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ARTICLE INFO ABSTRACT

Keywords: Background: Ischemic stroke, caused neurological dysfunction due to inadequate blood supply to
Ethyl pyruvate brain, has a high morbidity and mortality. Ethyl pyruvate (EP), a simple aliphatic ester derived
GAS6

from pyruvic acid, has the advantages of safety and stability. Studies have confirmed that EP has
anti-oxidative, anti-inflammation, anti-tumor, and other pharmacological effects, and it demon-
strates significant therapeutic effects on multiple diseases. GAS6 and its high affinity Axl receptor
play an important role in cell adhesion, anti-apoptosis, proliferation and migration by activating
downstream signal transduction pathways. Previous studies have demonstrated the neuro-
protective effects of the GAS6/AxI axis.

Methods: A series of experimental methods were employed to confirm the effect of EP against
cerebral hypoxia/reoxygenation (HR) injury.

Results: In this study, the protective effect and mechanism of EP on HR injury in N2a cells was
explored. The results found that treatment with EP could increase HR-injured neuronal viability,
improve cell morphology, and reduce LDH release and ROS accumulation, thereby exhibiting a
neuroprotective effect. Furthermore, EP treatment restored the down-regulated expression of
GAS6, Axl, NQO1, PGC-1a, NRF1, and UCP2 caused by HR injury. Specifically, it was observed
that the neuroprotective effect of EP was partially inhibited by GAS6 siRNA.

Conclusion: In conclusion, these results suggest that EP treatment attenuates HR-induced oxidative
stress injury in neuroblastoma cells via activating GAS6/AxI signaling.
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1. Introduction

Ischemic stroke is an acute vascular disease caused by ischemic brain injury, which is characterized by high incidence, high
disability rate and high mortality [1]. The development of ischemic stroke has been proven to involve multiple pathways, oxidative
stress, inflammation, and apoptosis [2,3]. Thrombolytic therapy is a critical treatment methods in modern medicine, but it
unavoidably leads to the ischemia/reperfusion injury (IRI) [4,5]. Cerebral IRI induces neuronal death and apoptosis and even severely
impairs neurological function [6]. Therefore, there is an urgent need to explore novel and effective neuroprotective agents. However,
few studies have found agents with profound beneficial effect and low side effect.

Ethyl pyruvate (EP), a simple aliphatic ester derived from pyruvic acid, possesses the advantages of safety and stability [7]. Several
studies have confirmed that EP has anti-oxidative, anti-inflammation, anti-tumor, and other pharmacological effects [8]. Notably,
there is compelling evidence supporting the beneficial role of EP in various models of acute injury, including myocardial IRI, kidney
IR, and liver IRI [9,10]. However, the associated mechanisms and specific molecular targets involved in the protection are not to be
elucidated.

Growth arrest-specific gene 6 (GAS6) is a vitamin K-dependent protein and a ligand for the TAM receptor (Tyro3, Axl and Mer) [11,
12], among which Axl has the highest affinity for GAS6 [13]. GAS6 binds to Axl to regulate cell proliferation, apoptosis, migration and
angiogenesis through multiple signaling pathways [14-16]. Recently, the role of GAS6/Axl pathway in organs protection has been
confirmed [17]. GAS6/AxI signaling contributes to the immune restoration after intracerebral hemorrhage mouse model, and it can
attenuate brain injury and enhance neuroprotective effect [18]. Recombinant GAS6 has been shown to upregulated AxI expression and
improved short-term and long-term effects after middle cerebral artery occlusion in a rat model of stroke, suggesting its significantly
neuroprotective effect [19]. In addition, it is reported that some natural substances (dihydroartemisinin and curcumin) can regulate
GAS6/Axl axis [20,21]. However, whether EP can regulate GAS6/Axl signaling and it’s upstream and downstream regulatory signaling
remains unknown.

In this study, the protective effect of EP against hypoxia/reoxygenation (HR) injury in neuroblastoma cells was examined. To
further explored the neuroprotective effect of GAS6/Ax] axis in EP treatment and its downstream targets to elucidate the potential
protective mechanism of EP.

2. Methods
2.1. Cell culture and treatment

The mouse neuroblastoma N2a cell (purchased from ATCC, Rockville, MD, United States) culture and hypoxic reoxygenation (HR)
injury model, please refer to our previous study [22]. With regard to EP (Macklin biochemical Co., Ltd, shanghai China) adminis-
tration, the specific steps are as follows: cells were treated with different concentrations of EP (0.1, 1, 2, 5 or 10 mM) for 24 h to detect
the toxic effects of EP. Then, in the absence or presence of GAS6 siRNA (Sangon Biotechnology Co., Ltd., Shanghai, China), the cells are
treated with different concentrations of EP (0.1, 1, 2, 5 or 10 mM) for 3 h and then exposed to HR, unless otherwise indicated. After the
treatment, the cells were collected for further analysis.

2.2. Cell viability and apoptosis assay

The treated cells were tested for cell viability and apoptosis using Muse ™ cell analyzer (Merck KGaA, Darmstadt, Germany) ac-
cording to the manufacturer’s protocol [23]. Moreover, Hoechst 33342 staining is another technique that reveals the morphological
changes of the cells before and after treating with the drug administration [24].

2.3. LDH release, and ROS production assay

LDH release in the culture medium was determined using a commercially available kit according to the manufacturer’s protocol
(Nanjing Jiancheng Bioengineering Institute). For measurement of ROS production (Beyotime Biotechnology, Shanghai, China), please
refer to Lei et al. [25].

2.4. Western blot analysis

Protein expression was determined by Western blot analysis as previously described [26]. The anti-bodies information used can be
found in Table S1.

2.5. GAS6 knockdown by small interfering RNA (siRNA)

The selection of the optimal sequence and concentration of siRNA was based on cell viability, mRNA and protein expressions (data
not shown). Sangon Biotechnology (Shanghai, China) synthesized the siRNA sequences targeting murine GAS6, with the sense
sequence being 5-GGACACACUUAAGACACAUTT-3 and the antisense sequence being 5-~AUGUGUCUUAAGUGUGUCCTT-3'". N2a cells
were utilized to knockdown GAS6 using the synthesized siRNA. To initiate transfection, cells were initially seeded in 60 mm culture
dishes and allowed to reach approximately 60-70 % confluence. Following the manufacturer’s instructions, Lipofectamine 2000



Y. Chen et al. Heliyon 9 (2023) e22787

(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, United States) was used to transfect cells with siRNA molecules targeting GAS6 for
a minimum of 4 h in medium without antibiotics. Subsequently, the cells were incubated for 24 h.

2.6. Quantitative real-time PCR

We conducted quantitative real-time PCR as outlined in our previous study [23]. The primers used can be found in Table S2. The
expression levels of the transcripts analyzed were compared to f-actin and normalized against the average value of the control samples.

2.7. Mitochondrial membrane potential assay

In this study, JC-1 was used to monitor mitochondrial membrane potential. Briefly, after treatment and washing three times with
PBS, culture medium (1 mL) and JC-1 staining solution (1 mL) are added; after being fully mixed, the cells are incubated at 37 °C for 20
min. During incubation, according to 1 mL JC-1 staining buffer (5x) with 4 mL distilled water, JC-1 staining is mixed with JC-1
staining buffer (1x). After incubation at 37 °C, the supernatant was removed, then washed twice with JC-1 staining buffer (1x), 2
mL cell culture medium was added, and observed with fluorescence microscope (EVOSM5000, Thermo Fisher Scientific, Carlsbad, CA,
USA).

2.8. Statistical analyses

All values are expressed as mean + standard deviation (SD). According to the experimental design, significant differences were
evaluated using student t-tests and ANOVA analysis. When the analysis of variance shows significance, use Tukey’s HSD post hoc test
for multiple comparisons. P < 0.05 indicates a statistically significant difference.
3. Results
3.1. Toxic effect of EP on N2a cells

To assess the toxic effects of EP, we treated N2a cells with different concentrations of EP (0.1, 1, 2, 5, or 10 mM) for 24 h. As shown
in Fig. 1, cell viability and morphology did not decrease significantly after EP treatment (vs. control group, p > 0.05). Notably, even the
maximum concentration of EP (reached 10 mM) is non-toxic to the neuron cell.
3.2. EP protected N2a cells against HR-induced injury

Subsequently, N2a cells were treatment with EP for 3 h, then expose to HR injury. The results showed that HR overtly reduced cells
viability by more than 50 % (Fig. 2A, vs. control group, p < 0.05). In addition, cell atrophy and fragmentation were observed, along
with considerable morphological changes. EP treatment reversed this changes. Furthermore, EP effectively reduced the release of LDH
(Fig. 2B, vs. HR group, p < 0.05).
3.3. EP inhibited HR-induced ROS generation, cellular apoptosis, and mitochondrial function

The DHE staining and apoptosis assay were performed to assess the effects of EP on ROS generation and apoptotic rate, (Fig. 3A and
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Fig. 1. Toxic effect of EP on N2a cells. N2a cells was treated with EP at the indicated concentrations for 24 h. Cell morphology was observed under

an inverted/phase contrast microscope, and images were obtained. The data are presented as the mean + SD, n = 3.
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Fig. 2. Effects of EP treatment on cell viability and LDH release in N2a cells injured by HR. (A) The representative cell morphologies of N2a cells is
shown. Viability is expressed as a percentage of viability in the standard control group. (B) LDH release in the culture medium of N2a cells. The
results are expressed as the mean + SD, n = 3. *p < 0.05 vs. the control group. *p < 0.05 vs. the HR group.

B). HR treatment obviously increased ROS production and apoptotic rate in N2a cells (vs. control group, p < 0.05); whereas treatment
with EP reversed this trend (vs. HR group, p < 0.05). Then, Hoechst 33342 staining was also used to detect apoptosis. As exhibited in
Fig. 3C, apoptotic cells increased significantly after HR injury, which can be marked by high light blue-fluorescence from Hoechst
33342, while EP treatment reversed this phenomena. Subsequently, we have performed additional studies for mitochondrial mem-
brane potential. The results showed HR injured increased green fluorescence and decreased red fluorescence, indicating a decrease in
mitochondrial membrane potential. However, the mitochondrial membrane potential was recovered in EP + HR group (Fig. 3D).

3.4. Effects of EP on GAS6/Axl signaling in HR-injured N2a cells

As shown in Fig. 4A, compared with the control groups, HR injury decrease the levels of GAS6, Axl, and Bcl2, whereas EP treatment
reversed these molecules levels in EP + HR groups (p < 0.05). Based on the result above, the dose of 2 mM EP showed the most
significant improvement, hence, this dose will be used in the next experiments. Subsequently, GAS6, Axl, NQO1, HO-1, PGC-1a, NRF1,
TFAM, UCP2, Caspase3, Bax, and Bcl2 expression were detected by Western blot. HR injury decreased the expression of GAS6, Axl,
NQO1, HO-1, PGC-1a, NRF1, TFAM, UCP2 and Bcl2, and increased the expression Caspase3 and Bax. However, treatment with EP
could significantly increase these related protein expressions (Fig. 4B, vs. HR group, p < 0.05). These results indicated that EP might
contribute to improve oxidative stress, mitochondrial function, apoptosis, and activate GAS6/Axl signaling in HR-injured N2a cells.

3.5. Effects of GAS6 siRNA and EP on cell viability, apoptosis, ROS generation, and LDH release in HR-injured N2a cells

To investigate the role of GAS6/AxI signaling in the protective effects of EP, three siRNAs were used to silence GAS6 and determine
the effective interference fragments. Initially, GAS6 siRNA treatment (100 pM, 24 h) showed no toxic effects on N2a cells (Supple-
mentary Fig. 1A) but effectively decreased GAS6 and Axl mRNA levels (vs. control siRNA group, Supplementary Fig. 1B, p < 0.05).
After being treated with GAS6 siRNA for 24 h, N2a cells were treated with EP (2 mM) and then exposed to HR injury. GAS6 siRNA
exhibited distinctly reversed protective effects of EP against HR-induced cell death, ROS generation, cellular apoptosis, and LDH
release (vs. control siRNA + EP + HR group, Fig. 5A-D, p < 0.05).
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Fig. 3. Effects of EP treatment on ROS generation, cellular apoptosis, and mitochondrial function in N2a cells injured by HR. (A) N2a cells was
treated with EP at the different concentrations and then exposed to HR injury followed by incubation with 10 yM H2-DCF-DA for 20 min. ROS
staining was evident as green fluorescence. (B) Representative flow cytometry results for N2a cells is shown. The following four subpopulations and
their fractions are indicated: early apoptotic cells (lower right), late apoptotic cells (upper right), normal cells (lower left) and dead cells (upper left).
The apoptotic index is expressed as the number of apoptotic cells/the total number of cells counted x 100 %. (C) Apoptotic cells was evident as blue
fluorescence by Hoechst 33342 staining. (D) Mitochondrial membrane potential was detected using JC-1 staining, with red fluorescence indicating
an increase in mitochondrial membrane potential and green indicating a decrease in mitochondrial membrane potential. The results are expressed as
tPe mean + SD, n = 3. *p < 0.05 vs. the control group. *p < 0.05 vs. the HR group.
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Fig. 4. Effects of EP on GAS6/Axl signaling in N2a cells injured by HR. (A) The level of GAS6, Axl, Bcl2 in different concertation EP treatment HE-
injured N2a cells. (B) Representative Western blot results for N2a cells are shown. Cytoplasmic extracts were isolated as described in the Materials
and Methods section and subjected to Western blot analysis with antibodies specific for GAS6, Axl, NQO1, HO-1, PGC-1a, NRF1, UCP2, TFAM,
Caspase3, Bax, and Bcl-2; -actin served as a control. The statistics are representative of the bands for the control and treatment groups. The results
are expressed as the mean + SD, n = 3. *p < 0.05 vs. the control group. *p < 0.05 vs. the HR group.
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Fig. 6. Effects of GAS6 siRNA and EP on GAS6/Axl signaling in N2a cells injured by HR. N2a cells were transfected with siRNA targeting GAS6 or a
negative control siRNA (NC) for 24 h, treated with 2 mM EP for 3 h, and then exposed to HR injury. Whole-cell extracts were isolated as described in
the Materials and Methods and subjected to Western blot analysis with antibodies specific for GAS6, Axl, NQO1, HO-1, PGC-1a, NRF1, UCP2, and
Bcl-2; p-actin served as a control. The statistics are representative of the bands for the control and treatment groups. The results are expressed as the
mean + SD, n = 3. *p < 0.05 vs. the control SiRNA + HR, *p < 0.05 vs. the GAS6 siRNA + EP + HR group.
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3.6. Effects of GAS6 siRNA and EP on GAS6/Axl signaling in N2a cells injured by HR

As shown in Fig. 6, compared to the control siRNA + HR group, EP treatment induced an obvious upregulation of GAS6, Axl, NQO1,
HO-1, PGC-1a, NRF1, UCP2, and Bcl-2 (p < 0.05); however, GAS6 siRNA treatment reversed the upregulation of GAS6, Axl, NQO1,
HO-1, PGC-1a, NRF1, UCP2, and Bcl-2 (vs. control siRNA + EP + HR group, p < 0.05). These results demonstrated that GAS6 defi-
ciency prominently reversed the protective effect of EP against HR-injury N2a cells.

4. Discussion

Cerebral ischemia, a neurological disorder, is most often caused by blocking of blood vessels due to thrombosis, resulting in brain
damage [27]. Although significant advances has been made in the treatment of cerebral ischemia, however, current therapies are still
not fully satisfactory in reducing the severity of cerebral ischemia. EP is a stable simple lipophilic ester with anti-oxidative, anti-in-
flammatory, and anti-apoptotic properties, and it has been confirmed to have significant protective effects in animal models of multiple
diseases, including severe sepsis, burns, and acute pancreatitis [7,28]. Zhong et al. found that EP treatment significantly alleviated
cecal ligation and puncture (CLP)-induced cognitive decline, microglial activation and neurogenesis impairment, indicating that EP
had a protective effect on sepsis-associated encephalopathy [29]. In the present study, treatment with different concentrations (up to
10 mM) of EP in neuroblastoma N2a cells found that it did not show significant cytotoxicity under normal culture conditions, sug-
gesting that EP has good safety and tolerability. Then, HR-treated N2a cells served as in vitro cerebral IRI model. As expected, hypoxia
(24 h)/reoxygenation (12 h) inhibited cell viability and increased LDH release of N2a cells. However, EP treatment achieved obvious
protection under such conditions, as suggested by restored cells viability, morphology, and reduced LDH release.

Oxidative stress occurs due to an imbalance between ROS generation and antioxidants production [30]. Stress can induce the
generation of oxygen free radicals in the body, which are mainly formed in mitochondria, peroxisomes, lysosomes, plasma membranes

Decreased Decreased Increased
apoptosis ROS cell viabilitiy

Fig. 7. GAS6/Axl signaling-dependent mechanism of EP-induced neuroprotective effects against HR injury. EP treatment promotes GAS6/Axl axis
activation, which further upregulates PGC-1a and UCP2 expression, thus elevating their downstream targets, such as NQO1 and NRF1, which further
inhibit HR-induced oxidative stress and the subsequent apoptosis of neurons. These results suggest that EP treatment may be a valuable therapeutic
strategy against cerebral IRIL.
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and cytoplasm [31]. Brain cells are highly susceptible to ROS damage due to the brain is a main metabolic organ of oxygen, and has
relatively incapable protective antioxidant system. Therefore, the brain is particularly susceptible to oxidative stress [32]. Besides,
modulation of key regulators of ROS production or scavenging has been shown to provide protection against cerebral IRI [33,34]. NAD
(P)H: quinone oxidoreductase 1 (NQO1) is a multifunctional protein that exhibits antioxidant effect via reducing intracellular ROS
levels and preventing multiple toxicities [35,36]. In vitro model of cerebral IRI, our study confirmed that HR obviously increased the
fluorescence intensity of ROS in cells, suggesting an increase in ROS content. Moreover, HR treatment significantly decreased cellular
NQO1 expression. However, EP treatment partially reversed the HR-induced ROS increased and promoted the expression of NQO1,
demonstrating the antioxidant effects of EP on HR injury.

PGC-1a is a multifunctional protein that activates multiple nuclear receptors and functions, playing a pivotal role in various central
nervous system diseases [37]. Study confirmed that the nuclear PGC-1a protein expression remarkably reduced in HR-injured neuronal
[23]. Quercetin treatment directly induces the up-regulation of PGC-1a level in regions of the mouse brain [38]. NRF1 has been
verified to be targets of PGC-1a and accounts for some of its beneficial actions [39]. In human neural stem cells treated with advanced
glycosylation end products, rosiglitazone treatment activates PGC-1 to upregulate mitochondrial NRF1, leading to an increase in the
oxidative defense Gpx1, superoxide dismutase 1 (SOD1), and SOD2 genes [40]. UCP2, a member of the mitochondrial uncoupling
protein family, has been verified to be downstream target of PGC-1a, and is involved in PGC-1ds various biological functions [41,42].
As expected, HR inhibited PGC-1a, NRF1 and UCP2 expression, while EP treatment upregulated these proteins expression.

Recently, Axl has been found to play a significant role in various biological processes, such as immune regulation, cellular signaling,
apoptosis, oxidative stress, and mitochondrial function [43,44]. Axl has an intracellular (C-terminal) tyrosine kinase domain, which
plays an essential role in signal transduction [45]. The vitamin k-dependent GAS6 serves as a high affinity ligand for Axl. GAS6 binding
to Axl primes the homodimerization of receptor with another GAS6/AxI ligand-receptor complex and autophosphorylation of three
tyrosine residues [46,47]. This series of reactions leads to the recruitment of the p85 subunit of phosphoinositide-3 kinase (PI3K),
phospholipase C-y (PLCy), or growth factor receptor-bound protein 2 (Grb2), activating downstream signaling pathways associated
with survival, proliferation, apoptosis, oxidative stress, and mitochondrial function [48,49]. It is worth noting that the activation of Axl
is suppressed when its soluble form, sAxl, binds to GAS6 [48,50,51].

GAS6/Axl is participated in survival and growth processes during tissue repair and development [52,53]. In the acute phase,
GAS6/Axl axis exhibits protective effects after IRI on various organs such as heart [54], kidney [55], and liver [56]. Importantly, the
GAS6/Axl axis also has a protective effect on the neurons [18,19]. In the present study, HR treatment of N2a cells significantly
decreased GAS6 and Axl expression, whereas EP treatment reversed this effect. Besides, compared with the Control siRNA EP + HR
group, GAS6 siRNA could partially downregulate cell viability, increase LDH release, ROS production, and cell apoptotic rate. These
results demonstrate that the GAS6/Axl] axis may play a vital role in the neuroprotective effects of EP. Furthermore, Studies have
confirmed that GAS6/Ax] axis can interact with multiple pathways to exert various biological effects [57-59]. In this study, GAS6
siRNA partially reversed the effect of EP on PGC-1a/UCP2 and PGC-1a/NRF1 pathways, indicating that these pathways take part in
benefits effects of GAS6/Axl signaling (Fig. 7).

5. Conclusion

Taken together, our current study demonstrates that EP treatment promotes GAS6/Ax] axis activation, further upregulates PGC-1a
expression, thereby promoting the expression of downstream targets NQO1, NRF1 and UCP2, ultimately inhibiting HR-induced
oxidative stress and neuronal apoptosis. These findings suggest that EP may be a valuable treatment strategy for cerebral IRI. Addi-
tionally, it provides in vitro evidence for the profound neuroprotective effect of EP and its potential mechanisms.
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