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Abstract: The aim of this study was to investigate NAD+/NADH redox regulation in astrocytes by
Ginsenoside Rb1 subjected to oxygen–glucose deprivation/reoxygenation (OGD/R) and to reveal
the neuroprotective mechanism of ginseng. Neonatal mouse brain was used to culture primary
astrocytes. The third generation of the primary astrocytes was used for the experiments. OGD/R
was introduced by culturing the cells in a glucose-free media under nitrogen for 6 h followed by a
regular culture for 24 h. Ginsenoside Rb1 attenuated OGD/R-induced astrocyte injury in a dose-
dependent manner. It improved the mitochondrial function of OGD/R astrocytes indicated by
improving mitochondrial distribution, increasing mitochondrial membrane potential, and enhancing
mitochondrial DNA copies and ATP production. Ginsenoside Rb1 significantly lifted intracellular
NAD+/NADH, NADPH/NADP+, and GSH/GSSG in OGD/R astrocytes. It inhibited the protein
expression of both PARP1 and CD38, while attenuating the SIRT1 drop in OGD/R cells. In line with
its effects on PARP1, Ginsenoside Rb1 significantly reduced the expression of poly-ADP-ribosylation
(PARylation) proteins in OGD/R cells. Ginsenoside Rb1 also significantly increased the expression
of NAMPT and NMNAT2, both of which are key players in NAD/NADH synthesis. The results
suggest that the regulation of NAD+/NADH redox involves the protective effects of ginsenoside Rb1
against OGD/R-induced astrocyte injury.

Keywords: ginseng; ginsenoside Rb1; astrocytes; NAD+/NADH redox; neuroprotective effects

1. Introduction

Astrocytes are the most widely distributed glial cells in the mammalian brain, and
they interact closely with neuronal cells, vascular endothelial cells, microglia cells, etc. [1,2].
Astrocytes actively participate in the formation of the blood–brain barrier, regulation of
cerebral blood flow, synthesis and release of neurotrophic factors, regulation of extracellular
neurotransmitters, removal of damaged neuronal cells, regulation of neurogenesis, etc. [3].
Under pathological conditions, astrocytes are considered to be the optimal target cells for
mitigating nerve damage [4,5].

A disruption of the redox state is one of the immediate and important changes that
occurs following cerebral ischemia–reperfusion. This disruption triggers a series of patho-
physiological reactions in the brain, including the massive accumulation of free radicals,
malfunction of excitatory amino acid regulation, intracellular calcium overload, and ex-
cessive inflammatory response. Ultimately, these processes lead to brain tissue damage
and neurological deficits through multiple cellular damage mechanisms [6–8]. In the mam-
malian brain, neuronal cells, astrocytes, microglia, oligodendrocytes, vascular endothelial
cells, and many other cells work together to maintain the redox homeostasis of the brain,
with multiple intracellular organelles and enzyme systems. A variety of small molecules
are involved in the regulation of redox homeostasis. Among the small redox molecule
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pairs, NAD+/NADH and NADPH/NADP+ are the core players, with the former mainly
involved in metabolism and the latter in synthesis [9,10]. Especially, NAD+/NADH, with
its initiating role in the entire redox reaction, is particularly important for maintaining the
balance of NAD+/NADH in redox homeostasis.

In previous studies, we and other colleagues have shown that Ginsenoside Rb1 has
neuroprotective effects on cerebral ischemic injury. These effects are related to multiple
pharmacological mechanisms, such as attenuating oxidative stress, reducing apoptosis,
alleviating neuroinflammation, and inhibiting astrocyte activation [11–14]. In addition,
recent studies suggest that Ginsenoside Rb1 may attenuate ischemic injury through other
mechanisms (Ginsenoside Rb1 inhibits astrocyte activation and promotes the transfer of
astrocytic mitochondria to neurons against ischemic stroke). Our further studies found
that under OGD/R conditions, Ginsenoside Rb1 can regulate oxidative phosphorylation
and improve the mitochondrial function of astrocytes. This indicates that redox regulation
influence is involved in the protective effects of Ginsenoside Rb1 [13]. However, the exact
effects of Ginsenoside Rb1 on astrocyte redox homeostasis are unknown. The goals of this
study are to investigate the regulation of Ginsenoside Rb1 on the redox status of astrocytes
exposed to oxygen–glucose deprivation/reoxygenation insults. Specifically, the synthesis
and metabolism of NAD+/NADH are considered.

2. Results
2.1. Ginsenoside Rb1 Alleviates OGD/R-Induced Astrocyte Damage

All experiments in this study were performed using third-generation astrocytes. The
experiments started on day 19 after seeding when the cells were in a stable state, Figure 1A.
The purity of the astrocytes was greater than 90%, as identified by GFAP, Figure 1B.
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Figure 1. Characterization of established mouse brain astrocyte (AS) cultures. (A) Changes in cell
morphology during culture. On day 1, cell adhesion was almost complete. On day 7, the mixed glial
cells had fully fused. On day 19, the astrocytes matured, and their physiological state was stable.
(B) Immunofluorescence staining using green fluorescent dye showed that the astrocytes expressed
GFAP. All nuclei were stained with DAPI. Scale bar: 70 µm.
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As shown in Figure 2A,B, Ginsenoside Rb1 at concentrations ranging from 0.8 µmol/L
to 10 µmol/L had no significant effects on the viability of normal astrocytes. However,
when astrocytes were subjected to OGD/R insults, Ginsenoside Rb1 showed significantly
protective effects against OGD/R injury, with the best effect observed with 5 µmol/L of
Ginsenoside Rb1. Both morphological observations and the TUNEL study revealed similar
protective effects of Ginsenoside Rb1, Figure 2C–E.Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 16 
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Figure 2. The Protective Effect of Ginsenoside Rb1 on ASs. (A) Effect of Ginsenoside Rb1 on the
activity of normal astrocytes (n = 8). (B) Effect of Ginsenoside Rb1 on astrocyte activity with OGD/R
injury (n = 8). (C) The morphology of astrocytes was observed using an inverted microscope. The
white arrows point to cells exhibiting significant morphological changes, such as alterations in
refraction, thinning and shortening of prominences, and widening of cell spacing. Scale bar: 100 µm.
(D) Double staining for DAPI and TUNEL. (E) TUNEL-positive cells (% of Control) (n = 5). Data are
shown with mean ± SD. ## p < 0.01 vs. Control group, * p < 0.05, ** p < 0.01 vs. OGD/R group based
on one-way ANOVA with Fisher’s LSD test.
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2.2. Ginsenoside Rb1 Improves Mitochondrial Function in OGD/R-Injured Astrocytes

Given the pivotal role of mitochondria in maintaining NADH redox, the effects of
Ginsenoside Rb1 on mitochondrial function were investigated. As shown in Figure 3A,B,
the mitochondria in primary cultured astrocytes were uniformly located around the nucleus
by a continuous radial distribution. After OGD/R stimulation, the overall distribution
of the mitochondria showed a skewed polarity, tending to be concentrated in specific
directions. After treatment with 5 µmol/L of Ginsenoside Rb1, the polarized mitochondrial
distribution induced by OGD/R was attenuated and tended to be normal.
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Figure 3. The Protective Effect of Ginsenoside Rb1 on Mitochondria of ASs. (A) Mitochondrial
morphology was evaluated using Mitotracker Red. Scale bar: 10 µm. (B) Mitochondrial skeleton
extractions. Control, Rb1 administration group, and OGD/R group were spliced with the nucleus
as the center. (C) MMP measurement by JC1 probe. Scale bar: 100 µm. (D) Quantification data of
MMP (n = 5). (E) The inverted fluorescence microscopy images of ASs. Each series can be classified
into bright field and green fluorescence, which represents the presence of ROS. Scale bar: 100 µm.
(F) Quantification data of ROS (n = 3). (G) MtDNA copy number in ASs was determined by PCR
(n = 3). (H) Cellular ATP levels were analyzed using a luminescent ATP detection assay (n = 6). Data
are shown with mean ± SD. ## p < 0.01 vs. Control group, * p < 0.05, ** p < 0.01 vs. OGD/R group
based on one-way ANOVA with Fisher’s LSD test.
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The study of cell mitochondrial membrane potential (MMP) showed that the green
fluorescence of astrocytes significantly increased after OGD/R insults. This suggests a
lower concentration of JC-1 in mitochondria due to a reduced mitochondrial membrane
potential (p < 0.01). After intervention with 5 µmol/L Ginsenoside Rb1, the green fluores-
cence of OGD/R astrocytes was significantly reduced, indicating a significant recovery of
mitochondrial membrane potential (p < 0.01), as shown in Figure 3C,D.

The measurement of reactive oxygen species (ROS) showed a significant increase in
intracellular ROS levels in astrocytes after OGD/R stimulation (p < 0.01). Treatment with
5 µmol/L Ginsenoside Rb1 significantly attenuated the production of ROS in OGD/R-
injured astrocytes (p < 0.01), as shown in Figure 3E,F. Furthermore, as shown in Figure 3E,
the astrocytes with massive ROS were significantly reduced as predicted. This finding is
consistent with previous morphological observations.

The mitochondrial DNA (mtDNA) test showed that the copies of mtDNA in OGD/R
astrocytes were significantly reduced (p < 0.01), as shown in Figure 3G. Treatment with
Ginsenoside Rb1 significantly attenuated the OGD/R-induced mtDNA reduction (p < 0.01).

Finally, we determined the ATP content in the mitochondria. The results show that
OGD/R astrocytes had a significantly lower ATP level compared to normal astrocytes
(p < 0.01), as shown in Figure 3H. Treatment with Ginsenoside Rb1 can significantly im-
prove the ATP concentration in OGD/R astrocytes (p < 0.05).

2.3. Ginsenoside Rb1 Improves the Homeostasis of NAD+/NADH, NADPH/NADP+, and
GSH/GSSG in OGD/R-Injured Astrocytes

As shown in Figure 4A,B, the stimulation of astrocytes with OGD/R resulted in a signif-
icant decrease in the intracellular NAD+ level, while no obvious changes were observed for
intracellular NADH. Thus, the ratio of NAD+/NADH decreased consequently, indicating
an intracellular reduction switch for NAD+/NADH homeostasis after OGD/R, Figure 4C.
Treatment with 0.8 µmol/L to 5 µmol/L of Ginsenoside Rb1 obviously attenuated the
OGD/R-induced intracellular NAD+ reduction. Specifically, 5 µmol/L of Ginsenoside
Rb1 had significant effects (p < 0.01), as shown in Figure 4A,D. However, treatment with
Ginsenoside Rb1 did not have any significant effects on the level of intracellular NADH in
OGD/R astrocytes, as depicted in Figure 4B.

In general, both NADPH/NADP+ and GSH/GSSG maintain a reduced state in
healthy cells. This is also observed in primary astrocytes, as shown in Figure 5A,B. How-
ever, the NADPH/NADP+ and GSH/GSSG ratios in astrocytes were significantly shifted
to the oxidized state after OGD/R stimulation, with a significant decrease in both the
NADPH/NADP+ and GSH/GSSG ratios (p < 0.01). Treatment of OGD/R astrocytes using
0.8 µmol/L to 5 µmol/L of Ginsenoside Rb1 obviously increased the NADPH/NADP+

ratio and the GSH/GSSG ratio. This suggests that Ginsenoside Rb1 could promote the
transformation of OGD/R astrocytes to a reduced state, with 5 µmol/L of Ginsenoside Rb1
having a significant effect (p < 0.05, p < 0.01).

2.4. Ginsenoside Rb1 Regulates the NAD+/NADH Consumption in OGD/R-Injured Astrocytes

Given the pivotal initiating role of NAD+/NADH in all intracellular redox reactions, it
is critically important to ensure that intracellular NAD+/NADH is not overconsumed. Poly
(ADP-ribose) polymerases (PARPs) are the major players in intracellular NAD+ consump-
tion. They change the activity of their target through poly-ADP-ribosylation (PARylation)
by utilizing NAD+. In this study, we found that normal astrocytes had detectable PARP1, a
major member of the PARP family, Figure 6A,B. After OGD/R insults, the protein expres-
sion of PARP1 was significantly increased (p < 0.01). The protein PARylation study showed
the presence of detectable PARylation proteins (PAR proteins) in normal astrocytes. At
least six bands were observed in the Western blot analysis, with molecular weights ranging
from 25 kDa to 170 kDa. Remarkably, PAR proteins with high-molecular-weight increased
after OGD/R stimulation, while proteins with low-molecular- weight only showed slight
changes. Immunofluorescence studies have shown that OGD/R insults not only result in
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a significant increase in PAR-protein levels, but also cause a change in the distribution of
PAR proteins changed from the vicinity of the nucleus to a widespread area, Figure 6C–F.
Treatment with Ginsenoside Rb1 significantly inhibited the overexpression of the PARP1
protein induced by OGD/R. It also noticeably reduced the accumulation of the PAR-protein,
with significant effects observed at both 2 µmol/L and 5 µmol/L.
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Figure 4. Regulation of NAD+/NADH by Ginsenoside Rb1 in OGD/R-injured ASs. (A,B) Cellular
concentrations of NAD+ and NADH. (C) Ratio of NAD+/NADH. (D) Total NAD was calculated by
adding the concentrations of NAD+ and NADH. Data are shown with mean ± SD. n = 6. ## p < 0.01
vs. Control group, * p < 0.05, ** p < 0.01 vs. OGD/R group based on one-way ANOVA with Fisher’s
LSD test.
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Figure 5. Regulation of NADH/NADP+ and GSH/GSSG by Ginsenoside Rb1 in OGD/R-injured
ASs. (A,B) The ratios of NADH/NADP+ and GSH/GSSG. Data are shown with mean ± SD. n = 6.
## p < 0.01 vs. Control group, * p < 0.05, ** p < 0.01 vs. OGD/R group based on one-way ANOVA
with Fisher’s LSD test.
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Figure 6. Regulation of NAD+-consuming enzymes PARP1 and PAR-AIF by Ginsenoside Rb1
in OGD/R-injured ASs. (A,B) Western blot analysis and quantification of PARP1 protein levels.
(C,D) Western blot analysis and quantification of PAR. The band intensity of each protein was plotted
after normalizing to the β-tubulin signal of the same lane. Data are shown with mean ± SD, n = 3.
## p < 0.01 vs. Control group, * p < 0.05, ** p < 0.01 vs. OGD/R group based on one-way ANOVA
with Fisher’s LSD test. (E,F) Immunofluorescence shows PAR expression in ASs. PAR (green—FITC)
and nuclei stained by DAPI are shown, as well as the merged images. The bar graphs (mean ± SD,
n = 5) represent the quantitative results of fluorescence intensity in 3 different fields for each group.
(G,H) Immunofluorescence shows the distribution of AIF to the nucleus. AIF (green—FITC) and
nucleus stained by DAPI are shown, as well as the merged images. Co-immunofluorescence analysis
revealed that the nuclear translocation of AIF in OGD/R-injured ASs was blocked by Rb1 treatment.
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AIF, which is typically a mitochondrial protein, can be released from the mitochondria
after being modified by PARss. This modification not only compromises mitochondrial
function, such as oxidative phosphorylation, but also allows AIF transfer to the nucleus,
ultimately leading to cell death [15,16]. As shown in Figure 6G,H, AIF in normal astrocytes
was evenly distributed, with no obvious concentrated colocalization with the nucleus.
However, after OGD/R insults, the AIF became highly concentrated and colocalized with
the nucleus. Treatment with Ginsenoside Rb1 significantly inhibited the concentration of
AIF in the nucleus, Figure 6G,H.

CD38 and SIRT1 are also important players in intracellular NAD+ consumption [17].
As shown in Figure 7, the expression of CD38 in astrocytes was slightly increased after
OGD/R insults. Treatment with Ginsenoside Rb1 attenuated the induction of CD38 by
OGD/R, with a significant effect observed for 5 µmol/L of Ginsenoside Rb1. Unlike
PARP and CD38, it is intriguing that the expression of the SIRT1 protein was significantly
reduced after OGD/R treatment (p < 0.01). After intervention of the OGD/R cells with
Ginsenoside Rb1, the expression of the SIRT1 protein was increased. Specifically, 5 µmol/L
of Ginsenoside had a significant effect (p < 0.01).
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Figure 7. Western blot analysis and quantification of CD38 and SIRT1. (A,B). CD38, (C,D). SIRT1.
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of the same lane. Data are shown with mean ± SD, n = 3. ## p < 0.01 vs. Control group, ** p < 0.01 vs.
OGD/R group based on one-way ANOVA with Fisher’s LSD test.

2.5. Ginsenoside Rb1 Regulates NAD+/NADH Synthesis in OGD/R Astrocytes

The intracellular NAD+ of astrocytes is synthesized mainly through the Preiss–Handler
pathway and the Salvage pathway. The key enzymes involved in these processes include
NAMPT and NMNATs [18]. As shown in Figure 8, the protein expression of NAMPT,
NMNAT1, and NMNAT2 was obviously reduced after OGD/R insult. Treatment of OGD/R
astrocytes with Ginsenoside Rb1 increased the expression of the NAMPT, NMNAT1, and
NMNAT2 proteins. The effects of 5 µmol/L Ginsenoside Rb1 on NAMPT and NMNAT2
were significant (p < 0.01), suggesting a promoting effect of Ginsenoside Rb1 on NAD+

synthesis in OGD/R-injured astrocytes.
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Figure 8. Western blot analysis and quantification of NAD+ synthetases. (A,B). NAMPT,
(C,D). NMNAT1, (E,F). NMNAT2. The band intensity of each protein was plotted after normal-
izing it to the β-tubulin or β-actin signal of the same lane. Data are shown with mean ± SD, n = 3.
# p < 0.05, ## p < 0.01 vs. Control group, ** p < 0.01 vs. OGD/R group based on one-way ANOVA
with Fisher’s LSD test.

3. Discussion

In this study, we found that Ginsenoside Rb1 could effectively attenuate OGD/R-
induced primary astrocyte injury, improve the mitochondrial function, and enhance
the ratios of intracellular NAD+/NADH, NADPH/NADP+, and GSH/GSSG. Further
studies have demonstrated that Ginsenoside Rb1 not only reduces the consumption of
NAD+/NADH especially by PARP1, but also increases the expression of key enzymes
involved in NAD+/NADH synthesis. The results above suggest that the regulation of
NAD+/NADH redox is involved in the protective effects of Ginsenoside Rb1 against
OGD/R-induced astrocyte lesions.

NAD+/NADH, NADPH/NADP+, and GSH/GSSG are the key molecular pairs in
maintaining cellular redox homeostasis. In physiological conditions, the NAD+/NADH
is mainly in favor of the oxidized state, with higher levels of NAD+ than NADH. This
allows for the reception of free electrons that are generated during glycolysis and oxidative
phosphorylation. In addition to metabolism, NAD+/NADH also plays key regulatory
roles in various cellular functions, such as calcium homeostasis, gene expression, and
cell death [19,20]. Therefore, it is critically important to maintain the homeostasis of the
NAD+/NADH redox in healthy cells. It is well documented that the depletion of NAD+

has led to cell death, whereas replenishing NAD+ facilitates the tolerance of neuronal cells
to oxidative stress and ischemic damage [21]. In this experiment, the NAD+ and NADH
contents were determined separately using the enzyme cycling method. The NAD+/NADH
ratio in astrocytes was consistent with the physiological range of NAD+/NADH in vivo.
While astrocytes were subjected to OGD/R stimulation, the intracellular NAD+ significantly
decreased. Treatment with Ginsenoside Rb1 significantly attenuated the NAD+ drop
induced by OGD/R.

PARPs, bifunctional ADP-ribosyl cyclases (CD38, CD147), and histone deacetylases
(SIRT1-7) are the major consumers of NAD+ [22,23]. PARP1 is an NAD+-dependent con-
suming enzyme that is activated by breaks in cellular DNA. It is suggested that more than
90% of intracellular NAD+ depletion in pathological conditions is accomplished by PARP1.
Poly (ADP-ribose) (PAR) is the product of PARP1 activation by the cost of NAD+ depletion.
PAR can serve as a surrogate indication of PARP1 activity. Normally, the intracellular PAR
level is relatively low. However, it can increase 10- to 500-fold when PARP1 is overactivated
in various stimulations [24]. In the present study, Western blot analysis demonstrated
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that Ginsenoside Rb1 was able to inhibit the OGD/R-induced upregulation of PARP1 and
significantly reduce protein PARylation, especially for the high-molecular-weight proteins.
Immunofluorescence staining suggested that Ginsenoside Rb1 significantly reduced the
production of PAR in the nucleus, leading to a decrease in its distribution in the cyto-
plasm and mitochondria. AIF modification and release were consequently inhibited. The
above results provide strong evidence that Ginsenoside Rb1 attenuates intracellular NAD+

depletion and reduces astrocyte death induced by OGD/R.
In mammalian cells, NAD+ is mainly synthesized through three pathways: the Preiss–

Handler pathway, the Kynurenine pathway, and the Salvage pathway [18]. In astrocytes,
the Kynurenine pathway is virtually absent [25]. NMNAT1-3 are key enzymes in both the
Preiss–Handler pathway and the Salvage pathway. NMNAT1 is ubiquitously expressed
in cells, while NMNAT2 is enriched in the brain [26]. Nicotinamide phosphoribosyl
transferase (NAMPT), also known as pre-B cell colony-enhancing factor or visfatin, is a
secreted protein that plays a crucial role as a key enzyme in the synthesis of NAD+ through
the Salvage pathway [27]. In this study, we found that OGD/R induced a significant
decrease in the expression of NAMPT and NMNAT2 in astrocytes, while treatment with
Ginsenoside Rb1 markedly attenuated the protein expression drop induced by OGD/R
for both NAMPT and NMNAT2. The results suggest that Ginsenoside Rb1 enhances the
intracellular NAD+ level not only by inhibiting NAD+ depletion but also by enhancing
NAD+ synthesis.

It should be noted that CD38 may be involved in the effects of Ginsenoside Rb1 as well.
Normally, CD38 utilizes NAD+ to catalyze the synthesis of Ca2+-responsive messenger
ring ADP-ribose (cADPR), which plays a key role in a variety of physiological processes,
including immunity, metabolism, inflammation, and social behavior [28,29]. CD38 is
universally expressed in mammalian cells and is intensively expressed in astrocytes [29].
It has been shown that cerebral ischemia can cause CD38 overexpression and NAD+

depletion in astrocytes [23]. In our study, although OGD/R posed no significant effects
on CD38 expression, it is important to note that treatment with Ginsenoside Rb1 resulted
in a significant decrease in CD38 expression. This decrease in CD38 expression may also
contribute to the effects of Ginsenoside Rb1 on NAD+ improvement after OGD/R.

It is intriguing that in this study, the effects of Ginsenoside Rb1 on SIRT1 do not seem
to be coordinated with its effects on NAD+ regulation. SIRT1 is a deacetylase involved
in DNA repair. It also activates PGC-1α to enhance mitochondrial regeneration, thereby
reducing oxidative stress within the cell. Our study found that the expression of SIRT1 in
astrocytes was significantly decreased after OGD/R. However, treatment with Ginsenoside
Rb1 can effectively attenuate the reduction in SIRT1 expression, which is almost the same
as that in the control cells. It is currently believed that SIRT1 has a low affinity for NAD+

(Km 200–500 µM), whereas PARP1 has a high affinity for NAD+ (Km 20–60 µM) [30,31].
Therefore, about 20% of the intracellular NAD+ loss can impair the function of SIRT1 in
NAD+ metabolism. The subsequent NAD+ depletion is mainly through PARP1, making
PARP1 the main contributor to NAD+ depletion [31,32]. It has been demonstrated that when
NAD+ concentration is reduced, SIRT1 expression is also reduced. Therefore, the ability
of SIRT1 to inhibit PARP1 through deacetylation is reduced, which further exacerbates
NAD+ depletion by PARP1. In this study, we found that OGD/R caused a decrease in
SIRT1 expression, while causing an increase in PARP1 expression, along with elevated
levels of PAR proteins. After the intervention with Ginsenoside Rb1, the expression
of the SIRT1 protein significantly increased, while the expression of PARP1 markedly
decreased. Correspondingly, the levels of the PAR proteins dropped. These results further
corroborate the regulatory effects of Ginsenoside Rb1 on NAD+/NADH in astrocytes
subjected to OGD/R.

In conclusion, the results of this study suggest that the regulation of NAD+/NADH
redox is involved in the protective effects of Ginsenoside Rb1 against OGD/R-induced
astrocyte lesions. For the first time, it has been demonstrated that Ginsenoside Rb1 regulates
both the synthesis and consumption of NAD+ in OGD/R astrocytes. The finding has
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important implications for supporting the clinical use of treating oxidative stress-related
diseases. This includes not only diseases in the neurological system, such as cerebral
ischemic-related stroke, but also conditions in the metabolic system, such as ischemic
cardiovascular diseases and ischemic complications in diabetes. To fully understand the
mechanism of how Ginsenoside Rb1 regulates redox homeostasis, further investigation
is needed to bridge the gap between redox homeostasis and GPCR-Gs, which we have
identified as the key receptors for Ginsenoside Rb1.

4. Materials and Methods
4.1. Cell Culture

The astrocyte cultures were prepared according to a previously described method,
with modifications [13]. Neonatal mice (Institute of Cancer Research mice) were pur-
chased within 24 h after birth from Vital River Laboratory Animal Technology Co., Ltd.
in Beijing, China (SCXK-Jing-2021-0011). The mice were sterilized with 75% alcohol.
Then, the cerebral cortex was removed from the skull, and the meninges were carefully
stripped away. The cerebral tissues were cut into small pieces, digested with 0.25% trypsin
(Corning Inc., Corning, NY, USA) for 15 min, and filtered through a 100 µm cell strainer.
After centrifugation at 1000× rpm for 5 min, the pellets were suspended in an astrocyte
medium (AM, ScienCell Research Laboratories, Carlsbad, CA, USA) and transferred to
a 25 cm2 flask precoated with 0.01% poly-L-lysine (PLL, Biodee Biotechnology, Beijing,
China) and cultured at 37 ◦C in a 5% CO2 humidified incubator (Thermo Fisher Scientific,
Waltham, MA, USA). After 30 min, the media suspension was transferred to a new flask for
continuing culture. The culture medium was replaced with fresh medium every 2–3 days.
The confluent cultures were passaged using 0.25% trypsin to dissociate the cells at a split ra-
tio of 1:2. The purity of astrocytes was identified with GFAP immunofluorescence staining,
and cell viability was tested using CCK8 methods.

4.2. OGD/R and Ginsenoside Rb1 Treatment

Oxygen–glucose deprivation/reoxygenation (OGD/R) was used to mimic the patho-
logical process of ischemia–reperfusion in vivo. To ensure the consistency of the results, all
experiments in this study were performed using passage three astrocytes. The cells were
seeded in either flasks or plates at a density of 1.5 × 104/cm2. The astrocytes were used for
investigation when they grew into a confluent monolayer usually on days 19 to 21. The
astrocytes were washed twice with PBS, incubated in a DMEM medium without glucose,
then exposed to a 95% N2 and 5% CO2 humidified incubator to establish OGD conditions.
After 6 h N2 exposure, the culture media were changed back to regular AM with or without
Rb1 (purity > 98%, Yuanye Biotechnology, Shanghai, China) and continued incubation
under normoxic conditions for 24 h to establish reoxygenation.

4.3. Cellular Lesion and Mitochondrial Function

The cellular lesion was monitored with CCK8 (Dojindo ck04). Cellular apoptosis was
studied with apoptosis-inducing factor (Affinity, BF0591, Ancaster, ON, USA) and TUNEL
methods (Beyotime C1086). Astrocyte mitochondria were observed with Mito-Tracker
Red CMXRos (Beyotime C1035). Mitochondrial membrane potential and intracellular
reactive oxidative species were monitored with JC-1 (KeyGEN KAG601) and DCFH-DA
(NJJCBIO 43513), respectively.

4.4. Mitochondrial DNA Analysis

Total DNA of the astrocytes was collected with TIANamp Genomic DNA Kit (TIAN-
GEN DP304). Mitochondrial DNA was analyzed with SYBR qPCR SuperMix Plus kit
(Novoprotein E096). The forward and reverse primers used to amplify β-actin were
5′-TGTTACCAACTGGGACGACA-3′ and 5′-CTATGGGAGAACGGCAGAAG-3′,
respectively. The forward and reverse primers used to amplify mtDNA were
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5′-AACATACGAAAAACACACCCATT-3′ and 5′-AGTGTATGGCTAAGAAAAGACCTG-3′,
respectively. The 2−∆∆CT method was used for quantitative analysis.

4.5. Intracellular NAD+/NADH, NADPH/NADP+, and GSH/GSSG

The astrocytes were washed twice with PBS and extracted with lysis buffer provided
with analysis kits. Intracellular NAD/NADH (AAT Bioquest 15273, Pleasanton, CA,
USA), NADP/NADPH (AAT Bioquest 15274), GSH/GSSG (Beyotime S0053), and ATP
(Beyotime S0027) were detected according to the instructions.

4.6. Intracellular NAD+/NADH Metabolism

Intracellular NAD+/NADH metabolism of the astrocytes was demonstrated by ob-
serving the NAD+/NADH consumption and synthesis, particularly focusing on the key
responsible enzymes. NAD+/NADH consumption was indicated by monitoring PARP1
(Abcam, ab191217, Cambridge, UK), CD38 (Abcam, ab216343), and SIRT1 (Affinity, DF6033),
while the synthesis was indicated by NMNAT1 (Affinity, DF14003), NMNAT-2 (Santa Cruz,
sc-515206, Santa Cruz, CA, USA), and NAMPT (Proteintech, 66385-1-Ig, Rosemont, IL,
USA). PAR polymers (R & D system, 4335-MC-100, Minneapolis, MN, USA) and AIF
(Affinity, BF0591) were also detected.

4.7. Statistical Analysis

All data are shown as the mean ± SD. One-way analysis of variance followed by an
LSD test was used to analyze all the data. Values of p < 0.05 were considered significant.
Statistical analyses were performed using IBM SPSS Statistics 20 software.
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AIF Apoptosis-inducing factor
GFAP Glial fibrillary acidic protein
GSH Glutathione
GSSG Oxidized glutathione
MMP Mitochondrial membrane potential
mtDNA Mitochondrial DNA
NAD+ Nicotinamide adenine dinucleotide
NADH Reduced nicotinamide adenine dinucleotide
NADP+ Nicotinamide adenine dinucleotide phosphate
NADPH Reduced nicotinamide adenine dinucleotide phosphate
NAMPT Nicotinamide phosphoribosyl transferase
NMNAT Nicotinamide mononucleotide adenylyl-transferase
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OGD/R Oxygen-glucose deprivation/reoxygenation
PAR Poly (ADP-ribose)
PARP Poly (ADP-ribose) polymerase
PGC-1α Peroxisome proliferator activated receptor gamma coactivator 1 alpha
PLL Poly-L-lysine
SIRT Silent information regulator factor related enzymes

References
1. van Bodegraven, E.J.; van Asperen, J.V.; Robe, P.A.J.; Hol, E.M. Importance of GFAP isoform-specific analyses in astrocytoma.

Glia 2019, 67, 1417–1433. [CrossRef] [PubMed]
2. Sidoryk-Wegrzynowicz, M.; Wegrzynowicz, M.; Lee, E.; Bowman, A.B.; Aschner, M. Role of astrocytes in brain function and

disease. Toxicol. Pathol. 2011, 39, 115–123. [CrossRef]
3. Angelova, P.R.; Abramov, A.Y. Role of mitochondrial ROS in the brain: From physiology to neurodegeneration. FEBS Lett. 2018,

592, 692–702. [CrossRef] [PubMed]
4. Hazra, R.; Novelli, E.M.; Hu, X. Astrocytic mitochondrial frataxin—A promising target for ischemic brain injury. CNS Neurosci.

Ther. 2023, 29, 783–788. [CrossRef] [PubMed]
5. Owolabi, M.O.; Thrift, A.G.; Mahal, A.; Ishida, M.; Martins, S.; Johnson, W.D.; Pandian, J.; Abd-Allah, F.; Yaria, J.; Phan, H.T.;

et al. Primary stroke prevention worldwide: Translating evidence into action. Lancet Public Health 2022, 7, e74–e85. [CrossRef]
[PubMed]

6. Granger, D.N.; Kvietys, P.R. Reperfusion injury and reactive oxygen species: The evolution of a concept. Redox Biol. 2015, 6,
524–551. [CrossRef] [PubMed]

7. Tuttolomondo, A.; Di Sciacca, R.; Di Raimondo, D.; Arnao, V.; Renda, C.; Pinto, A.; Licata, G. Neuron protection as a therapeutic
target in acute ischemic stroke. Curr. Top. Med. Chem. 2009, 9, 1317–1334. [CrossRef]

8. Tao, T.; Liu, M.; Chen, M.; Luo, Y.; Wang, C.; Xu, T.; Jiang, Y.; Guo, Y.; Zhang, J.H. Natural medicine in neuroprotection for
ischemic stroke: Challenges and prospective. Pharmacol. Ther. 2020, 216, 107695. [CrossRef]

9. Wilhelm, F.; Hirrlinger, J. The NAD+/NADH redox state in astrocytes: Independent control of the NAD+ and NADH content. J.
Neurosci. Res. 2011, 89, 1956–1964. [CrossRef]

10. Hirrlinger, J.; Dringen, R. The cytosolic redox state of astrocytes: Maintenance, regulation and functional implications for
metabolite trafficking. Brain Res. Rev. 2010, 63, 177–188. [CrossRef]

11. Zhou, N.; Tang, Y.; Keep, R.F.; Ma, X.; Xiang, J. Antioxidative effects of Panax notoginseng saponins in brain cells. Phytomedicine
2014, 21, 1189–1195. [CrossRef] [PubMed]

12. Ni, X.-C.; Wang, H.-F.; Cai, Y.-Y.; Yang, D.; Alolga, R.N.; Liu, B.; Li, J.; Huang, F.-Q. Ginsenoside Rb1 inhibits astrocyte activation
and promotes transfer of astrocytic mitochondria to neurons against ischemic stroke. Redox Biol. 2022, 54, 102363. [CrossRef]
[PubMed]

13. Xu, M.; Ma, Q.; Fan, C.; Chen, X.; Zhang, H.; Tang, M. Ginsenosides Rb1 and Rg1 Protect Primary Cultured Astrocytes against
Oxygen-Glucose Deprivation/Reoxygenation-Induced Injury via Improving Mitochondrial Function. Int. J. Mol. Sci. 2019, 20,
6086. [CrossRef] [PubMed]

14. Gong, L.; Yin, J.; Zhang, Y.; Huang, R.; Lou, Y.; Jiang, H.; Sun, L.; Jia, J.; Zeng, X. Neuroprotective Mechanisms of Ginsenoside Rb1
in Central Nervous System Diseases. Front. Pharmacol. 2022, 13, 914352. [CrossRef] [PubMed]

15. Zhong, H.; Song, R.; Pang, Q.; Liu, Y.; Zhuang, J.; Chen, Y.; Hu, J.; Hu, J.; Liu, Y.; Liu, Z.; et al. Propofol inhibits parthanatos via
ROS-ER-calcium-mitochondria signal pathway in vivo and vitro. Cell Death Dis. 2018, 9, 932. [CrossRef] [PubMed]

16. Liu, S.; Luo, W.; Wang, Y. Emerging role of PARP-1 and PARthanatos in ischemic stroke. J. Neurochem. 2022, 160, 74–87. [CrossRef]
[PubMed]

17. Sun, C.; Wang, K.; Stock, A.J.; Gong, Y.; Demarest, T.G.; Yang, B.; Giri, N.; Harrington, L.; Alter, B.P.; Savage, S.A.; et al.
Re-equilibration of imbalanced NAD metabolism ameliorates the impact of telomere dysfunction. EMBO J. 2020, 39, e103420.
[CrossRef]

18. Braidy, N.; Berg, J.; Clement, J.; Khorshidi, F.; Poljak, A.; Jayasena, T.; Grant, R.; Sachdev, P. Role of Nicotinamide Adenine
Dinucleotide and Related Precursors as Therapeutic Targets for Age-Related Degenerative Diseases: Rationale, Biochemistry,
Pharmacokinetics, and Outcomes. Antioxid. Redox Signal. 2019, 30, 251–294. [CrossRef]

19. Szabó, C.; Dawson, V.L. Role of poly(ADP-ribose) synthetase in inflammation and ischaemia-reperfusion. Trends Pharmacol. Sci.
1998, 19, 287–298. [CrossRef]

20. Park, J.H.; Long, A.; Owens, K.; Kristian, T. Nicotinamide mononucleotide inhibits post-ischemic NAD+ degradation and
dramatically ameliorates brain damage following global cerebral ischemia. Neurobiol. Dis. 2016, 95, 102–110. [CrossRef]

21. Ying, W.; Xiong, Z.G. Oxidative stress and NAD+ in ischemic brain injury: Current advances and future perspectives. Curr. Med.
Chem. 2010, 17, 2152–2158. [CrossRef] [PubMed]

22. Chen, Y.; Zhang, H.; Xu, Z.; Tang, H.; Geng, A.; Cai, B.; Su, T.; Shi, J.; Jiang, C.; Tian, X.; et al. A PARP1-BRG1-SIRT1 axis promotes
HR repair by reducing nucleosome density at DNA damage sites. Nucleic Acids Res. 2019, 47, 8563–8580. [PubMed]

23. Hannawi, Y.; Ewees, M.G.; Moore, J.T.; Zweier, J.L. Characterizing CD38 Expression and Enzymatic Activity in the Brain of
Spontaneously Hypertensive Stroke-Prone Rats. Front. Pharmacol. 2022, 13, 881708. [CrossRef] [PubMed]

https://doi.org/10.1002/glia.23594
https://www.ncbi.nlm.nih.gov/pubmed/30667110
https://doi.org/10.1177/0192623310385254
https://doi.org/10.1002/1873-3468.12964
https://www.ncbi.nlm.nih.gov/pubmed/29292494
https://doi.org/10.1111/cns.14068
https://www.ncbi.nlm.nih.gov/pubmed/36550598
https://doi.org/10.1016/S2468-2667(21)00230-9
https://www.ncbi.nlm.nih.gov/pubmed/34756176
https://doi.org/10.1016/j.redox.2015.08.020
https://www.ncbi.nlm.nih.gov/pubmed/26484802
https://doi.org/10.2174/156802609789869646
https://doi.org/10.1016/j.pharmthera.2020.107695
https://doi.org/10.1002/jnr.22638
https://doi.org/10.1016/j.brainresrev.2009.10.003
https://doi.org/10.1016/j.phymed.2014.05.004
https://www.ncbi.nlm.nih.gov/pubmed/24916704
https://doi.org/10.1016/j.redox.2022.102363
https://www.ncbi.nlm.nih.gov/pubmed/35696763
https://doi.org/10.3390/ijms20236086
https://www.ncbi.nlm.nih.gov/pubmed/31816825
https://doi.org/10.3389/fphar.2022.914352
https://www.ncbi.nlm.nih.gov/pubmed/35721176
https://doi.org/10.1038/s41419-018-0996-9
https://www.ncbi.nlm.nih.gov/pubmed/30224699
https://doi.org/10.1111/jnc.15464
https://www.ncbi.nlm.nih.gov/pubmed/34241907
https://doi.org/10.15252/embj.2019103420
https://doi.org/10.1089/ars.2017.7269
https://doi.org/10.1016/S0165-6147(98)01193-6
https://doi.org/10.1016/j.nbd.2016.07.018
https://doi.org/10.2174/092986710791299911
https://www.ncbi.nlm.nih.gov/pubmed/20423305
https://www.ncbi.nlm.nih.gov/pubmed/31291457
https://doi.org/10.3389/fphar.2022.881708
https://www.ncbi.nlm.nih.gov/pubmed/35712720


Int. J. Mol. Sci. 2023, 24, 16059 14 of 14

24. Aberle, L.; Krüger, A.; Reber, J.M.; Lippmann, M.; Hufnagel, M.; Schmalz, M.; Trussina, I.R.E.A.; Schlesiger, S.; Zubel, T.; Schütz,
K.; et al. PARP1 catalytic variants reveal branching and chain length-specific functions of poly(ADP-ribose) in cellular physiology
and stress response. Nucleic Acids Res. 2020, 48, 10015–10033. [CrossRef] [PubMed]

25. Meyer, T.; Shimon, D.; Youssef, S.; Yankovitz, G.; Tessler, A.; Chernobylsky, T.; Gaoni-Yogev, A.; Perelroizen, R.; Budick-
Harmelin, N.; Steinman, L.; et al. NAD+ metabolism drives astrocyte proinflammatory reprogramming in central nervous system
autoimmunity. Proc. Natl. Acad. Sci. USA 2022, 119, e2211310119. [CrossRef] [PubMed]

26. Ali, Y.O.; Li-Kroeger, D.; Bellen, H.J.; Zhai, R.G.; Lu, H.-C. NMNATs, evolutionarily conserved neuronal maintenance factors.
Trends Neurosci. 2013, 36, 632–640. [CrossRef] [PubMed]

27. Wang, P.; Guan, Y.-F.; Du, H.; Zhai, Q.-W.; Su, D.-F.; Miao, C.-Y. Induction of autophagy contributes to the neuroprotection of
nicotinamide phosphoribosyltransferase in cerebral ischemia. Autophagy 2012, 8, 77–87. [CrossRef] [PubMed]

28. Lautrup, S.; Sinclair, D.A.; Mattson, M.P.; Fang, E.F. NAD+ in Brain Aging and Neurodegenerative Disorders. Cell Metab. 2019, 30,
630–655. [CrossRef]

29. Pehar, M.; Harlan, B.A.; Killoy, K.M.; Vargas, M.R. Nicotinamide Adenine Dinucleotide Metabolism and Neurodegeneration.
Antioxid. Redox Signal. 2018, 28, 1652–1668. [CrossRef]

30. Houtkooper, R.H.; Cantó, C.; Wanders, R.J.; Auwerx, J. The secret life of NAD+: An old metabolite controlling new metabolic
signaling pathways. Endocr. Rev. 2010, 31, 194–223. [CrossRef]

31. Cantó, C.; Sauve, A.A.; Bai, P. Crosstalk between poly(ADP-ribose) polymerase and sirtuin enzymes. Mol. Aspects Med. 2013, 34,
1168–1201. [CrossRef]

32. Covarrubias, A.J.; Perrone, R.; Grozio, A.; Verdin, E. NAD+ metabolism and its roles in cellular processes during ageing. Nat. Rev.
Mol. Cell Biol. 2021, 22, 119–141. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkaa590
https://www.ncbi.nlm.nih.gov/pubmed/32667640
https://doi.org/10.1073/pnas.2211310119
https://www.ncbi.nlm.nih.gov/pubmed/35994674
https://doi.org/10.1016/j.tins.2013.07.002
https://www.ncbi.nlm.nih.gov/pubmed/23968695
https://doi.org/10.4161/auto.8.1.18274
https://www.ncbi.nlm.nih.gov/pubmed/22113203
https://doi.org/10.1016/j.cmet.2019.09.001
https://doi.org/10.1089/ars.2017.7145
https://doi.org/10.1210/er.2009-0026
https://doi.org/10.1016/j.mam.2013.01.004
https://doi.org/10.1038/s41580-020-00313-x

	Introduction 
	Results 
	Ginsenoside Rb1 Alleviates OGD/R-Induced Astrocyte Damage 
	Ginsenoside Rb1 Improves Mitochondrial Function in OGD/R-Injured Astrocytes 
	Ginsenoside Rb1 Improves the Homeostasis of NAD+/NADH, NADPH/NADP+, and GSH/GSSG in OGD/R-Injured Astrocytes 
	Ginsenoside Rb1 Regulates the NAD+/NADH Consumption in OGD/R-Injured Astrocytes 
	Ginsenoside Rb1 Regulates NAD+/NADH Synthesis in OGD/R Astrocytes 

	Discussion 
	Materials and Methods 
	Cell Culture 
	OGD/R and Ginsenoside Rb1 Treatment 
	Cellular Lesion and Mitochondrial Function 
	Mitochondrial DNA Analysis 
	Intracellular NAD+/NADH, NADPH/NADP+, and GSH/GSSG 
	Intracellular NAD+/NADH Metabolism 
	Statistical Analysis 

	References

