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Abstract. Cerebral ischemia is one of the most common clin‑
ical diseases characterized by high morbidity and mortality. 
Neurocyte apoptosis and a cascade of inflammatory signals 
following cerebral ischemia‑reperfusion injury  (IRI) may 
contribute to secondary brain damage, resulting in severe 
neurological damage. It has been reported that dioscin, a 
natural steroid saponin, exerts anti‑inflammatory proper‑
ties against different diseases. The present study aimed to 
investigate the role of dioscin in oxygen‑glucose depriva‑
tion/reperfusion (OGD/R) induction in hippocampal cells 
in vitro and in vivo. For the in vitro study, hippocampal cells 
were collected from rat embryos of gestational age of E18. 
The oxygen‑glucose deprivation model in primary hippo‑
campal neurons was used to mimic cerebral IRI in vitro. To 
select the optimum dioscin concentration and acting time, 
cell viability was evaluated by a Cell Counting Kit‑8 (CCK‑8) 
assay. Neurons subjected to OGD/R were treated with dioscin 
and the inflammatory cytokines, high mobility group box 
chromosomal protein  1  (HMGB‑1)/receptor for advanced 
glycation end products  (RAGE) signaling molecules and 
apoptosis‑associated genes were determined. The intracel‑
lular reactive oxygen species (ROS) generation was detected. 
Furthermore, the effects of dioscin on the antioxidant defense 
mechanisms were evaluated by measuring the activity of 
glutathione peroxidase (GPx), superoxide dismutase (SOD), 
catalase (CAT) and the glutathione (GSH)/glutathione disul‑
phide (GSSG) ratio. In addition, OGD/R‑induced cells were 
transfected with pcDNA3.1‑HMGB‑1 and treated with dioscin, 

and the neuronal cell apoptosis rate was determined using a 
terminal deoxynucleotidyl transferase‑mediated 2‑deoxyuri‑
dine 5‑triphosphate‑biotin nick‑end labeling (TUNEL) assay. 
The mRNA and protein expression levels of the inflammatory 
factors were measured using real‑time quantitative poly‑
merase chain reaction (RT‑qPCR) and western blot analysis, 
respectively. For the in vivo investigation, the oxidation and 
anti‑oxidation system in rat hippocampal tissue was evaluated 
by detecting the expression of the aforementioned oxidative 
stress‑associated proteins, 3‑NT as well as 8‑oxo‑deoxyguano‑
sine (8‑OHdG). In the hippocampal region, the apoptotic 
rate was determined using a TUNEL assay. The results 
demonstrated that dioscin at a dose of 400 ng/ml significantly 
reversed the increase in the expression levels of the inflam‑
matory factors and attenuated those of apoptotic cytokines 
induced by OGD/R. Additionally, dioscin notably reversed 
the OGD/R‑mediated activation of the HMGB‑1/RAGE 
signaling pathway in vitro and in vivo. Cell treatment with 
dioscin significantly attenuated ROS production and increased 
the activity of antioxidant enzymes. Additionally, increasing 
the expression of HMGB‑1 inhibited the protective effects 
of dioscin on cell apoptosis in the OGD/R‑induced neurons. 
Furthermore, HMGB‑1 overexpression reversed the antiapop‑
totic and anti‑inflammatory effects of dioscin on neurons. 
The results of the present study indicated that dioscin exerted 
anti‑inflammatory, antiapoptotic and antioxidant effects via 
the HMGB‑1/RAGE signaling pathway. These results suggest 
a novel perspective of the protective effects of dioscin as a 
prospective remedial factor for IRI.

Introduction

Ischemic stroke is widely recognized as a severe cerebro‑
vascular disease with high mortality and morbidity rates (1), 
caused by arterial inflow interruption and nutrient and oxygen 
deficits. Timely restoration of cerebral blood flow perfusion 
in the ischemic area is pivotal to minimize sustained brain 
injury. However, reperfusion following a period of ischemia 
may lead to cerebral ischemia‑reperfusion injury  (IRI). 
Furthermore, restored blood supply may trigger the production 
of excessive amounts of reactive oxygen species (ROS), oxida‑
tive stress‑related factors (2), and inflammatory responses (3). 
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Therefore, inflammation modulators and ROS scavengers may 
serve as a promising treatment approach for IRI.

In the inflammatory network, high mobility group box 
chromosomal protein 1 (HMGB‑1) is a potent inflammatory 
cytokine, which activates the downstream inflammatory 
signaling pathway (4). A previous study has demonstrated that 
dynamic changes in the serum HMGB‑1 levels are associated 
with inflammatory responses following cardiopulmonary 
bypass  (5). Therefore, HMGB‑1 levels are considered as a 
monitoring marker of inflammation during cardiac surgery 
with cardiopulmonary bypass (5). Although a limited number 
of studies have been conducted regarding the association 
between HMGB‑1 and cerebral IRI, HMGB‑1 is hypothesized 
to serve an important role in multiple‑organ IRI through 
protecting against hepatic injury following murine liver 
ischemia‑reperfusion (6). As a ligand with high affinity to 
HMGB‑1, the receptor for advanced glycation end products 
(RAGE) is able to specifically combine with HMGB‑1, 
participating in the inflammatory response in the late stages 
of sepsis (7). In addition, HMBG‑1/RAGE axis may serve a 
significant role in the development of chronic inflammatory 
diseases such as neutrophilic asthma (8). Therefore, the present 
study hypothesized that the inhibition of the HMBG‑1/RAGE 
signaling pathway may attenuate inflammatory responses, 
indicating a possible neuroprotective effect in cerebral IRI.

Dioscin, a highly fat‑soluble steroidal saponin, is present in 
a number of plants such as ginseng (9) and Dioscorea nipponica 
Makino (10). Modern pharmacological studies have suggested 
that dioscin exerts anti‑inflammatory effects via alleviating the 
lipopolysaccharide‑induced inflammatory kidney injury (11). 
Previous studies have revealed that dioscin not only has 
significant effects on the anti‑inflammatory responses, but also 
exhibits antiviral (12), antioxidative (13), hepatoprotective (14) 
and antiapoptotic activities (15). Furthermore, numerous studies 
have focused on the neuroprotective effects of dioscin following 
peripheral and central nerve injury (16‑19). However, there is 
little information available regarding the potential mechanisms 
of dioscin on inducing cerebral IRI. Whether dioscin medi‑
ates its beneficial effects through a combination of multiple 
mechanisms or a single pathway, or by an anti‑inflammatory 
mechanism, remains largely unknown. Therefore, the present 
study aimed to assess whether the therapeutic effects of dioscin 
on cerebral IRI were associated with its anti‑inflammatory or 
other medicinal properties, and to further investigate the role of 
the HMGB‑1/RAGE signaling pathway in these mechanisms.

Materials and methods

Cell culture. Primary hippocampal neuronal cultures were 
prepared as previously described  (20). Briefly, following 
harvesting the Sprague‑Dawley (SD) rat embryos at embry‑
onic day 18 (E18), hippocampi were chopped and digested 
with 0.25% trypsin at 37˚C for 15 min. Animal experiments 
were approved by the Animal Care and Use Committee 
of the Tangshan Gongren Hospital (Tangshan, China; 
approval no. GRYY‑LL‑2019‑15). All animal experimental 
procedures were performed according to the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals 
(NIH Publication no. 85‑23, revised 1996)  (21). Following 
filtration, cells were seeded at a density of 3x105 cells/well 

onto 12‑well plates. Neurons were maintained at 37˚C in a 
neurobasal medium (Invitrogen; Thermo Fisher Scientific, 
Inc.) supplemented with 2% B‑27 and 0.5 mM glutamine (both 
from Invitrogen; Thermo Fisher Scientific, Inc.) and half of the 
cell‑culture medium was replaced every 3 days.

OGD/R model. To mimic cerebral IRI in vitro, an OGD/R 
model was established as previously described (22). Briefly, 
primary hippocampal neurons were cultured from E18 SD rats 
as aforementioned. Neurons were maintained in glucose‑free 
DMEM (cat. no. 11966‑025; Gibco; Thermo Fisher Scientific, 
Inc.) and cultured in an O2‑free chamber at 37˚C for 2 h. 
During the reoxygenation process, the cell‑culture medium 
was replaced with normal DMEM, and neurons were then 
cultured in an incubator under normoxic conditions at 37˚C 
and 5% CO2 for an additional 12 h. Control cells were treated 
in the same conditions without being exposed to OGD/R.

Drug administration. Dioscin was obtained from Sigma‑Aldrich; 
Merck KGaA (cat. no. SMB00576), and dissolved in dimethyl sulf‑
oxide (DMSO), at a final concentration of DMSO <0.1%. Neurons 
were then divided into the following four groups: i) Control group, 
where neurons were not treated; ii) Control + dioscin group, 
where primary hippocampal neurons were treated with dioscin 
without OGD/R; iii) OGD/R group, where primary hippocampal 
neurons subjected to OGD/R; and iv)  the OGD/R + dioscin 
group, where primary neurons subjected to reoxygenation 
following oxygen‑glucose deprivation. The optimum concentra‑
tion and action time of dioscin treatment was determined using 
Cell Counting Kit‑8 (CCK‑8) assay.

CCK‑8 assay. The viability of neurons was assessed by a CCK‑8 
assay (MedChemExpress). For CCK‑8 analysis, cells were 
plated into 96‑well plates at a density of 5x103 cells/well for 
24 h at 37˚C with 5% CO2. Subsequently, cells were subjected 
to OGD for 2 h and reperfusion for 12 h, and then different 
concentrations of dioscin (0, 100, 200, 400 and 800 ng/ml) were 
added to the culture medium for a 24‑h intervention period. 
A total of 10 µl CCK‑8 solution was carefully added to the 
culture medium, and cells were incubated for an additional 2 h 
at 37˚C, according to the manufacturer's instructions. Finally, 
cell viability was determined by measuring the absorbance at 
a wavelength of 570 nm using a microplate reader.

Western blot analysis. Neurons were collected, lysed in radio‑
immunoprecipitation assay (RIPA) lysis buffer, centrifuged 
at 12,000 x g at 4˚C for 15 min and the concentration of the 
extracted proteins was determined using the bicinchoninic 
acid Protein Assay kit (Beyotime Institute of Biotechnology). 
A total of 25 µg protein was then separated by SDS‑PAGE 
and electro‑transferred onto nitrocellulose membranes 
using a Bio‑Rad mini‑protein‑III wet transfer unit (Bio‑Rad 
Laboratories, Inc.) at 90 V/90 min. Following blocking with 
non‑fat milk for 2 h at room temperature, membranes were incu‑
bated with primary antibodies at 4˚C overnight. The primary 
antibodies used were against β‑actin (cat. no. sc‑47778; 1:1,000, 
mouse; Santa Cruz Biotechnology,  Inc.), interleukin (IL)‑1 
(cat. no. sc‑7884; 1:1,000, rabbit; Santa Cruz Biotechnology, 
Inc.), IL‑6 (cat.  no.  sc‑7920; 1:1,000, rabbit; Santa Cruz 
Biotechnology, Inc.), tumor necrosis factor α (TNF‑α; 
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cat. no. sc‑52746; 1:1,000, mouse; Santa Cruz Biotechnology, 
Inc.), HMGB‑1 (cat. no. 6893; 1:1,000, rabbit; Cell Signaling 
Technology, Inc.), RAGE (cat. no. sc‑5563; 1:1,000, rabbit; Santa 
Cruz Biotechnology, Inc.), Bax (cat. no. 2772; 1:1,000, rabbit; 
Cell Signaling Technology, Inc.), Bcl‑2 (cat. no. sc‑7382; 1:1,000, 
mouse; Santa Cruz Biotechnology, Inc.), 3‑NT (cat. no. ab61392; 
1:1,000, mouse; Abcam) and cleaved caspase‑3 (cat. No. 9661; 
1:1,000; rabbit; Cell Signaling Technology, Inc.). Following 
washing with PBS 3 times, membranes were incubated with 
horseradish peroxidase (HRP) conjugated anti‑rabbit IgG and 
anti‑mouse IgG (cat. nos. sc‑2357 and sc‑516102, 1:2,000; Santa 
Cruz Biotechnology, Inc.) for 1.5 h at room temperature. Finally, 
the protein density was measured using a Bio‑Rad imaging 
system and analyzed with the ImageJ software (Image Lab 4.1; 
National Institutes of Health). Relative protein expression levels 
are presented as the densitometric value (OD values) ratio of 
the target protein band to β‑actin band.

Reverse transcription‑quantitative (RT‑q)PCR analysis. 
Total cellular RNA was isolated with the TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. Subsequently, RNA concentration 
was measured using a UV spectrophotometer (NanoDrop 
One Microvolume UV‑Vis spectrophotometer; Thermo Fisher 
Scientific, Inc.) and the RT assay was performed, using RNA as 
template, with PrimeScript™ RT reagent kit (cat. no. RR037A; 
Takara Bio, Inc.) to synthesize cDNA. The RT reactions were 
performed at 37˚C for 15 min, 85˚C for 5 sec and 4˚C for 
cooling. In total, 2 µg RNA from each sample were reverse 
transcribed into cDNA. The RT‑qPCR was conducted with 
the TB Green® Premix Ex Taq™ II kit (cat. no. RR820A; 
Takara Bio, Inc.) in a 20 µl reaction containing 10 µl 2X TB 
Green Premix Ex Taq II (Tli RNaseH Plus), 0.8 µl forward 
primer (10 µM), 0.8 µl reverse primer (10 µM), 2 µl template 
DNA and 6.4 µl ddH2O. The thermocycling conditions of 
the qPCR were as follows: 37˚C for 30 min, 95˚C for 55 sec 
to inactivate reverse transcriptase, followed by 40 cycles of 
two‑step PCR, 95˚C for 20 sec and 60˚C for 50 sec. The final 
extension was performed at 75˚C for 10 min and samples were 
subsequently held at 4˚C. A total of 3 independent experiments 
were performed for each group. The primer sequences used in 
this study were the following: For β‑actin, forward 5'‑TGA​CGT​
GGA​CAT​CCG​CAA​AG‑3' and reverse, 5'‑CTG​GAA​GGT​
GGA​CAG​CGA​GG‑3'; IL‑1β, forward 5'‑TGG​GAG​ATG​GAA​
ACA​TCC​AG‑3' and reverse, 5'‑GCA​TTT​TAC​TGA​CTG​CAC​
GG‑3'; IL‑6, forward 5'‑ACA​GCC​ACT​CAC​CTC​TTC​AG‑3' 
and reverse, 5'‑CCA​TCT​TTT​TCA​GCC​ATC​TTT‑3'; TNF‑a, 
forward 5'‑AGA​ACC​CCC​TGG​AGA​TAA​CC‑3' and reverse, 
5'‑AAG​TGC​AGC​AGG​CAG​AAG​AG‑3'; HMGB‑1, forward 
5'‑GCA​GAT​GAC​AAG​CAG​CCT​TA‑3' and reverse, 5'‑TTT​
GCT​GCA​TCA​GGC​TTT​CC‑3'; RAGE, forward 5'‑GAC​TCT​
TAG​CTG​GCA​CTT​GGA​T‑3' and reverse, 5'‑GGA​CTT​CAC​
AGG​TCA​GGG​TTA​C‑3'; cleaved caspase‑3, forward 5'‑AGC​
AAT​AAA​TGA​ATG​GGC​TGA​G‑3' and reverse, 5'‑GTA​TGG​
AGA​AAT​GGG​CTG​TAG​G‑3'; Bax, forward 5'‑GTT​GCC​
CTC​TTC​TAC​TTT​GC‑3' and reverse, 5'‑ATG​GTC​ACT​GTC​
TGC​CAT​G‑3'; and Bcl‑2 forward, 5'‑GGT​CCT​CCA​GTG​GGT​
ATT​T‑3' and reverse, 5'‑TCC​TCC​TGA​GAC​TGC​CTT​AT‑3'. 
β‑actin was used as an internal control and the 2‑ΔΔCq method 
was applied to determine the relative gene expression (23).

Intracellular ROS detection. For the detection of intracellular 
ROS, the Reactive Oxygen Species Assay kit was applied, 
according to the manufacturer's instructions (cat. no. ab113851; 
Abcam). Following treatment with and without OGD/R, dioscin 
or under control conditions for 24 h, 2',7'‑dichlorofluorescein 
diacetate (DCFH‑DA; concentration, 5 µmol/l) was added 
in the culture medium. The cell mixture was then incubated 
at 37˚C in a 5% CO2 incubator for 30 min for the conversion 
of DCFH‑DA to 2',7'‑dichlorofluorescein. Subsequently, cells 
were fixed with 1% paraformaldehyde for 10 min at 4˚C and the 
levels of intracellular ROS were determined using the cellular 
ROS detection assay kit with flow cytometry (BD Accuri™ C6; 
BD Bioscience). Finally, the results were analyzed using the 
FlowJo software version 7.6.5 (FlowJo, LLC).

Determination of the glutathione (GSH)/glutathione disulfide 
(GSSG) ratio. The effects of dioscin on non‑enzymatic anti‑
oxidant defense mechanisms were evaluated by detecting the 
GSH and GSSG levels in neurons, according to the method 
proposed by Hissin and Hilf (24), with slight modifications. 
A proprietary non‑fluorescent dye thiol green indicator 
was used in the GSH/GSSG assay protocol, but without 
O‑phthalaldehyde as the fluorescent reagent. The concentra‑
tion of GSH and GSSG were measured using the GSH/GSSG 
Ratio Detection Assay kit (cat. no., ab138881; Abcam). The 
levels of GSH (reduced form) and total GSH (GSH + GSSG) 
were directly measured using their standards provided by the 
kit. Then, the GSSG content was indirectly determined by 
calculating the difference between total GSH + GSSG and 
GSH. Finally, the GSH/GSSG ratio was calculated.

Measurement of glutathione peroxidase (GPx), catalase (CAT) 
and superoxide dismutase (SOD) activity. The effects of dioscin 
on the enzymatic antioxidant defense mechanisms were deter‑
mined by measuring the GPx, CAT and SOD activity. The 
activity of GPx was spectrophotometrically detected in neurons 
as previously described (25). The GPx activity was expressed 
as the amount of the oxidized NADPH protein in min/mg and 
the activity rate was determined by the change in absorbance 
at 340 nm (A340). When the substrate tert‑butyl hydroperoxide 
was added, the reaction was initiated and the reduction in GPx 
activity was recorded at A340. Additionally, GPx activity was 
expressed in nmol/min/mg of protein. Furthermore, CAT activity 
was assayed as previously described (26), using H2O2 as the 
substrate. The decomposition of H2O2 was determined at 240 nm 
by measuring the decrease in absorbance. The CAT activity was 
expressed as µM/min/mg protein. Finally, SOD activity was 
spectrophotometrically determined in kinetic mode at intervals 
of 1 min up to 3 min at 560 nm, as described by Hassan et al (27). 
SOD activity was expressed as U/mg of protein.

Cell transfection. For cell transfection, cells were cultured at 
a density of 1x105 cells/well. Neurons were grown in six‑well 
plates for 24 h and then transfected with the pcDNA3.1‑HMGB‑1 
overexpression plasmid (2  µg) or control vector for 24  h 
using Lipofectamine®  2000 (Invitrogen; Thermo  Fisher 
Scientific, Inc.) according to the manufacturer's protocol. The 
pcDNA3.1‑HMGB‑1 overexpression plasmid was synthesized 
by Applied Biological Materials, Inc. Neurons transfected with 
control vector, were considered as the negative control group. 
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Furthermore, the overexpression of the HMGB‑1 was assessed 
using western blot analysis 6 h post‑transfection.

Analysis of neuronal apoptosis by terminal deoxynucleotidyl 
transferase‑mediated (dUTP) nick‑end labeling (TUNEL) 
staining. TUNEL staining was performed to detect cell apop‑
tosis according to the manufacturer's protocol. Briefly, neurons 
at a density of 5x104 cells/cm2 were fixed with 4% paraformalde‑
hyde at 4˚C for 20 min. The ischemic brain tissue was embedded 
in paraffin and sectioned at 5 µm following fixing in 4% parafor‑
maldehyde at room temperature for 48 h. Following dewaxing 
and rehydration, sections were incubated with a proteinase K 
solution for 15 min at 37˚C. Subsequently, cells were treated 
with a green fluorescein‑labeled dUTP solution and incubated 
with 4',6‑diamidino‑2‑phenylindole (DAPI, 1 µg/ml) for 5 min 
at room temperature to detect cell nuclei. The TUNEL‑positive 
cells and morphology of neurons were observed under a fluo‑
rescence microscope and cells were counted in 5 randomly 
selected microscopic fields (magnification, x200). The cell 
apoptosis rate was calculated as the number of TUNEL‑positive 
cells/the number of DAPI stained cells.

Animals and middle cerebral artery occlusion (MCAO) 
model. A total of 50 12 weeks‑old adult male SD rats were 
obtained from the Experimental Animal Center, North China 
University of Science and Technology. All rats were housed 
under a controlled environment at 22‑24˚C, with a 12/12 h 
light/dark cycle and 50‑55% humidity. All rats were provided 
with ad libitum access to food and water throughout the whole 
trial. MCAO was used to establish the cerebral IRI rat model. 
In brief, anesthesia was administered to rats by intraperitoneal 
injection of 50 mg/kg sodium pentobarbital. Following separation 
of the carotid arteries including common carotid artery (CCA), 
internal carotid artery (ICA) and external carotid artery (ECA), 
the right CCA was carefully ligated with a microclip. Middle 
cerebral artery (MCA) occlusion was induced by a monofilament 
inserted into the stump of the ICA, following which the mono‑
filament was advanced to the origin of the MCA to occlude it. 
A Laser‑Doppler flowmeter (Moor Instruments, Ltd.) was used 
to monitor regional cerebral blood flow (rCBF) of each rat. A 
70‑80% decrease in rCBF was regarded as successful MCAO. 
Occlusion was maintained for a period of 60 sec. The mono‑
filament was then removed to reestablish carotid blood flow. 
Sham‑operated rats underwent only the carotid artery separation 
without the monofilament insertion. A total of rats succumbed 
during the establishment of the MCAO model.

Experimental groups and treatment. Rats were randomly allo‑
cated into the following five groups: Sham; sham + dioscin; 
MCAO; MCAO + dioscin; and MCAO + dioscin + HMGB‑1. 
Dioscin was suspended in 0.5%  sodium carboxyl methyl 
cellulose solution prior to use. Rats were treated with dioscin 
(60 mg/kg) by gavage at 1 h following establishment of the 
MCAO rat model and once daily for the subsequent 6 days. 
In addition, rats in the sham and MCAO groups were treated 
with equal volumes of sodium carboxyl methyl cellulose solu‑
tion. Following treatment with dioscin or sham for 30 min, rats 
in the MCAO + dioscin + HMGB‑1 group were treated with 
HMGB‑1 (50 ug/kg; R&D Systems, Inc.) by intraperitoneal 
injection once daily for 6 days.

Detection of 8‑oxo‑deoxyguanosine (8‑OHdG). 8‑OHdG is a 
biomarker of nucleic acid oxidation. Therefore, 8‑OHdG was 
assessed in frozen sections of brain tissue by immunofluores‑
cence. Following treatment with 0.4% Triton X‑100 at room 
temperature for 10 min, sections were incubated with a mixture 
containing a primary 8‑OHdG antibody (cat. no. ab62623, 
1:1,000, mouse, Abcam) and a nuclear protein (NeuN, 
ab104224, 1:1,000, mouse, Abcam) monoclonal antibody at 
4˚C overnight. The next day, sections were incubated with 
HRP‑conjugated secondary antibody (cat. no. ab205719, 1:500, 
Abcam) for 1 h at 37˚C. Chromosomes were counterstained 
with DAPI (1 µg/ml) for 10 min at room temperature and the 
fluorescence images were captured using an Olympus F1000 
laser scanning confocal fluorescence microscope (magnifica‑
tion, x400; Olympus Corporation).

Statistical analysis. All statistical analyses were performed 
with the SPSS 23.0 software (SPSS  Inc.). All parameters were 
expressed as the mean ± standard error of the mean (SEM) 
and were obtained from ≥3 replicates. Data were analyzed 
using one‑way ANOVA followed by Tukey's post hoc analysis. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of dioscin on OGD/R‑induced cell viability. To 
evaluate the functional effects of dioscin on neurons subjected 
to OGD/R or not, cells were treated with different doses of 
dioscin (100, 200, 400 and 800 ng/ml) and cell viability was 
assessed. OGD/R significantly inhibited cell viability in cells 
treated with any concentration of dioscin. Compared with the 
control group, dioscin at 100, 200 and 400 ng/ml markedly 
promoted neuron viability in cells subjected to OGD/R or not 
(P<0.05; Fig. 1). However, dioscin at 800 ng/ml markedly inhib‑
ited cell viability compared with cells treated with 400 ng/ml 

Figure 1. Dioscin affects cell viability of hippocampal neurons. Neurons were 
treated with different concentrations (100, 200, 400 and 800 ng/ml) of dioscin 
with or without OGD/R for 24 h. Values are presented as the mean ± standard 
deviation (SD). *P<0.05 and **P<0.01 compared with the OGD/R‑free condi‑
tion of the control group. #P<0.05 compared with OGD/R‑free condition of 
the dioscin‑treated group (400 ng/ml). &P<0.05 compared with the OGD/R 
condition of the dioscin‑treated group (400 ng/ml). OGD/R, oxygen‑glucose 
deprivation/reperfusion.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  20:  231,  2020 5

dioscin (P<0.05; Fig. 1). Therefore, dioscin at a concentration 
of 400 ng/ml was used in subsequent experiments.

Dioscin inhibits the protein expression levels of IL‑1, IL‑6 
and TNF‑α. IL‑1, IL‑6 and TNF‑α were downregulated in 
the control group. Following reperfusion, the expression levels 
of IL‑1, IL‑6 and TNF‑α were significantly increased in the 

OGD/R group. However, treatment with dioscin restored the 
OGD/R‑mediated overexpression of IL‑1, IL‑6 and TNF‑α 
(P<0.05; Fig. 2). The same results were also observed in the 
mRNA level when RT‑qPCR was applied (P<0.05; Fig. 2E).

Dioscin inhibits the expression of apoptosis‑associated 
proteins. Cleaved caspase‑3 and Bax protein expression 

Figure 2. Dioscin downregulates the protein expression levels of IL‑1, IL‑6 and TNF‑α. (A) Representative western blot analysis results showing IL‑1, IL‑6 
and TNF‑α expression at 24 h following dioscin treatment. (B) Densitometric quantification of the IL‑1/β‑actin, (C) IL‑6/β‑actin and (D) TNF‑α/β‑actin ratio 
at 24 h following dioscin treatment. (E) Relative mRNA expression of IL‑1, IL‑6 and TNF‑α at 24 h following dioscin treatment. Values are expressed as the 
mean ± standard error of the mean (SEM). **P<0.01 vs. the control group. &P<0.05 and &&P<0.01 vs. the OGD/R group. IL‑1, interleukin 1; TNF‑α, tumor 
necrosis factor α; OGD/R, oxygen‑glucose deprivation/reperfusion. 
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levels were decreased in the control groups. Furthermore, the 
protein and mRNA expression levels of both cleaved caspase‑3 
and Bax were markedly increased, and those of Bcl‑2 were 
decreased in the OGD/R group. However, cell treatment with 
dioscin significantly attenuated the expression levels of cleaved 
caspase‑3 and Bax. In the OGD/R + dioscin group, the mRNA 
and protein expression levels of Bcl‑2 were notably increased 
compared with those in the OGD/R group (P<0.05; Fig. 3).

Dioscin inhibits the OGD/R‑induced activation of the 
HMGB‑1/RAGE pathway. The results demonstrated that 
the expression levels of HMGB‑1 and RAGE were signifi‑
cantly elevated in the OGD/R group. However, following 
treatment with dioscin, the expression of proteins involved 
in the HMGB‑1/RAGE pathway was downregulated 
(OGD/R + dioscin group; P<0.05; Fig. 4A and B). The expres‑
sion levels of HMGB‑1/RAGE at the mRNA level, detected by 
RT‑qPCR, were consistent with those observed at the protein 
level (Fig. 4C).

Dioscin markedly decreases ROS production and promotes 
the antioxidant defense system. Compared with the 

control group, intracellular ROS production in the neurons 
was significantly increased in the OGD/R group (P<0.01). 
Additionally, dioscin treatment in the OGD/R +  dioscin 
group significantly inhibited ROS production compared 
with the OGD/R group (P<0.05; Fig. 5A). Furthermore, to 
evaluate the antioxidant defense system, the levels of the 
antioxidant enzymes, GPx, CAT and SOD, and the ratio of 
the non‑enzymatic antioxidants GSH/GSSG were measured. 
The results indicated that the levels of GPx, CAT, SOD and 
the GSH/GSSG ratio were decreased in neurons subjected 
to OGD/R compared with those noted to the control group 
(P<0.05; Fig. 5). Nevertheless, co‑treatment of OGD/R‑treated 
neurons with dioscin significantly elevated the expression of 
the antioxidant compounds compared with the OGD/R group 
(P<0.05).

Upregulation of HMGB‑1 with the pcDNA3.1‑HMGB‑1 
plasmid diminishes the protective effects of dioscin on neuron 
apoptosis. Subsequently, neuronal apoptosis was evaluated 
using TUNEL/DAPI staining. Therefore, hippocampal 
neurons were transfected with the pcDNA3.1‑HMGB‑1 
plasmid to overexpress HMGB1. As demonstrated in Fig. 6, 

Figure 3. Dioscin treatment inhibits the expression of apoptosis‑associated proteins. (A) Representative western blot analysis results indicating the protein 
expression of cleaved caspase‑3, Bax and Bcl‑2 at 24 h following dioscin treatment. Densitometric quantification of the (B) cleaved caspase‑3/β‑actin and 
(C) Bax/Bcl‑2 ratio at 24 h following dioscin treatment. (D) Relative mRNA expression of cleaved caspase‑3, Bax and Bcl‑2 at 24 h following dioscin treatment. 
Values are expressed as the mean ± standard error of the mean (SEM). **P<0.01 vs. the control group. &P<0.05 and &&P<0.01 vs. the OGD/R group. OGD/R, 
oxygen‑glucose deprivation/reperfusion.
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the number of TUNEL‑positive cells was markedly increased 
in the OGD/R group. Furthermore, quantitative analysis indi‑
cated that dioscin significantly decreased neuronal apoptosis 
in the OGD/R + dioscin group. Following transfection with 
pcDNA3.1‑HMGB1, the number of TUNEL‑positive cells was 
notably increased (P<0.01; Fig. 6). These results indicated 
that upregulation of HMGB‑1 may inhibit the protective 
effects of dioscin against OGD/R‑induced apoptosis on 
hippocampal neurons.

HMGB‑1 overexpression may offset the suppressive effects of 
dioscin on proinflammatory cytokine expression. Therefore, 
compared with the OGD/R + dioscin group, western blot 
analysis indicated that HMGB‑1 overexpression significantly 
increased the expression of inflammatory cytokines, namely 
IL‑1, IL‑6 and TNF‑α (P<0.05; Fig. 7A‑C).

Activation of the HMGB‑1/RAGE pathway may reverse the 
effect of dioscin on antioxidant stress. The results demon‑
strated that HMGB‑1 overexpression reversed the protective 
effects of dioscin on ROS generation and the activity of anti‑
oxidant enzymes (P<0.05; Fig. 7). Therefore, treatment of 

neurons with the pcDNA3.1‑HMGB‑1 plasmid significantly 
elevated ROS production compared with that observed in 
the OGD/R + dioscin group (P<0.01; Fig. 7D). Furthermore, 
compared with the OGD/R group, the activities of GPx, 
CAT and SOD were increased in the OGD/R  +  dioscin 
group, while this effect was restored following HMGB‑1 
overexpression (P<0.05; Fig. 7E‑G). However, there was no 
marked statistically significant difference in the degrada‑
tion of GSH/GSSG between the OGD/R + dioscin + pcD
NA3.1‑HMGB‑1 and OGD/R  +  dioscin groups (P<0.05; 
Fig. 7H).

Dioscin significantly alleviates oxidative stress and apop‑
tosis of hippocampal neurons in the MCAO model via the 
HMGB‑1/RAGE pathway. The results of the MCAO model 
demonstrated that intracellular ROS production, and 3‑NT and 
8‑OHdG expression in the neurons were significantly elevated 
compared with the sham group (P<0.01; Fig. 8A, B and G). By 
contrast, MCAO significantly attenuated the activity of anti‑
oxidant enzymes and non‑enzymatic antioxidants compared 
with the sham group (P<0.01; Fig. 8C‑F). Furthermore, dioscin 
improved the antioxygenic ability following MCAO. However, 

Figure 4. Dioscin inhibits the OGD/R‑mediated activation of the HMGB‑1/RAGE pathway. (A) Western blot analysis results showing HMGB‑1 and RAGE 
protein expression at 24 h following dioscin treatment. Densitometric quantification of the (B) HMGB‑1/β‑actin and (C) RAGE/β‑actin ratio at 24 h 
following dioscin treatment. (D) Relative mRNA expression levels of HMGB‑1 and RAGE at 24 h following dioscin treatment. Values are expressed as the 
mean ± standard error of the mean (SEM). *P<0.05 and **P<0.01 vs. the control group. &P<0.05 and &&P<0.01 vs. the OGD/R group. OGD/R, oxygen‑glucose 
deprivation/reperfusion; HMGB‑1, high mobility group box chromosomal protein 1; RAGE, receptor for advanced glycation end products.
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it did not elevate the activity of the non‑enzymatic antioxidants 
through the HMGB‑1/RAGE pathway. Additionally, HMGB‑1 
overexpression reversed the decreased ROS production, 
and 3‑NT and 8‑OHdG expression, as well as the increased 
activity of the antioxidant enzymes. In the MCAO model, the 
apoptosis rate of the dioscin‑treated hippocampal neurons 
was attenuated compared with the MCAO group (P<0.05; 
Fig. 8H). In addition, HMGB‑1 overexpression significantly 
increased neuronal apoptosis in rat hippocampus in the 
MCAO + dioscin + HMGB‑1 group. These results suggested 
that dioscin may reverse the increased apoptosis rate via the 
HMGB‑1 pathway.

Discussion

With high fatality and morbidity rates, cerebral ischemia not 
only seriously threatens patients' lives, but also increases the 
financial burden placed on families and society (28). An imbal‑
ance of energy supply and demand is caused by cerebral artery 
occlusion, which in turn leads to oxygen deficiency and glucose 
deprivation in the brain, ultimately resulting in neuronal 
injury (29). Following recovery of blood supply to the isch‑
emic brain tissue, the excessive production of ROS may cause 
neuronal damage, which may result in more severe cellular 
dysfunction compared with hypoxia and ischemia only (30). 

Figure 5. Dioscin remarkably decreases ROS production and promotes the antioxidant defense system. Dioscin inhibited ROS generation in OGD/R‑subjected 
neurons. (A) DCHF‑DA fluorescence intensity was quantified by flow cytometry. Dioscin improved the enzymatic antioxidant defense mechanisms in 
OGD/R‑subjected neurons. (B) GPx, (C) CAT and (D) SOD activities were evaluated in cultured primary hippocampal cells. Dioscin improved the non‑enzy‑
matic antioxidant defense mechanisms in OGD/R‑subjected neurons. (E) GSH/GSSG ratio was evaluated in primary hippocampal cells. Values are expressed 
as the mean ± standard error of the mean (SEM). *P<0.05 and **P<0.01 vs. the control group. &P<0.05 and &&P<0.01 vs. the OGD/R group. ROS, reactive 
oxygen species; OGD/R, oxygen‑glucose deprivation/reperfusion; DCHF‑DA, 2',7'‑dichlorofluorescein diacetate; GPx, glutathione peroxidase; CAT, catalase; 
SOD, superoxide dismutase; GSH/GSSG, glutathione/glutathione disulphide.
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The present study aimed to investigate the protective effects 
of dioscin in OGD/R‑subjected neurons. The results indicated 
that dioscin exhibited antioxidative, anti‑inflammatory, and 
antiapoptotic effects.

Dioscin, a compound with several pharmacological and 
biological activities, is a natural steroid saponin isolated 
from multiple plants (31). It has been reported that dioscin 
serves fundamental roles in several diseases, including 
refractory apical periodontitis, acute renal injury, and athero‑
sclerosis  (13,32,33). The possible mechanisms underlying 
its effects include anti‑inflammatory, antioxidant stress and 
antiapoptotic activities. A previous study has demonstrated 
that oral feeding of dioscin for 7 consecutive days downregu‑
lated the mRNA expression levels of IL‑1β, IL‑6 and TNF‑α 
in a hepatic IRI model (33). In addition, a recent study has 

suggested that disocin exerts its antioxidant effects not only via 
decreasing ROS production, but also by enhancing the activity 
of antioxidant enzymes (13). Furthermore, disocin mediates 
neuroprotection by suppressing inflammation and inhibiting 
the HMGB‑1/toll‑like receptor 4 (TLR4) pathway (34). These 
results were generally consistent with the observations of the 
present study in hippocampal neurons. Therefore, the results 
demonstrated that OGD/R‑subjected neurons increased the 
protein and mRNA expression levels of IL‑1β, IL‑6 and TNF‑α, 
concurrent with elevated ROS generation and an attenuated 
activity of antioxidative enzymes. Furthermore, treatment 
with dioscin (400  ng/ml) for 24  h remarkably improved 
neuron viability and decreased the expression of inflamma‑
tory cytokines. Subsequently, the balance of the oxidative 
and antioxidative system was also evaluated. Therefore, the 

Figure 6. Effect of HMGB‑1 overexpression on the apoptosis rate of primary hippocampal neurons following dioscin treatment. The transfection effect was 
confirmed by (A) PCR and (B) western blot analysis. ##P<0.01 vs. the control vector group. (C) Bar chart of TUNEL‑positive cell ratios in different groups. 
Values are presented as means ± standard deviation (SD). **P<0.01 vs. the OGD/R group. (D) TUNEL‑stained (green) cells indicate apoptosis‑positive cells, 
DAPI stain (blue) indicates nucleated cells, and the ‘merge’ column shows cells stained with TUNEL and DAPI. Magnification, x200. White boxes represented 
magnified view of the typical apoptosis cells. Magnification, x400. &&P<0.01 vs. the OGD/R + dioscin group. HMGB‑1, high mobility group box chromosomal 
protein 1; TUNEL, terminal deoxynucleotidyl transferase‑mediated (dUTP) nick‑end labeling; DAPI, 4',6‑diamidino‑2‑phenylindole; OGD/R, oxygen‑glucose 
deprivation/reperfusion.
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activities of GPx, CAT and SOD, and the GSH/GSSG ratio 
were significantly elevated in dioscin‑treated neurons. These 
results suggested that dioscin could exert neuroprotective 
effects, possibly mediated by its anti‑inflammatory and anti‑
oxidative abilities.

Apart from its anti‑inflammatory and antioxidant effects, 
the results of the current study revealed that dioscin attenu‑
ated neuron apoptosis via maintaining the homeostasis in the 
expression of the apoptosis‑associated genes Bax and Bcl‑2, 
as well as downregulating cleaved caspase‑3 expression. 
These results were consistent with those obtained in the study 
by Tao et al in hepatic IRI (35). However, these results were 
different from those in other studies. Therefore, Zhang et al 
demonstrated that dioscin promoted cell apoptosis  (36). 
Additionally, in hepatocellular carcinoma  (HCC), dioscin 
significantly inhibited HCC cell proliferation and upregulated 
the expression of cleaved caspase‑3 and Bax/Bcl‑2. However, 

the possible mechanism underlying the effects of dioscin on 
neuronal survival remains unclear. Therefore, subsequent 
in‑depth studies into its molecular mechanisms of action are 
required.

Regarding the exact mechanisms underlying the positive 
effects of dioscin, several studies have indicated that dioscin 
exerts its anti‑inflammatory, antioxidative and antiapoptotic 
effects via the TLR4/myeloid differentiation factor 88 (MyD88) 
and peroxisome proliferator‑activated receptor‑γ coactivator‑1α 
(PGC‑1α)/estrogen receptor  α  (ERα) signaling path‑
ways (13,37,38). As an important injury‑associated compound, 
dioscin has been assumed to inhibit HMGB‑1 in an IRI animal 
model (39). A previous study demonstrated that dioscin down‑
regulated the expression of HMGB‑1 and other inflammatory 
mediators, thus resulting in improving nerve injury caused by 
ischemia/hypoxia (35). HMGB‑1 is considered as a crucial 
regulator in the early stages of organ ischemia‑reperfusion 

Figure 7. Inhibiting the activity of the HMGB‑1/RAGE pathway reversed the effect of dioscin on the expression of proinflammatory cytokines, ROS genera‑
tion and antioxidant stress. (A) Western blot analysis results showing IL‑1, IL‑6 and TNF‑α protein expression. β‑actin served as an internal control. (B) Bar 
chart showing the IL‑1/β‑actin, IL‑6/β‑actin and TNF‑α/β‑actin ratio from the western blot analysis results in different groups. (C) Bar chart showing 
IL‑1/β‑actin, IL‑6/β‑actin and TNF‑α/β‑actin ratio from RT‑qPCR results in different groups. (D) DCHF‑DA fluorescence intensity in different groups using 
flow cytometry. (E) GPx, (F) CAT and (G) SOD activity and (H) GSH/GSSG ratio in different groups. Values are presented as the means ± standard deviation 
(SD). *P<0.05 and **P<0.01 vs. the OGD/R group. &P<0.05 and &&P<0.01 vs. the OGD/R + dioscin group. HMGB‑1, high mobility group box chromosomal 
protein 1; RAGE, receptor for advanced glycation end products; ROS, reactive oxygen species; IL‑1, interleukin 1; TNF‑α, tumor necrosis factor α; DCHF‑DA, 
2',7'‑dichlorofluorescein diacetate; GPx, glutathione peroxidase; CAT, catalase; SOD, superoxide dismutase; GSH/GSSG, glutathione/glutathione disulphide; 
OGD/R, oxygen‑glucose deprivation/reperfusion.
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dysfunctions (40). It has been previously reported that HMGB‑1 
exerts a variety of cytoprotective activities combined with the 
downstream molecule RAGE (41). In the present study, dioscin 
suppressed the oxidative and inflammatory reactions, and 
attenuated OGD/R‑associated apoptosis. During this process, 
the HMGB‑1/RAGE signaling pathway was downregulated, 
thereby leading to a substantial decrease in the cell apoptosis 
rate, in order to maintain an adequate number of neurocytes. In 
addition, considerable changes in the intracellular ROS produc‑
tion and the activity of antioxidant enzymes were observed in 
the hippocampal neurons, probably mediated by the downregu‑
lation of the HMGB‑1/RAGE pathway. However, there were no 
marked statistically significant differences in the GSH/GSSG 

ratios between the OGD/R + dioscin + pcDNA3.1‑HMGB‑1 
and OGD/R + dioscin groups in vivo, as well as between the 
MCAO + dioscin and MCAO + dioscin + HMGB‑1 groups 
in  vitro. Furthermore, to the best of our knowledge, the 
association between the activation of the HMGB‑1/RAGE 
pathway and non‑enzymatic antioxidant defenses has not been 
previously investigated. This could be considered as another 
mechanism of dioscin action associated with its antioxidant 
effects, which requires further investigation. In addition to the 
TLR4/MyD88 and PGC‑1α/ERα signaling pathways described 
above  (13,37), numerous hypotheses have been formulated 
to explain the internal mechanism of dioscin resistance to 
OGD/R. As the neuroprotective effects of dioscin may involve 

Figure 8. Dioscin remarkably alleviates oxidative stress and apoptosis of hippocampal neurons in the MCAO model via the HMGB‑1/RAGE pathway. (A) The 
effect of dioscin and HMGB‑1 on the expression of the 3‑NT protein in rat hippocampal neurons. (B) DCHF‑DA fluorescence intensity was quantified by flow 
cytometry. Dioscin improved the enzymatic antioxidant defenses in rat hippocampal neurons in the MCAO group via the HMGB‑1 pathway. (C) GPx, (D) CAT 
and (E) SOD activities were evaluated in rat hippocampal neurons. Dioscin improved the non‑enzymatic antioxidant defenses in rat hippocampal neurons of 
the MCAO group. This effect was not mediated via the HMGB‑1 pathway. (F) The GSH/GSSG ratio was evaluated in rat hippocampal neurons of the MCAO 
group. (G) The effect of dioscin on the aggregation of the 8‑OHdG protein in rat hippocampal neurons. 8‑OHdG (green) was immunolabeled in rat hippocampal 
neurons. Magnification, x400. (H) Treatment with dioscin decreased the number of TUNEL‑positive apoptotic cells in rat hippocampal tissue. Magnification, 
x200. Rat brain tissue sections were stained with TUNEL (green) and DAPI (blue). The bar chart shows the quantification of the TUNEL‑positive cells (%). 
Values are expressed as the mean ± standard error of the mean (SEM). **P<0.01 vs. the sham group. &P<0.05 and &&P<0.01 vs. the MCAO group. #P<0.05 and 
##P<0.01 vs. the MCAO + dioscin group. MCAO; middle cerebral artery occlusion; HMGB‑1, high mobility group box chromosomal protein 1; RAGE, receptor 
for advanced glycation end products; DCHF‑DA, 2',7'‑dichlorofluorescein diacetate; GPx, glutathione peroxidase; CAT, catalase; SOD, superoxide dismutase; 
GSH/GSSG, glutathione/glutathione disulphide; 8‑OHdG, 8‑hydroxy‑2'‑deoxyguanosine; TUNEL, terminal deoxynucleotidyl transferase‑mediated (dUTP) 
nick‑end labeling; DAPI, 4',6‑diamidino‑2‑phenylindole.
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several mechanisms working together, a more comprehensive 
research base is required to investigate the potential mecha‑
nisms that may ensure the maintenance of neuronal function 
and survival.

In conclusion, treatment with dioscin decreased nerve 
injury and enhanced cell viability. These neuroprotective 
effects may primarily due to the maintenance of homeo‑
stasis in the antioxidative/oxidative system, as well as 
antiapoptotic and anti‑inflammatory effects. Furthermore, 
the HMGB‑1/RAGE signaling pathway was also determined 
to be involved in these processes. The results of the present 
study provided evidence in favor of considering dioscin as a 
promising neuroactive compound for ischemic stroke.
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