 10, 20, 40 and 80 µM) and/or CQ (5, 10 and 
20 µM) for 24, 48 and 72 h at 37˚C. Cells were also treated 
with or without Sal (80 µM) and/or Rap (400 nM) for 48 h at 
37˚C.

Cell growth curve. The 97H cells (80‑90% confluence) 
were seeded in 12‑well plates (3,000 cells/well) at 37˚C for 
24 h. Following incubation, the number of untreated 97H 
cells was assessed using a multifunctional cell analyzer 
(ACEABioscience, Inc.).

Cell viability assay. 97H, THLE‑2 and Hs578Bst cells 
(5x103 cells/well) were seeded in 96‑well plates and incubated 
at 37˚C with 5% CO2 in a humidified environment for 24 h. 
The cells were treated with Sal (0, 5, 10, 20, 40 and 80 µM) 
and/or CQ (5, 10 and 20 µM), as aforementioned. A total of 
10 µl CCK‑8 reagent was added into each well and the cells 
were incubated at 37˚C in the dark for 1 h. The cell viability 
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assay was performed using a microplate reader (Bio‑Rad 
Laboratories, Inc.; excitation wavelength, 450 nm).

Colony formation assay. 97H cells (80‑90% confluence) were 
seeded in 60‑mm dishes (500 cells/ml) and incubated at 37˚C 
for 24 h. Following incubation, the untreated cells in the blank 
group and treated 97H cells were washed twice using PBS, 
cultured with complete medium (10% FBS + 90% DMEM) 
and incubated in the incubator (5% CO2, 37˚C) for 14 days. 
The colonies (>50 cells) were fixed using 4% paraformalde‑
hyde for 30 min at room temperature and stained using 1% 
crystal violet for 30 min at room temperature. Stained cells 
were observed and photographed using an inverted micro‑
scope (Olympus Corporation, magnification, x40, x200), and 
the colonies of each group were counted manually.

Transmission electron microscopy (TEM). To evaluate the 
ultrastructure, cells in the blank group and treated 97H cells 
were washed twice with PBS. Cells were fixed using 2.5% 
paraformaldehyde for 90 min and 1% osmium tetroxide for 
30 min at 37˚C. Following gradient dehydration with 95% 
absolute ethanol, cells were embedded in the resin, sectioned 
into 60 nm thin slices, stained using saturated uranyl acetate 
for 30 min at 37˚C, and stained using lead citrate for 10 min 
at 37˚C. Images were captured using a transmission electron 
microscope (Hitachi, Ltd.; magnification, x5,000 and x8,000).

Hoechst33342 staining. 97H cells (80‑90% confluence) 
were incubated on a glass slide in 12‑well plates at 37˚C for 
24 h. Following incubation, the glass slides were washed 
twice with PBS and cells were fixed using 4% paraformal‑
dehyde for 30 min at 37˚C. Glass slides were stained using 
10 µg/ml Hoechst33342 dye for 30 min in the dark at 37˚C 
and washed twice with PBS. Stained cells were observed using 
a fluorescence microscope (Olympus Corporation; excitation 
wavelength, 488 nm; magnification, x100 and x200).

MDC staining. 97H cells (80‑90% confluence) were plated on 
glass slides in 12‑well plates at 37˚C for 24 h. Following incu‑
bation, cells in blank group and treated 97H cells were washed 
twice with 1X wash buffer, stained with MDC dye for 30 min 
in the dark at 37˚C and washed again with 1X wash buffer 
three times. Stained cells were observed under a fluorescence 
microscope (excitation wavelength, 355 nm; magnification, 
x200).

Western blotting. Cells in the blank group and treated 97H 
cells were lysed using pre‑cooled RIPA lysis buffer (500 µl 
RIPA; 5 µl PMSF) for 30 min at 4˚C. Protein concentration 
was assessed using BCA protein assay kit. Protein (30 µg/lane) 
was separated using 6, 10 and 15% SDS‑PAGE. According 
to the different molecular weight of the target protein, the 
corresponding concentration of SDS‑PAGE was selected. 
Subsequently, the SDS‑PAGE was transferred to polyvinyli‑
dene fluoride membranes. Membranes were blocked using 5% 
skimmed milk for 2 h at room temperature and washed using 
Tris‑buffered saline with 0.1% Tween‑20 for 15 min at room 
temperature. Membranes were probed at 4˚C overnight with 
antibodies as follows: Anti‑β‑actin (1:2,000), anti‑GAPDH 
(1:5,000), anti‑β‑tubulin (1:2,000), anti‑C‑myc (1:1,000), 

anti‑Bax (1:1,000), anti‑Bcl‑2 (1:1,000), anti‑Caspase‑3 
(1:1,000), anti‑caspase‑9 (1:1,000), anti‑Beclin‑1 (1:2,000), 
anti‑p62 (1:1,000), anti‑LC3‑I/II (1:1,000), anti‑PI3K (1:1,000), 
anti‑p‑PI3K (1:500), anti‑Akt (1:1,000), anti‑p‑Akt (1:1,000), 
anti‑mTOR (1:1,000) and anti‑p‑mTOR (1:500). Membranes 
were incubated with horseradish peroxidase‑conjugated goat 
anti‑rabbit IgG antibody (1:5,000) for 2 h at room temperature. 
Protein expression was assessed using an extra‑enhanced 
chemiluminescence substrate kit and gel imaging system 
(Bio‑Rad Laboratories, Inc.). Protein expression levels were 
semi‑quantified using Image Lab 5.1.0 software (Bio‑Rad 
Laboratories, Inc.) and processed using GraphPad Prism 8.0.2 
software (GraphPad Software, Inc.).

Statistical analysis. All experiments were performed at least 
three times. The data are presented as the mean ± standard 
deviation. Statistical analysis was performed using SPSS 22.0 
statistical software (IBM Corp.). Differences between multiple 
groups were compared using one‑way ANOVA followed by 
Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Sal suppresses proliferation of 97H cells in vitro. The growth 
curves of 97H cells were assessed using a multifunctional 
cell analyzer without any drug intervention. The growth 
curve of untreated cells can be divided into slow growth 
latency (0‑25 h), exponential growth phase with a larger slope 
(25‑70 h), plateau‑shaped flat‑top phase (70‑90 h) and degen‑
erate decay phase (90‑95 h) (Fig. 1A). These data provided a 
basis for the processing time of subsequent experiments. 97H 
cells were treated with Sal (5, 10, 20, 40 and 80 µM) for 24, 48 
and 72 h. Compared with the blank group, Sal demonstrated 
significant inhibitory effects on viability of 97H cells in a 
dose‑dependent manner at different times (P<0.01; Fig. 1B). 
The values of half maximal inhibitory concentration (IC50) 
at 24, 48 and 72 h were 119.2, 29.1 and 14.1 µM respectively 
(Fig. 1C). To evaluate the safety of Sal, normal human liver 
THLE‑2 cells and normal human breast Hs578Bst cells were 
treated with Sal (5, 10, 20, 40 and 80 µM) for 48 h. Sal had 
no significant effect on the viability of THLE‑2 and Hs578Bst 
cells (P>0.05; Fig. 1D). Based on these results, it was decided 
to treat 97H cells with 20, 40 and 80 µM Sal for 48 h in 
subsequent experiments. Following treatment with Sal (20, 40 
and 80 µM) for 48 h, compared with the blank group, the Sal 
group markedly decreased the number of 97H colonies in a 
dose‑dependent manner (Fig. 1E). Results of western blotting 
demonstrated that compared with the blank group, expression 
levels of C‑myc protein in the Sal group were significantly 
down‑regulated in a dose‑dependent manner (P<0.05; Fig. 1F).

Sal induces organelle impairment and autophagy. In the 
present study, TEM was used to evaluate the organelle of 
97H cells following Sal or autophagic inducer (Rap) treat‑
ment. The mitochondria of blank cells were rich in content, 
uniform in size, clear in mitochondrial crista, and complete 
in membranous structure (Fig. 2A), numerous damaged mito‑
chondria were observed in the Sal‑ or Rap‑treated 97H cells 
at 48 h (Fig. 2B and C, respectively). Furthermore, numerous 
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autophagosomes with double membranes were observed in 
the Sal or Rap‑treated 97H cells at 48 h. Cytoplasmic mate‑
rial and/or membrane vesicles were encapsulated within the 
autophagosomes. To evaluate the phenomenon of autophagy, 
MDC staining was used to assess the autophagy product 
(autophagosomes) following Sal or Rap treatment in 97H cells. 
The green fluorescence associated with autophagosomes was 
not demonstrated in the blank group; green fluorescence was 
gradually increased in a dose‑dependent manner in the Sal 
or Rap‑treated 97H cells (Fig. 2D). Western blotting demon‑
strated that compared with the blank and Rap group, the ratio 
of LC3‑II to LC3‑I protein expression levels was markedly 
upregulated in the Sal group with a dose‑dependent manner 
(P<0.05); meanwhile, the Beclin‑1 protein expression levels 
in the Sal group were significantly upregulated in a dose-
dependent manner (P<0.05); furthermore, expression levels of 
p62 protein in the Sal group were significantly downregulated 
in a dose‑dependent manner (P<0.05; Fig. 2E).

These results indicated that Sal or Rap treatment resulted 
in organelle impairment and induced autophagy.

Sal induces apoptosis in 97H cells. Hoechst33342 staining 
demonstrated markedly increased numbers of apoptotic 
cells in a dose‑dependent manner in Sal‑treated groups 
(Fig. 3A). To evaluate the apoptotic effect induced by Sal, 

expression levels of mitochondrial apoptosis‑related proteins 
were assessed using western blotting (Fig. 3B). The results 
demonstrated that compared with the blank group, the ratio 
of the Bcl‑2 to Bax protein expression levels was significantly 
down‑regulated. Furthermore, expression levels of Caspase‑3 
and Caspase‑9 proteins were significantly up‑regulated in 
a dose‑dependent manner at 48 h after treatment with Sal 
(P<0.01). These results suggested that Sal could induce 97H 
cells apoptosis.

Inhibiting autophagy increases mitochondrial damage in 
97H cells. CQ is commonly used as an autophagy inhibitor. 
It has been reported to inhibit autophagy by preventing 
the combination of autophagosomes and lysosomes  (36). 
Therefore, in the present study, CQ was used to inhibit 
autophagy. Compared with the blank and Sal groups, the 
amount and brightness of green fluorescence was markedly 
decreased in a dose‑dependent manner in the Sal + CQ group 
(Fig. 4A). Furthermore, p62 protein expression levels were 
significantly upregulated and Beclin‑1 and LC3‑II/I protein 
expression levels were significantly downregulated following 
treatment with CQ compared with the Sal group (P<0.01; 
Fig. 4B). Moreover, Beclin‑1 protein expression levels were 
significantly upregulated and p62 protein expression levels 
were significantly downregulated following treatment with 

Figure 1. Sal suppresses viability in 97H cells. (A) Natural growth curve of 97H cells. (B) Effects of Sal on the viability of 97H cells assessed using Cell 
Counting Kit‑8 method. (C) IC50 for Sal in Sal‑treated 97H cells. (D) Effects of Sal on THLE‑2 and Hs578Bst cell viability. (E) Effects of Sal on the 
self‑renewal ability of 97H cells was assessed using plate colony formation experiment. Magnification, x40, x200. (F) Expression levels of C‑myc protein were 
semi‑quantified using western blotting in 97H cells. *P<0.05 and **P<0.01 vs. blank. Sal, salidroside; IC50, half maximal inhibitory concentration. 



Molecular Medicine REPORTS  27:  37,  2023 5

the autophagy inducer Rap compared with the Sal group 
(P<0.01; Fig. 4C). These data indicated that CQ effectively 
inhibited Sal‑induced autophagy in the present study.

Mitochondria are not only key organelles for the produc‑
tion of energy, but also regulate cellular redox signaling 
pathways and programmed cell death (37). To evaluate the 

Figure 2. Sal induces autophagy in 97H cells. (A) Untreated 97H cells were assessed using TEM. The mitochondria of the blank group were normal. Swollen 
mitochondria and autophagosomes in the cytoplasm were observed in (B) Rap and (C) Sal treatment groups. Red arrowheads indicate mitochondria and green 
arrowheads indicate autophagosomes. (D) Green fluorescence associated with autophagosomes was markedly increased in a dose‑dependent manner using 
MDC staining in the Sal and Rap treatment groups, compared with the blank group. Magnification, x200. (E) Expression levels of Beclin‑1, p62, LC3‑I and 
LC3‑II proteins were semi‑quantified using western blotting in 97H cells. *P<0.05 and **P<0.01 vs. blank. Sal, salidroside; Rap, rapamycin.
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effect of CQ on Sal‑treated mitochondria, TEM was used 
to assess the ultrastructure of mitochondria (Fig. 5A‑C). 
Swollen mitochondria were demonstrated following Sal 
treatment, compared with the blank group. Furthermore, 
more serious mitochondrial damage was observed in the 

Sal + CQ group (Fig.  5C), including swollen mitochon‑
dria, double‑membrane destruction and loss of normal 
morphology. These results demonstrated that inhibiting 
autophagy increased the extent of mitochondrial damage in 
Sal‑treated cells.

Figure 3. Sal induces apoptosis in 97H cells. (A) Apoptosis was assessed using Hoechst33342 staining in 97H cells. Compared with the blank group, the 
number of apoptotic cells was markedly increased in a dose‑dependent manner in the Sal treatment groups. Magnification, x200. (B) Protein expression levels 
of Bax, Bcl‑2, Caspase‑3 and Caspase‑9 were semi‑quantified using western blotting in 97H cells. **P<0.01 vs. blank. Sal, salidroside. 

Figure 4. CQ inhibits Sal‑induced autophagy in 97H cells. (A) Green fluorescence associated with autophagosomes was decreased in a dose‑dependent manner 
using MDC staining in the Sal + CQ treatment group compared with blank and Sal groups. Magnification, x200. (B) Expression levels of p62, Beclin‑1, 
LC3‑I and LC3‑II proteins were semi‑quantified using western blotting in 97H cells treated with Sal and/or CQ. (C) Protein expression of Beclin‑1 and p62 
was semi‑quantified using western blotting in 97H cells treated with Sal and/or Rap. **P<0.01 vs. blank. ##P<0.01 vs. Sal. CQ, chloroquine diphosphate; Sal, 
salidroside; Rap, rapamycin.
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Taken together, these results suggested that inhibition of 
autophagy increased the degree of mitochondrial damage.

Inhibiting autophagy enhances Sal‑induced apoptosis. 
To evaluate the apoptotic effect of CQ in Sal‑treated 97H 
cells, CCK‑8 method, plate colony formation assay and 
Hochest33342 staining were used to assess apoptosis. The 
results demonstrated that compared with the blank group, 
80 µM Sal group both demonstrated inhibitory effects on 
viability of 97H cells at different times (P<0.01). Moreover, 
compared with the Sal group, the viability of 97H cells was 
all decreased significantly with a dose‑dependent manner 
in the Sal + CQ groups at different times (P<0.01; Fig. 6A). 
As seen in Fig. 6B, compared with the blank group, the 
number of 97H cells' colonies was decreased at 48 h after 
treatment with 80 µM Sal, and fewer colonies appeared in 
the Sal + CQ groups at 48 h after treatment. The result of 
Hoechst33342 staining demonstrated the number of apop‑
totic cells was markedly increased at 48 h after treatment 
with Sal. More apoptotic cells were demonstrated in the 
Sal + CQ groups at 48 h after treatment compared with the 
blank (Fig. 6C).

Taken together, these results suggested that inhibition of 
autophagy increased apoptosis.

CQ regulates expression of Caspases in 97H cells. The caspase 
family serves an important role in mitochondrially‑regulated 
programmed death (38). Following Sal treatment, Caspase‑3, 
Caspase‑9 and Bax/Bcl‑2 protein expression levels all 
demonstrated significant increases compared with the blank 
(P<0.01; Fig. 7A and B). Following combination with CQ 
treatment, compared with the blank and Sal groups, protein 
expression levels of Caspase‑3, Caspase‑9, Bax and Bcl‑2 
were significantly increased (P<0.01). These results indicated 
that inhibition of autophagy increased apoptosis and this may 

be associated with the Caspase‑mediated intrinsic apoptosis 
pathway in 97H cells.

Sal and CQ regulate the PI3K/Akt/mTOR signaling pathway. 
Western blotting demonstrated that compared with the 
blank group, the ratios of p‑PI3K/PI3K, p‑Akt/Akt and 
p‑mTOR/mTOR proteins were significantly decreased 
with a dose‑dependent manner in the Sal group (P<0.01; 
Fig. 8A and B). Compared with the Sal group, combined treat‑
ment with Sal and CQ promoted the ratios of p‑PI3K/PI3K, 
p‑Akt/Akt and p‑mTOR/mTOR proteins in a dose‑dependent 
manner (P<0.01; Fig. 8C and D). These data demonstrated that 
Sal induced autophagy via inhibition of the activation of the 
PI3K/Akt/mTOR signaling pathway. Inhibition of autophagy 
may have increased apoptosis via the PI3K/Akt/mTOR 
signaling pathway in 97H cells.

Discussion

In the present study, a Sal‑treated 97H cell model in vitro 
demonstrated that both apoptosis and autophagy were 
increased following treatment with Sal. Further experi‑
ments demonstrated that combination treatment with CQ 
and Sal inhibited autophagy and promoted apoptosis, which 
indicated that inhibitors of autophagy might accelerate the 
apoptotic process of 97H cells. The results of the present 
study may aid in the elucidation of the underlying molecular 
mechanisms of crosstalk between autophagy and apoptosis 
in the stress-stimulated environment, which may contribute 
to the development of novel therapy for liver cancer. In cell 
biology, autophagy defines the catabolic process that regulates 
the degradation of cell components through the lysosomal 
machinery (39). Apoptosis is a process of programmed cell 
death in normal physiological conditions and is also an 
important part of maintaining the homeostasis of internal 
environment (40). As two distinct self‑destructive processes, 
apoptosis (‘self‑killing’) and autophagy (‘self‑eating’) are initi‑
ated and regulated by their own molecular mechanism (40). 
However, a complex relationship exists between autophagy 
and the apoptotic cell death pathway, whereby regulators of 
apoptosis also serve as regulators of autophagic activation (41).

Inhibition of autophagy by using specific inhibitors (such 
as CQ) or suppression of autophagy regulatory pathways, 
may increase the apoptotic efficiency of chemotherapeutic 
agents in pancreatic  (42), breast  (43), colon  (44) and lung 
cancer (45) cells. These reports indicated that autophagy may 
also be a therapeutic approach for cancer and that inhibition of 
autophagy significantly promotes occurrence of apoptosis in 
the development of cancer. Moreover, reports indicate that CQ 
and interventional therapy combination may exert a synergistic 
effect and induce apoptosis in Wistar liver cancer rats (46,47). 
Similar to these results, in the present study, Sal induced 
apoptosis and autophagy in the human 97H liver cancer cell 
line. The viability of 97H cells incubated in Sal‑treated culture 
was evaluated. The viability of 97H cells after Sal treatment 
was markedly lower compared with that of normally cultured 
cells assessed using CCK‑8 assay, Hoechst33342 staining and 
western blotting. Cells were more dispersed and decreased 
in number in the Sal + CQ group. Autophagosomes are key 
elements in autophagy (48). Many methods can be used to 

Figure 5. Inhibition of autophagy increases mitochondrial impairment in 
97H cells. The ultrastructure of mitochondria in each group was assessed. 
(A) Mitochondrial morphology was normal in the blank group. (B) Swollen 
mitochondria were observed following Sal treatment for 48 h in 97H cells. 
(C) Cells were treated with Sal and CQ for 48 h. Compared with the blank and 
Sal groups, increased damage to mitochondrial morphology was observed. 
CQ, chloroquine diphosphate; Sal, salidroside. 
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detected the formation of autophagosomes. For example, 
Zhang  et  al  (49) observed changes of autophagosomes in 
hypoxia‑induce myocardial cells injury in mice using TEM 
technique. Cui et al  (50) used MDC staining to detect the 
number of autophagosomes in each group to evaluate the 
effect of hydroxysafflor yellow A on the formation of autopha‑
gosomes in vascular adventitial fibroblasts (VAFs) induced by 
angiotensinogen II. Similar to their results, we also observed 
the formation of autophagosomes in 97H cells treated with Sal 
or Rap by using the TEM and MDC staining. Beclin‑1, p62 
and LC3B have been reported to be key proteins in autophagy. 
The Beclin‑1 gene, which encodes the autophagy‑induced 
protein, has been reported to regulate localization of other 
autophagy proteins in the structure of autophagy precursors 
by forming a complex with type III PI3K, which regulates 
autophagy activity  (51,52). p62 protein is reported to bind 
LC3 in the membrane of the autophagic vesicle to recruit the 
autophagic degradation substrate into the autophagic vesicle 

for degradation (53,54). LC3 is a soluble, cytosolic protein 
that is cleaved during autophagic induction and is involved 
in the formation of the autophagic vacuole membrane. When 
the autophagic process starts, LC3‑I (16 kDa) is converted to 
LC3‑II (14 kDa) (55,56). Therefore, western blotting was used 
to assess protein expression levels of Beclin‑1, p62, LC3‑II 
and LC3‑I in Sal‑treated 97H cells to evaluate the level of cell 
autophagy. Following Sal treatment, the number of autopha‑
gosomes gradually increased, Beclin‑1 protein expression 
levels and LC3‑II/LC3‑I ratio also increased, whereas p62 
protein expression levels decreased, which indicated that Sal 
increased cell autophagy.

In the present study, Sal induced apoptosis and autophagy in 
97H cells. Based on these findings and related literature (57,58), 
it could be hypothesized that Sal‑induced autophagy is a 
protective mechanism for hepatoma cells and that inhibi‑
tion of autophagy may promote apoptosis. To evaluate this 
hypothesis, autophagy agonists were used as positive controls 

Figure 6. Inhibition of autophagy enhances Sal‑induced apoptosis in 97H cells. (A) Effects of Sal combined with CQ on viability of 97H cells were assessed 
using Cell Counting Kit‑8. (B) Effects of Sal combined with CQ on self‑renewal ability of 97H cells was evaluated using the plate colony formation experiment. 
Magnification, x40, x200. (C) Apoptosis was assessed using Hoechst33342 staining in 97H cells. Compared with the blank and San group, the number of 
apoptotic cells was markedly increased in a dose‑dependent manner in the Sal + CQ group. Magnification, x100. *P<0.05 and **P<0.01 vs. blank. ##P<0.01 vs. 
Sal. CQ, chloroquine diphosphate; Sal, salidroside.
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for autophagic evaluation and autophagy inhibitors were used 
as negative controls. CQ is a commonly used inhibitor of the 
autophagic pathway and has been reported to inhibit autophagy 
by prevention of the combination of autophagosomes and lyso‑
somes (36). Furthermore, under normal conditions, autophagic 
flux of cells is low (59). If CQ is added first, autophagic flux 
could be too low to be detected. Therefore, 97H cells were 
pretreated with Sal and CQ was then used. CQ was used not 
only to evaluate autophagic induction of Sal in liver cancer 

cells, but also to evaluate the effect of the inhibition of 
autophagy on Sal‑induced apoptosis of liver cancer cells. In 
the present study, in human 97H liver cancer cells, CQ and Sal 
in combination increased cell death markedly compared with 
Sal alone. This indicated that CQ enhanced Sal‑induced liver 
cancer death and autophagy increased the apoptotic effect in 
97H cells. Inhibitors of autophagy were used to evaluate the 
association between apoptosis and autophagy. Inhibition of 
Sal‑induced autophagy promoting cell apoptosis; following 

Figure 7. Inhibition of autophagy regulates expression levels of apoptosis‑associated proteins in 97H cells. (A) Protein expression levels of Bax, Bcl‑2, 
Caspase‑3 and Caspase‑9 were assessed using western blotting in 97H cells. (B) Protein expression levels of Bax, Bcl‑2, Caspase‑3 and Caspase‑9 were 
semi‑quantified using densitometry. **P<0.01 vs. blank. ##P<0.01 vs. Sal. CQ, chloroquine diphosphate; Sal, salidroside.

Figure 8. Expression levels of proteins associated with the PI3K/Akt/mTOR signaling pathway in 97H cells treated with Sal and CQ. (A) Expression levels of 
PI3K, p‑PI3K, Akt, p‑Akt, mTOR and p‑mTOR proteins were assessed using western blotting in 97H cells treated with Sal or Rap. (B) Semi‑quantification 
of PI3K, p‑PI3K, Akt, p‑Akt, mTOR and p‑mTOR protein expression levels using densitometry. (C) Expression levels of PI3K, p‑PI3K, Akt, p‑Akt, mTOR 
and p‑mTOR protein were assessed using western blotting in 97H cells treated with Sal and CQ. (D) Semi‑quantification of PI3K, p‑PI3K, Akt, p‑Akt, mTOR 
and p‑mTOR protein expression levels using densitometry. **P<0.01 vs. blank. ##P<0.01 vs. Sal. CQ, chloroquine diphosphate; Sal, salidroside; Rap, rapamycin; 
p‑, phosphorylated.
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the inhibition of autophagy in Sal‑treated cells, more apoptotic 
cells were observed.

The mitochondria, the energy metabolism center of cell, 
and serve an important role in the regulation of cell death 
and survival (60). Therefore, in the present study, TEM was 
used to evaluate the ultrastructure of mitochondria. The 
swollen mitochondria appeared in the Sal‑treated group; 
however, following combination treatment with CQ, the 
morphological damage of mitochondria was more serious. 
The cascades triggered by the Caspase family serve a 
key role in the regulation of mitochondrial function (61). 
Caspase‑3 has been reported to be downstream of this 
cascade reaction and causes cell death via degradation of 
intracellular substrates  (62). Caspase‑9, as a downstream 
signaling molecule of Caspase‑3, damages the nuclear pore, 
which helps Caspase‑3 enter the nucleus and hydrolyze 
deoxyribonuclease inhibitor (ICAD). ICAD is hydrolyzed 
and separated by Caspase‑3 to release CAD, which causes 
DNA degradation, cytoskeleton separation and nuclear 
fragmentation, which leads to apoptosis  (63). Therefore, 
the present study used western blotting to assess expression 
levels of Bax, Bcl‑2, Caspase‑3 and Caspase‑9 proteins in 
Sal‑treated 97H cells to evaluate the relationship between 
mitochondrial dysfunction and Caspase. Compared with 
Sal alone, using CQ and Sal in combination significantly 
increased protein expression levels of Caspase‑3 and 
Caspase‑9 and Bax/Bcl‑2 ratio, which was associated with 
the damage to mitochondrial morphology. These results 
indicated that following treatment with Sal, inhibition of 
autophagy damaged the ultrastructure of cell mitochondria, 
which led to increased levels of cell apoptosis.

The PI3K/Akt signaling pathway is a classical pathway 
that regulates apoptosis. This signaling pathway affects 
the activity of downstream apoptosis‑associated molecules 
(Bax, Bcl‑2, Caspase‑3 and Caspase‑9) to regulate prolif‑
eration and apoptosis of cancer cells (64,65). For example, 
Chen and Liu (66) treated human gastric cancer SGC7901 
cells with quercetin, which is extracted from Dendrobium 
bark, and reported that quercetin downregulated the protein 
expression levels of p‑PI3K and p‑Akt and upregulated the 
protein expression levels of Caspase‑3, which indicated that 
quercetin induces apoptosis of SGC7901 cells via inhibition 
of the PI3K/Akt signaling pathway. Similarly, data from the 
present study demonstrated that Sal decreased phosphoryla‑
tion of PI3K and Akt proteins and upregulated the protein 
expression levels of Bax/Bcl‑2, Caspase‑3 and Caspase‑9. 
mTOR is not only a downstream target of the PI3K/Akt 
pathway but also serves an important role in the regulation of 
autophagy (67,68). For example, Rong et al (33) treated human 
gastric cancer AGS cells with Sal in vitro and reported that 
Sal treatment decreases protein expression levels of p‑PI3K, 
p‑Akt and p‑mTOR and that combined treatment with Sal 
and autophagy inhibitor (insulin like growth factor‑1, IGF‑1) 
decreases expression levels of Beclin‑1 and LC3‑II proteins, 
which indicated that Sal induces autophagy in AGS cells via 
the PI3K/Akt/mTOR signaling pathway. Similarly, data from 
the present study demonstrated that Sal significantly decreased 
phosphorylation of PI3K, Akt and mTOR proteins, whereas 
combined treatment with Sal and CQ significantly increased 
expression levels of p‑PI3K, p‑Akt and p‑mTOR proteins. 

Furthermore, Sal significantly upregulated the protein expres‑
sion levels of Beclin‑1 and LC3‑II/LC3‑I and significantly 
downregulated expression levels of p62 protein. These results 
suggested that Sal induced apoptosis and autophagy in human 
liver cancer cells via inhibition of the PI3K/Akt/mTOR 
signaling pathway.

In summary, the present study demonstrated that Sal 
induced 97H cell apoptosis via regulation of both mitochondrial 
function and the autophagic response. This may have involved 
the activation of both the PI3K/Akt/mTOR signaling pathway 
and directly or indirectly regulate mitochondrial dysfunc‑
tion and autophagy for the survival of 97H cells. Following 
combination with autophagy inhibitor CQ, this autophagy 
was inhibited and Sal‑induced apoptosis was increased. The 
present study demonstrated that autophagy may serve a role as 
a defense mechanism in Sal‑treated human liver cancer cells 
and its inhibition may be a promising strategy for the adjuvant 
chemotherapy of liver cancer. However, the present study only 
evaluated the effects of one inhibitor in one cell line. Therefore, 
further research is required to evaluate the potential molecular 
mechanisms and develop targeted therapeutic drugs.
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