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ABSTRACT

Objective: To evaluate the effect of salidroside on oxygen and
glucose deprivation (OGD)-treated NT2 cells and its underlying
mechanisms of action.

Methods: Retinoic acid was used to induce the differentiation
of NT2 cells into neurons. The effects of salidroside on survival,
apoptosis, inflammatory response, and oxidative stress of neurons
undergoing OGD were evaluated. Using precursor cells as controls,
the effect of salidroside on the differentiation progression of OGD-
treated cells was evaluated. In addition, the effect of erastin, a
ferroptosis inducer, on NT2 cells was examined to investigate the
underlying mechanisms of neuroprotective action of salidroside.
Results: Salidroside alleviated the effects of OGD on neuronal
survival, apoptosis, inflammation, and oxidative stress, and
promoted NT2 cell differentiation. Moreover, salidroside prevented
ferroptosis of OGD-treated cells, which was abolished following
erastin treatment, indicating that ferroptosis mediated the regulatory
pathway of salidroside.

Conclusions: Salidroside attenuates OGD-induced neuronal injury

by inhibiting ferroptosis and promotes neuronal differentiation.

KEYWORDS: Salidroside; Rhodiola rosea; Ferroptosis; Oxygen

and glucose deprivation; Neuronal differentiation; Ischemic stroke

1. Introduction

One of the most incapacitating and lethal illnesses in the world is

stroke[1.2]. The disease is abrupt and progressive, and it can quickly
result in death if the patient is not treated timely. Additionally, survivors
tend to experience severe disabilities and ongoing neurological
abnormalities[3]. Stroke is divided into hemorrhagic stroke and
ischemic stroke[4], with ischemic stroke being the most prevalent|s].
The causes of cerebral ischemia are more complicated, and the
frequent causes are stenosis or blockage of the cerebral arteriesfé],
arterial embolism(7], and hemodynamics|8]. Clinically, intravenous

thrombolysis is safe to apply in the treatment of individuals with
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acute ischemic stroke in the absence of contraindications[9].
Nevertheless, the limitations of thrombolytic therapy are
demonstrated by the fact that only a small number of patients benefit
from it[10-12].

Rhodiola rosea, a classic adaptogen, antidepressant, and anti-
inflammatory agent, is a medicinal herb originating in Asia and
Europe(13-15]. The phenylpropanoid glycoside salidroside, which
is derived from Rhodiola rosea and utilized in traditional Tibetan
medicine, has a wide spectrum of pharmacological effects|16].
Previous research has demonstrated that salidroside can lessen the
hypoxia/reoxygenation-induced damage to human cerebral vascular
smooth muscle cells[17], as well as the hypobaric hypoxia-induced
injury to brain oxidative stress and blood-brain barrier in mice[18].
A disruption in cerebral blood flow in ischemic stroke patients can
deprive neurons of oxygen and glucose, leading to neuronal cell
loss and neuronal tissue damage[19.20]. The neuronal cell loss or
tissue injury following a stroke is permanent and results in long-
term neurological impairment since the adult brain has a weak
capacity for regeneration|21]. For the study of ischemic stroke, the in
vitro model of oxygen and glucose deprivation (OGD) is therefore
instructive.

Retinoic acid (RA) is a lipophilic small-molecule substance
converted from vitamin A, which is crucial for embryogenesis[22].
Studies have shown that RA can boost the proliferation of mouse
embryonic stem cells[23]. For developing the central nervous
system, RA encourages the differentiation of stem cells towards
glial precursor cells and oligodendrocyte-GABAergic neurons|24,25].
The preliminary research of our group indicated that salidroside
could boost the percentage of NT2 cells that were differentiated into
neurons as a result of RA. Thus, this study aimed to investigate the
effect of salidroside on OGD-treated NT2 cells and its underlying

mechanisms of action.

2. Materials and methods

2.1. Cell culture and treatment

NTera-2/D1 (NT2 cells) were obtained from the Cell Resource
Center, Institute of Basic Medicine, Chinese Academy of Medical
Sciences and cultured in complete medium (Dulbecco’s Modified
Eagle’s Medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin), and the medium was changed every 3 d. To
induce differentiation, 10 pM RA was added to the medium, and cells
were passaged every 3 d. Since RA is photosensitive, the RA-treated
cells were cultured away from light during the whole experiment.
OGD model was established to mimic ischemic injury in stroke.

Briefly, cells were cultured in Earle’s solution (Procell, Wuhan,

China) without glucose in a 95% N, and 5% CO, environment for
6 h[26]. Cells were pretreated with salidroside (Nanjing Spring &
Autumn Biological Engineering) at concentrations of 10, 25, and 50
uM for 1 h[27]. Furthermore, to explore the mediation of ferroptosis,
cells were pretreated for 24 h with erastin, a ferroptosis inducer (30
mM, GlpBio)[28].

2.2. CCKS8 assay

The CCK8 assay was used to assess NT2 cell viability. CCK8
reagent (Abmole) was added to wells of cells treated as above. After
2 h, the absorbance at 450 nm (A,5,) of each well was recorded using

a microplate reader (Dojindo Molecular, USA).

2.3. Determination of lactate dehydrogenase (LDH)

LDH level was evaluated using an LDH cytotoxicity assay kit
(C0017, Beyotime, Shanghai, China). After centrifuging the cell
culture plate at 400 xg for 5 min, the supernatant from each well was
obtained as samples. The values were computed using a standard

curve.

2.4. Assessment of oxidative stress

Assessment of oxidative stress was conducted using the
malondialdehyde (MDA, S0131), catalase (CAT, S0051), and
glutathione peroxidase (GPx, S0058, Beyotime) assay kits. The
NT2 cell lysate was centrifuged at 10000 xg for 10 min before the
supernatant was obtained for detection. The values were computed

using a standard curve.

2.5. Flow cytometry

Cell apoptosis was assessed with the Annexin V-FITC Apoptosis
Kit (Elabscience, Wuhan). Cells were washed twice with phosphate-
buffered saline (PBS) before being suspended with 1x annexin
V binding buffer. Annexin V-FITC reagent and PI reagent were
replenished to the suspension, followed by a gentle vortex for 20
min in the dark. The detection was performed using flow cytometry
(BD Biosciences, USA).

2.6. Western blotting analysis

Nanodrop 2000 (Thermo Fisher) was applied to quantify the
proteins isolated from NT2 cells. Protein extracts were resolved
by gel electrophoresis and immobilized on PVDF membranes
(Millipore). 5% nonfat milk was served as a blocking solution, and

membranes were subsequently co-incubated at 4 °C with primary
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antibodies against Bcl-2 (26593-1-AP; 1:2000; Proteintech), Bax
(AF1270; 1:2000; Beyotime), cleaved caspase 3 (GTX03281;
1:1000; GeneTex), B-III-Tubulin (ab18207; 1:500; Abcam), glial
fibrillary acidic protein (GFAP) (ab68428; 1:10000; Abcam),
OCT4 (ab181557; 1:1000; Abcam), PAX6 (ab5790; 1:1000;
Abcam), ferritin heavy chain 1 (FTH1) (ab75972; 1:1000; Abcam),
glutathione peroxidase 4 (GPX4) (ab125066; 1:2000; Abcam),
transferrin (Tf) (AB277635; 1:1000; Abcam), and B-actin (ab8227;
1:2000; Abcam) overnight, followed by HRP-linked goat secondary
antibody (AB6721; 1:20000; Abcam) for 2h. Signal was amplified
with enhanced chemifluorescence substrate (GE Healthcare) and the
values were analyzed using Image] software (National Institutes of
Health).

2.7. ELISA assay

The levels of tumor necrosis factor (TNF)-a (H052-1), interleukin
(IL)-1B (HO002), and IL-6 (H007-1, JianCheng, Nanjing) were
measured with the corresponding ELISA kits. The supernatant was
centrifuged at 500 xg at 4°C for 5 min and served as samples. A,s,

was recorded using a microplate reader.

2.8. Immunofluorescence

On the seventh day of RA induction, NT2 cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton X-100
for 30 min. Thereafter, cells were incubated with MAP 2 primary
antibody (Abcam) overnight at 4°C, FITC-conjugated goat anti-
rabbit antibody for 1 h, and counterstained with DAPI for 5 min.
Immunostaining was observed under a fluorescence microscope

(Leica, Germany) at 200x magnification.

2.9. Lipid peroxidation

C11-BODIPY 581/591 is a lipid-soluble fluorescent probe used to
indicate lipid peroxidation. C11-BODIPY 581/591 was added to the
wells and incubated with cells for 30 min. After being washed twice
with PBS, cells were observed under a fluorescence microscope at

200x magnification.

2.10. Measurement of Fe* levels

The Fe** content in the cells was determined using a ferrous iron
Colorimetric Assay Kit (Elabscience). The NT2 cell lysate was
centrifuged at 10000 xg for 10 min and the supernatant was taken

for detection. The values were computed using a standard curve.

2.11. Statistical analysts

Data were presented as mean + standard deviation using Prism

8.0 software. Shapiro-Wilk test verified that the data were normally
distributed and differences were analyzed by one-way ANOVA
followed by Tukey’s test. P<0.05 was considered significantly
different.

3. Results

3.1. Effect of salidroside on cell viability and apoptosis

The effects of different concentrations of salidroside on the viability
of OGD-treated NT2 cells were determined using the CCKS8 assay.
Salidroside at concentrations of 10-50 uM did not affect the survival
of differentiated NT2 cells (Figure 1A) and increased cell survival
after OGD treatment in a concentration-dependent manner (Figure
1B) (P<0.05). In addition, OGD treatment significantly enhanced
LDH levels in NT2 cells, whereas salidroside could lower OGD-
induced LDH levels (P<0.05) (Figure 1C). Apoptotic levels of NT2
cells were determined by flow cytometry and Western blotting. As
shown in Figure 1D-E, OGD treatment significantly increased the
percentage of apoptotic cells, accompanied by an increase in Bax
and cleaved caspase 3 expression and a decrease in Bcl-2 expression
(P<0.05). All these OGD-induced changes were reversed by

salidroside in a concentration-dependent manner (P<0.05).

3.2. Effect of salidroside on inflammation and oxidative

stress

The level of inflammatory factors in the cell supernatant was
determined by ELISA. TNF-a, IL-1B, and IL-6 levels were
significantly increased in the OGD-treated cells and their levels
were decreased by salidroside treatment (P<0.05) (Figure 2A).
Meanwhile, OGD treatment increased MDA levels and decreased
CAT and GPx levels in NT2 cells. Salidroside treatment abrogated
OGD-induced alternations in the levels of these parameters (P<0.05)
(Figure 2B).

3.3. Effect of salidroside on neuronal differentiation

MAP 2 is a neuron-specific cytoskeletal protein, and the content
of MAP 2 in cells was analyzed by immunostaining. RA-induced
differentiated cells had significantly higher levels of MAP 2 than
untreated cells. The proportion of MAP 2-positive cells was
significantly decreased in the group pretreated with OGD (P<0.05),
indicating that OGD inhibited cell differentiation. Notably,
salidroside relieved the inhibition of cell differentiation induced by
OGD (P<0.05) (Figure 3A-B). In addition, differentiation-related

cellular markers were detected by Western blotting analysis. The
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protein expressions of B-II[-Tubulin, GFAP, OCT4, and PAX6
were significantly increased in differentiated cells (P<0.05). OGD
treatment reduced the above protein expressions while salidroside
could reverse the effect of OGD (P<0.05) (Figure 3C-D).

3.4. Effect of salidroside on ferroptosis

Cellular lipid peroxidation levels were assessed using C11-

73

BODIPY. There was no significant difference between the RA-
induced differentiation group and the control group. OGD treatment
significantly increased lipid peroxidation in cells, however,
salidroside could reduce lipid peroxidation triggered by OGD
(P<0.05) (Figure 4A). The levels of Fe*" and the expression levels
of ferroptosis-related proteins were then measured. OGD treatment
increased Fe®' levels in cells (P<0.05). In contrast, salidroside

treatment reduced OGD-induced Fe** production (P<0.05) (Figure
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Figure 1. Effect of salidroside on the viability and apoptosis in NT2 cells. (A) The effect of different concentrations of salidroside on the viability of normal

NT2 cells and (B) OGD-treated NT2 cells was determined using the CCK8

assay. (C) LDH levels in each group of cells were detected by the LDH kit. (D)

Apoptosis was determined by flow cytometry. (E) The expression of apoptosis-related proteins was determined by Western blotting analysis. p-actin was

used as an internal control. The data are expressed as mean+standard deviation and analyzed by ANOVA. “"P<0.001 vs. the control group; “P<0.05, “P<0.01,
#P<0.001 vs. the OGD group. Sal: salidroside; OGD: oxygen and glucose deprivation; LDH: lactate dehydrogenase.
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Figure 2. Effect of salidroside on inflammation and oxidative stress. (A) The levels of inflammatory factors and (B) oxidative stress markers were determined

by ELISA. The data are expressed as mean+standard deviation and analyzed by ANOVA. “"P<0.001 vs. the control group; P<0.05, *P<0.01, ™ P<0.001 vs. the

OGD group.
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Figure 3. Effect of salidroside on neuronal differentiation. (A-B) The proportion of MAP 2-positive cells was analyzed by immunostaining (magnification
200x). (C-D) Differentiation-related cellular markers were detected by Western blotting analysis. B-actin was used as an internal control. The data are expressed
as meanstandard deviation and analyzed by ANOVA. “"P<0.001 vs. the control group (undifferentiated); “*P<0.001 vs. the control group (differentiated);
£p<0.05, ““P<0.01, “““P<0.001 vs. the OGD group. MAP 2: microtubule associated protein 2.
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4B). In addition, OGD treatment decreased FTH1 and GPX4 protein
expression, and increased Tf expression (P<0.05), while salidroside
treatment alleviated the alterations in these proteins (P<0.05) (Figure

4C).

3.5. Mediation of ferroptosis

Cells treated with erastin, a ferroptosis inducer, showed increased
LDH levels (Figure 5A), increased number of apoptotic cells
(Figure 5B-C), along with increased Bax and cleaved caspase 3
and decreased Bcl-2 compared with the OGD+salidroside group
(P<0.05) (Figure 5D). Similarly, erastin reversed the effect of
salidroside on the levels of inflammatory cytokines and oxidative
stress markers (P<0.05) (Figure 5E-F). Furthermore, erastin caused
a decrease in the proportion of MAP 2-positive cells (Figure 6A-B),
and reduced protein expressions of B-I1I-Tubulin, GFAP, OCT4, and
PAX6 (P<0.05) (Figure 6C-D).

4. Discussion

Despite some treatments, the prognosis for patients with ischemic
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stroke remains unsatisfactory. Complex processes have been found
to mediate neuronal death, including neuro-inflammation, oxidative
stress, excitotoxicity, and apoptosis[29]. Currently, neuronal death
and secondary inflammatory responses that occur immediately
after ischemia are two key aspects that are being extensively
investigated|30.31]. So far, how these two events are coordinated
and regulated after ischemia remains to be further investigated.
This study suggested that salidroside could improve the survival
rate of neurons and reduce the level of inflammatory factors after
OGD. This may imply that salidroside can assist neurons in resisting
adverse environment-induced death in a rapid time. Cerebral
ischemia can lead to damage to the blood-brain barrier and increase
the risk of complications secondary to thrombolysis[32-34]. Many
studies have shown that intranasal administration is a potential way
to directly deliver drugs to the brain[35.36], which can assist more
natural medicines developed in herbal medicines to break through
the blood-brain barrier in the treatment of brain diseases.

Ferroptosis is a form of programmed cell death characterized by
iron-dependent accumulation of lipid peroxides[37]. Biochemical
features of ferroptosis include glutathione antioxidant dysfunction,
GPX4 depletion, and lipid peroxide accumulation. When lipid

peroxides surpass cellular antioxidant activity, they cause protein
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Figure 4. Effect of salidroside on ferroptosis. (A) Cellular lipid peroxidation level was assessed using C11-BODIPY (magnification 200x). (B) The level of
Fe’* was measured using an assay kit. (C) The expression levels of ferroptosis-related proteins were measured by Western blotting analysis. B-actin was used as
an internal control. The data are expressed as mean+standard deviation and analyzed by ANOVA. “*P<0.001 vs. the control group (differentiated); ““P<0.01,
&4p<(),001 s. the OGD group.
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collapse, lipid destruction, and neuronal death(38]. Iron chelation The complex development of the mammalian central nervous
therapy has shown efficacy in preclinical ischemic stroke  system relies on various cell types, including neurons, astrocytes, and
studies[39.40]. Moreover, several in vivo and in vitro studies have  oligodendrocytes|43]. In the central nervous system, neural precursor

shown that inhibition of ferroptosis is also beneficial in improving  cells are pluripotent cells capable of self-renewal and generating

emorrhagic stroke and reperfusion inju A42]. neurons, astrocytes, and oligodendrocytes. Neural precursor cells
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Figure 5. Effect of erastin, a ferroptosis inducer, on the viability, apoptosis, inflammation, and oxidative stress in NT2 cells. (A) The LDH levels in each group
of cells were detected by an LDH kit. (B-C) Apoptosis was determined by flow cytometry. (D) The expression of apoptosis-related proteins was determined by
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Figure 6. Effect of erastin on neuronal differentiation. (A-B) The proportion of MAP 2-positive cells was analyzed by immunostaining (magnification 200x).
(C-D) Differentiation-related cellular markers were detected by Western blotting analysis. The data are expressed as meantstandard deviation and analyzed by
ANOVA. ""P<0.001 vs. the control group (undifferentiated); “*P<0.001 vs. the control group (differentiated); “““P<0.001 vs. the OGD group; ~P<0.001 vs.

the OGD+Sal group.

proliferate, differentiate, migrate, and ultimately form neuronal
networks[44]. The NT2 cell line is a human-derived cell with
neuronal precursor properties that can be induced to differentiate
into neurons[45]. In the present study, salidroside could assist RA to
enhance the induction of NT2 differentiation, even after undergoing
OGD. The emerging generation of neurons after differentiation
can reduce the damage to the nervous system caused by cerebral
ischemia, which further illustrates the pharmacological effects of
salidroside. Nevertheless, future in vivo and clinical experiments
should be carried out to further verify its neuroprotective effect.
Taken together, this study reveals that salidroside attenuates

OGD-induced damage by inhibiting ferroptosis and promotes

neuronal differentiation. Therefore, it can be further explored as a

neuroprotective agent.
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