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Abstract
The combination of Radix Bupleuri - Radix Paeoniae alba is one of the most approbated herb pairs in
traditional Chinese medicine (TCM) formula for curing depression. Saikosaponin A (SSA) and albi�orin
(AF) are major bioactive compounds of Radix Bupleuri and Radix Paeoniae alba respectively, which
possess antidepressant effects in pharmacological experiments. However, whether SSA and AF have
synergistic neuroprotective effects and the synergistic mechanism is still unknown. The present study
employed the corticosterone-induced PC12 cells neuro-injury model to assess the protective effect of SSA
and AF, alone and in combination, and the synergistic effect was analyzed using three mathematical
models. Meanwhile, the cell metabolomics was used to detect the effects on metabolite regulation of
SSA and AF, alone and in combination. According to the results of cell metabolomics, the vital cell
transduction pathway related to the crucial cell metabolic pathways were selected. Furthermore, the key
metabolites, metabolic enzymes, and cellular markers were veri�ed by ELISA and Western blotting. The
results showed that the combination of SSA and AF has a synergistic neuroprotective effect. Besides, the
combination could regulate more metabolites (16) than a single agent (12 & 10) and possessed a
stronger adjustment effect on metabolites. Correspondingly, the combination regulated more metabolism
pathways (7) than alone agents (3 & 5). Furthermore, the TCA cycle, purine metabolism, and glutamate
metabolism were selected as crucial metabolism pathways. The results showed that the TCA cycle
disorder was regulated by SSA and AF via improving mitochondrial function. The purine metabolism
disorder was regulated by SSA via inhibition xanthine oxidase (XOD) activity and the glutamate
metabolism disorder was regulated by AF via inhibition glutaminase (GLS) activity. Moreover, the
oxidative stress induced by the purine metabolism disorder was attenuated by SSA via a reduction in the
ROS level. Additionally, the in�ammation induced by the oxidative stress was attenuated by the SSA and
AF via inhibition of the NLRP3 protein expression. This study for the �rst time demonstrated the
synergistic neuroprotective effect of SSA and AF, and the synergistic mechanism was involved in
metabolic disorders regulation.

1. Introduction
Depression is one of the most signi�cant public disease burdens in the world [1]. Roughly one-third of the
depression patients did not remit after 1 year of treatment with pharmacotherapy [2]. Most
antidepressants are single-target drugs and have many adverse effects, so the development of multiple
targets, high-e�ciency, and low toxicity anti-depressants is a pressing task [3–5].

Radix Bupleuri has been used for centuries in TCM, which possess immunomodulatory, anti-
in�ammatory, and antidepressant effects [6]. As major bioactive compounds separated from Radix
Bupleuri, saikosaponins have numerous biological activities, including anti-in�ammatory, antidepressant,
and neuroprotective activity [7]. Saikosaponin A (SSA), one of the major saikosaponins, has been
demonstrated to exhibit antidepression and neuroprotective activity [8–10]. While, Radix Paeoniae Alba, a
core medicinal product in China, possesses anti-in�ammatory and anti-depression activities [11, 12].
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Albi�orin (AF), one of the major active compounds separated from Radix Paeoniae Alba, exhibits anti-
depressant, and neuroprotective activity [13, 14].

The combination of Radix Bupleuri and Radix Paeoniae alba is commonly used in many TCM formulas
for curing depression, such as Xiaoyao San [15], Sini San [16], etc. According to TCM theory, Radix
Bupleuri and Radix Paeoniae alba is the “Sovereign” herb and “Minister” herb respectively [17]. The
“Sovereign” herb is the predominant medicine used for therapy disease and the “Minister” herb has
synergistic effects with the “Sovereign” herb [18]. And, previous experimental studies have suggested that
both Radix Bupleuri and Radix Paeoniae alba possess antidepressant effects respectively, and the
combination can strengthen the anti-depressant effects [19–22]. Based on previous research, we
hypothesis that the SSA and AF combination may display synergistic neuroprotective effects.

As the pro�ling of metabolites in an organism, metabolomics is a useful tool for biomarker discovery.
Owing to the sensitivity of metabolomics, slight alterations in biological pathways can be observed to
discover the pathological mechanism [23]. In recent years, considerable researchers have experimented
with the metabolomics study of PC12 cell injury by corticosterone [24]. Studies have shown that
corticosterone, Aβ25−35, and (2R,6R)-Hydroxynorketamine could induce disturbance of cellular metabolic,
including purine metabolism, glutamate metabolism, and TCA cycle, etc. in PC12 cell [25–28]. Meanwhile,
metabolomics is an effective tool to elucidate the potential compatibility mechanisms of traditional
Chinese medicine [29].

In this study, the Chou-Talalay model, Loewe model, and HAS model were used to assess the synergistic
neuroprotective effect of SSA and AF. And, the metabolic pro�le and differential metabolites were studied
by the LC-MS metabolomics. Furthermore, the vital cell transduction pathway related to the crucial cell
metabolic pathways were experimental veri�cation. The present study was the �rst to research the
synergistic neuroprotective effects and mechanisms of SSA and AF.

2. Materials And Methods

2.1 Chemicals and reagents
Saikosaponin A (SSA) and albi�orin (AF) ( ≧ 98 %, Chengdu Pufei De, China). Corticosterone, MTT, and
DMSO ( ≧ 98.5 %, ≧98 %, ≧99.7 %, Sigma-Aldrich Co.; St. Louis, USA). Febuxostat (100.00 %) and BPTES
(98.00 %) (Topscience Co., Ltd., China). Fetal bovine serum (Sijiqing; Zhejiang Tianhang Biotechnology
Co., Ltd., China). RPMI-1640 and Annexin V-FITC/PI staining kit (Sangon Biotech Co., Ltd, China). LDH
leakage diagnostic kit and Hoechst 33342 staining kit (Nanjing Jiancheng Bioengineering Institute,
China). MimiColor Protein Marker (Minibio Technology Co., Ltd, China). β-actin, NLRP3 (Biosynthesis
Biotechnology Inc, China). Acetonitrile and methanol (Thermo Fisher, USA). Rat IL-1β, IL-6, TNF-α, XOD,
xanthine, GLS, and glutamate ELISA assay kit (AndyGenen Biotechnology Co., LTD, China).

2.2 Cell culture and treatment
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Differentiated PC12 cells (Cell Bank of Chinese Academy of Sciences, China) were cultured in RPMI-1640
with 10 % fetal bovine serum, in a humidi�ed 95 % atmosphere containing 5 % CO2 at 37 °C. PC12 cells
were divided into the control group, corticosterone-induced group, and corticosterone-induced plus drug
treatment groups. PC12 cells were seeded on 0.01 % poly-L-polylysine coated 96-well plates, 6-well plates,
and 100 mm dishes with 2×104 per/well, 4×105 per/well, and 2×106 per/dishes. After 24 h incubation, the
PC12 cells were co-incubated with different concentrations of SSA, AF, alone and in combination, and
corticosterone (400 µmol/L) for another 24 h.

2.3 MTT-based cell viability assay
The cell viability was assessed using an MTT assay. Cells were seeded in 96-well plates for 24 h and
treated with drugs for 24 h before adding MTT. The cells were then incubated with MTT (0.5 mg/mL) for
another 4 h at 37 °C. Thereafter, absorbance at 570 nm was measured in a microplate reader (Tecan,
USA).

2.4 Evaluation of the Synergistic Effect
The alone neuroprotective effect of SSA and AF were tested at concentrations as, 0.156, 0.3125, 0.625,
1.25, 2.5, 5 µmol/L and 1.56, 3.125, 6.25, 12.5, 25, 50 µmol/L. The combination doses were determined
based on the optimal neuroprotective result of the alone treatment groups. The twenty-�ve combinations
of SSA and AF to identify the optimal synergistic dose and dose range. The combination treatment cell
viability results were further analyzed with Chou-Talalay, Loewe, and HAS model analysis to determine
the synergistic effect. Chou-Talalay model analysis was carried out in CompuSyn software [30].
CompuSyn program was used to compute a combination index (CI) for drug combinations studied. The
resulting CI offers a quantitative de�nition for additive effect (CI = 1), synergism (CI < 1), and antagonism
(CI > 1) in drug combinations. Loewe and HAS model analysis was carried out in Combene�t software
[31]. Combene�t software was used to �t with a dose-response surface, resulting in a synergy distribution
in concentration space. The optimal synergistic combination dose and the alone doses were used in the
following experiments to identify the possible synergistic neuroprotective mechanism.

2.5 LDH leakage assay
The cellular toxicity was detected with the release of LDH. According to the manufacturer’s instructions.
After drug treatment, the supernatant and cell lysates were collected for analysis of LDH leakage.

2.6 Detection of cell apoptotic by Hoechst staining and
Annexin V-FITC/PI staining
The deformation of apoptosis cell nuclei was detected using the Hoechst staining. According to the
manufacturers’ instructions, the �uorescence image was visualized by inverted IX71 �uorescence
microscopy (Nikon, Japan).

The apoptosis cells were measured by Annexin V-FITC/PI staining. The cells were harvested and
incubated with Annexin V-FITC/PI (1×) working solution for 15 min. Apoptosis cells were quanti�ed by
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using FACS Calibur II �ow cytometer (BD Biosciences, USA).

2.7 Metabolomics analysis
Metabolomics analysis was performed as described in our previous study [32]. Brie�y, the harvested cells
were lysed with extraction solvent ( methanol: water = 4:1, V/V), and centrifuged to get supernatant and
freeze-drying. Then the extract was dissolved with 100 µL extraction solvent, and a quality control (QC)
sample was prepared from 10 µL of each test sample. Using Thermo-Fisher Dionex UltiMate 3000
UHPLC-Q Exactive Orbitrap-MS to acquire LC-MS raw data. The PCA, PLS-DA, and OPLS-DA were
conducted by SIMCA-P 14.1 software. The differential metabolites were selected, according to VIP values
(VIP > 1) and T-test (P < 0.05). Pathway analysis was conducted with MetaboAnalyst [33].

2.8 Measurement of xanthine, glutamate, IL-1β, IL-6, TNF-α
levels and XOD, GLS activity
The cells were collected and centrifuged to obtain a cell pellet and supernatant and stored at − 80 °C until
required for analysis. The level of xanthine, glutamate, IL-1β, IL-6, TNF-α, and the activity of XOD, GLS was
determined by commercial assay kits.

2.9 Measurement of MMP and Ros level
The JC-1 (Beyotime Biotechnology, China) was used to determine the changes in MMP. Brie�y, following
the JC-1 assay kit manufacturer’s instructions, cells were harvested and incubated with JC-1 (1×) for
30 min at 37 ℃ in the dark. Then cells were �ushed twice with JC-1 buffer (1×). The MMP decline rates
were analyzed by a �ow cytometer and the staining image was also visualized by �uorescence
microscopy.

The DCFH-DA (Beyotime Biotechnology, China) was used to detect the ROS level. Brie�y, cells were
stained with 10 mmol/L DCFH-DA for 30 min at 37 °C in the dark. The ROS increase rates were analyzed
by a �ow cytometer and the staining image was also visualized by �uorescence microscopy.

2.10 Western blot analyses
Metabolomics analysis was performed as described in our previous study [32]. Brie�y, cells were
harvested and the total protein was lysed with RIPA lysis buffer. The �fty micrograms were separated by
electrophoresis and transferred to PVDF membranes. The membranes were blocked with Tris-buffered
saline containing 5 % (w/v) non-fat milk and incubated with the primary antibodies. Then signals of
bound antibodies were identi�ed with enhanced chemiluminescence.

2.11 Statistical Analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by a Dunnett post
hoc test and presented as means ± SD (SPSS 19.0). A P-value < 0.05 was considered a statistically
signi�cant difference.
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3. Results

3.1 The neuroprotection effect of SSA and AF
The effect of SSA and AF alone were investigated in PC12 cells. In Fig. 1A/B, 0.312–5 µmol/L of SSA and
3.12–100 µmol/L of AF shown no obvious effects. Therefore, SSA and AF concentration of 0.156, 0.312,
0.625, 1.25, 2.5, 5 µmol/L and 1.56, 3.12, 6.25, 12.5, 25, 50 µmol/L were used to evaluate the
neuroprotective effects. As shown in Figure C/D, SSA and AF treatment dose-dependently prevented the
decrease in corticosterone-induced cell viability with maximum protective effects at 2.5 µmol/L and
25 µmol/L respectively.

3.2 The synergistic neuroprotection effect of SSA and AF
To examine whether the combination of SSA and AF would have a synergistic effect. To this end,
corticosterone-induced PC12 cells were treated with indicated concentrations of SSA and AF, alone and in
combination, and the cell viability was analyzed using MTT assay. As shown in Fig. 2A/B/C, CI values
were determined using the CompuSyn software. CI < 1.0 for virtually all conditions (except one condition
for SSA and AF combination) indicated synergism between SSA and AF, and the optimal synergistic dose
was 2.5 µmol/L of SSA and 25 µmol/L of AF. The interaction relationship between SSA and AF was
further studied using Combene�t programs by using two “classical” mathematical models (Loewe and
HSA). The output is composed of scores that capture information about the synergy distribution and the
synergy levels were depicted as surface plots. As shown in Fig. 2D/E/F/G/H/I (D/E/F - Loewe model,
G/H/I - HAS model), the synergistic dose range was 1.25–2.5 µmol/L of SSA and 12.5–25 µmol/L of AF.
Those three mathematical models agree in the overall evaluation of SSA and AF combination activity
against corticosterone-induced neuro-injury in PC12 cells. These results revealed that the combination of
SSA and AF has a synergistic effect. Thus, the concentrations of 2.5 µmol/L (SSA) and 25 µmol/L (AF)
were chosen in subsequent experiments.

For further evaluation of the neuroprotection effect of SSA and AF, alone and in combination, the LDH
assay, Hoechst 33342 staining assay, and Annexin V-FITC/PI �ow cytometry assay was implemented. As
depicted in Fig. 3A, the cells incubated with corticosterone (400 µmol/L) exhibited an increased level of
LDH release compared with the control group (P < 0.01), SSA (2.5 µmol/L), AF (25 µmol/L) pretreatment
resulted in a reduction of the LDH release. Moreover, when SSA was combined with AF, signi�cantly
decreases in LDH release (p < 0.01). And, the effect of the SSA and AF combination was signi�cantly
better than SSA or AF alone (p < 0.01, p < 0.01). Figure 3B/C/D showed that the population of apoptotic
cells after corticosterone treatment was signi�cantly increased relative to the control group. However,
these changes were markedly reversed by SSA, AF, and SSA and AF combination (p < 0.01, p < 0.01, p < 
0.01). Especially that SSA and AF combination treatment dramatically reduced the population of
apoptotic cells as compared to the SSA and AF alone (p < 0.01). These results further revealed that the
combination of SSA and AF has synergistic effects.
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3.3 SSA and AF protected corticosterone-induced neuro-
injury by regulating metabolic disorders
The metabolite pro�le of PC12 cells was obtained by LC-MS in positive and negative ion modes; the total
peak intensity chromatograms of the cell sample was shown in Figure S1. The PCA score plots observed
that the metabolic distribution of the model group was different from the control group. Besides, the QC
group gathered together showed that the instrument was stable (Fig. 4A). The PLS-DA model was
validated by the permutation test (Fig. 4B). The R2X (0.633), R2Y (0.997), and Q2 (0.993) showed that the
OPLS-DA model established had good quality and predictive performance. The OPLS-DA score plots
observed that signi�cant separations between the model and the control group (Fig. 4C). The S-plots of
OPLS-DA revealed a variety of metabolites (Fig. 4D). Future, the OPLS-DA score plots observed that all
groups were separated. Among them, the drug treatment groups were closer to the control group than the
model group, suggesting that the metabolic disturbances induced by corticosterone were reversed after
drug treatment. Moreover, the combination group has a better separation effect than an alone agent
(Fig. 4E).

According to VIP values (> 1.0) and T-test (P < 0.05), 30 differential metabolites were screened out (Table
S1). Among them, 14 increased metabolites and 16 decreased metabolites in the model group. The SSA,
AF, and the combination of SSA and AF could regulate 12, 10, and 16 differential metabolites respectively,
and the combination has a stronger regulation effect on metabolites than an alone agent (Fig. 4F,
Fig. 2S). The hierarchical clustering analysis heatmap observed that the combination group separated
from the model group and gathered with the control group (Fig. 4G). As a result, these metabolites could
be signi�cantly regulated, and the metabolic disorders were ameliorated in corticosterone-induced PC12
cell injury after drug treatment. These differential metabolites were imported into MetaboAnalyst to
explore the potential neuroprotection mechanisms. The metabolic pathways were selected according to
the pathway impact Values > 0. The results showed that the combination regulated more metabolic
pathways (7) than an alone agent (3 & 5) (Fig. 5A/B/C/D). The TCA cycle, purine metabolism, and
glutamate metabolism were selected as the crucial metabolic pathways according to the number of
metabolites contained in metabolic pathways and the relationship between metabolic pathways [34]
(Fig. 5E).

 

3.4 SSA and AF protected corticosterone-induced neuro-
injury by regulating TCA cycle disorders
To clarify the regulation mechanisms of SSA and AF, alone and in combination, on the TCA cycle, the
mitochondrial function was detected. Exposure to corticosterone (400 µmol/L) signi�cantly reduced the
level of mitochondrial membrane potential. In contrast, pretreatment with SSA, AF, and SSA and AF
combination signi�cantly reversed the phenomenon induced by corticosterone, meanwhile, the effect of
the SSA and AF combination was signi�cantly better than SSA or AF alone (Fig. 6A/B/C).
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3.5 SSA protected corticosterone-induced neuro-injury by
regulating purine metabolism disorders
To evaluate the regulation effects of SSA and AF, alone and in combination, on purine metabolism, the
level of xanthine, and the activity of XOD in cells were detected. Exposure to corticosterone (400 µmol/L)
signi�cantly elevated the level of xanthine and increased the activity of XOD (P < 0.01, P < 0.01). In
contrast, pretreatment with SSA and SSA and AF combination signi�cantly reversed the phenomenon
induced by corticosterone, meanwhile, the effect of the SSA and AF combination was signi�cantly better
than SSA (Fig. 6D/E). To verify the effect of SSA on purine metabolism, the XOD inhibitor febuxostat
(FBX) was applied. The effect of FBX alone was assessed in PC12 cells. As shown in Fig. 3SA, 1–
100 nmol/L FBX revealed no obvious effects. Therefore, FBX concentrations of 10, 25, 50, and
100 nmol/L were used to evaluate the effect on corticosterone-induced PC12 cells. As shown in Fig. 3SB,
the cell viability was increased in a dose-dependent manner, when treated with 25, 50, and 100 nmol/L
FBX (P < 0.05, P < 0.01, P < 0.01). Moreover, SSA had the same effect as FBX to reduce xanthine levels (P 
< 0.01, P < 0.01) and inhibit XOD activity (P < 0.01, P < 0.01) (Fig. 6D/E). In addition, FBX (100 nmol/L)
enhanced the neuroprotective effect of AF (25 µmol/L) and SSA and AF combination (2.5 and 25 µmol/L)
(P < 0.05, P < 0.05) (Fig. 6F). The above results indicated that SSA regulated purine metabolism disorders
by inhibiting XOD activity.

3.6 AF protected corticosterone-induced neuro-injury by
regulating glutamate metabolism disorders
To evaluate the regulation effects of SSA and AF, alone and in combination, on glutamate metabolism,
the level of glutamate in cells culture supernatant, and the activity of GLS in cells were detected. Exposure
to corticosterone (400 µmol/L) signi�cantly elevated the level of glutamate and increased the activity of
glutamate (P < 0.05, P < 0.01). In contrast, pretreatment with AF and SSA and AF combination
signi�cantly reversed the phenomenon induced by corticosterone, meanwhile, the effect of the SSA and
AF combination was signi�cantly better than AF (Fig. 6G/H). To verify the effect of AF on glutamate
metabolism, the GLS inhibitor BPTES was applied. The effect of BPTES alone was assessed in PC12
cells. As shown in Fig. 3SC, 0.25–25 µmol/L BPTES revealed no obvious effects. Therefore, BPTES
concentrations of 0.25, 0.5, 1, and 2.5 µmol/L were used to evaluate the effect on corticosterone-induced
PC12 cells. As shown in Fig. 3SD, the cell viability was increased in a dose-dependent manner, when
treated with 1, and 2.5 µmol/L BPTES (P < 0.05, P < 0.01). Moreover, AF had the same effect as BPTES to
reduce glutamate levels (P < 0.01, P < 0.01) and inhibit GLS activity (P < 0.01, P < 0.01) (Fig. 6G/H). In
addition, BPTES (25 µmol/L) enhanced the neuroprotective effect of SSA (2.5 µmol/L) and SSA and AF
combination (2.5 and 25 µmol/L) (P < 0.05, P < 0.05) (Fig. 6I). The above results indicated that AF
regulated glutamate metabolism disorders by inhibiting GLS activity.

3.7 SSA and AF protected corticosterone-induced neuro-
injury by inhibiting oxidative stress and inhibiting
in�ammation
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To evaluate the anti-oxidation effect of SSA and AF, alone and in combination, the levels of ROS were
detected. Exposure of PC12 cells to corticosterone signi�cantly elevated the level of ROS (P < 0.01). In
contrast, treatment with SSA and SSA and AF combination signi�cantly reversed the phenomenon
induced by corticosterone (P < 0.01, P < 0.01), meanwhile, the effect of the SSA and AF combination was
signi�cantly better than SSA (P < 0.01) (Fig. 7A/B/C/D). To evaluate the anti-in�ammatory effect of SSA,
AF, and SSA and AF combination, the level of IL-1β, IL-6, and TNF-α were detected. Exposure of PC12 cells
to corticosterone signi�cantly elevated the level of IL-1β (P < 0.01), IL-6 (P < 0.01), and TNF-α (P < 0.01). In
contrast, pretreatment with SSA, AF, and SSA and AF combination signi�cantly reversed the phenomenon
induced by corticosterone (P < 0.01, P < 0.01, P < 0.01), meanwhile, the effect of the SSA and AF
combination was signi�cantly better than SSA or AF alone (P < 0.01, P < 0.01) (Fig. 7D/E/F). To clarify the
mechanism of SSA, AF, and SSA and AF combination on anti-in�ammatory, the expression of NLRP3 was
assessed. Figure 7G/H/ showed that corticosterone treatment signi�cantly upregulated the expression of
NLRP3. However, pre-treatment with SSA, AF, and SSA and AF combination blocked these effects,
meanwhile, the effect of the SSA and AF combination was signi�cantly better than SSA or AF alone (P < 
0.01, P < 0.01).

4. Discussion
The TCM formulas follow the compatibility principle 'sovereign, minister, assistant, and courier', which
means herbs play the primary, secondary, auxiliary, and harmonic roles, respectively, to achieve the
optimally holistic effect [18]. Based on TCM theory,Bupleurum chinense DC and Paeonia lacti�ora Pall
are the “Sovereign” and the “Minister” herb respectively, so that, Paeonia lacti�ora Pall can enhance the
effect of Bupleurum chinense DC for treating depression in TCM prescriptions [17]. The ancient
compatibility principle is based on experiences, but whether its underlying interactions can be explained
by modern biotechnology is unknown.

The results of this study showed that SSA and AF synergistically reverse metabolic disorders and protect
the neuronal cells' injury induced by corticosterone. This is the �rst report to demonstrate the underlying
synergistic mechanism of SSA and AF counteracting by rescuing the neurons from the pathogenic effect
of metabolic disorders. Consistent with the previous studies, high-level corticosterone initiated cell death
[35, 36, 32]. Besides, our �nding from the cell viability assay infers signi�cant synergism existing between
SSA and AF. Several studies ascertain the speci�c mode of action of SSA and AF promoting neuronal
survival, which further supports our �nding [37–41]. Interestingly, the present data also show that SSA in
combination with AF was able to improve the cell viability through regulation of the metabolic disorders
induced by corticosterone.

The data obtained in cell metabolomics suggested that SSA and AF differentially affect several
mitochondrial biochemical related pathways. Mitochondria is the most complex and metabolically active
organelles in the cell which harboring pathways involved in ATP synthesis through the TCA cycle and
oxidative phosphorylation [42]. Furthermore, the mitochondrion is an important apoptotic hub that can
regulate apoptosis by releasing cell apoptosis-inducing factors [43]. Studies have shown that impairment
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in the mitochondrial functions leads to the generation of various insults that exaggerate the pathogenesis
of depression [44]. Previous studies have shown that corticosterone could induce TCA cycle disturbance
in PC12 cells [45]. Consistent with this, our experiment con�rmed that phenomena and also observed the
mitochondrial function impaired. The results showed that SSA and AF could regulate the metabolic
disorder induced by corticosterone, which was achieved by improving mitochondrial function.

Metabolic disorders of purine metabolism affecting the nervous system [46]. Purine metabolism is also
implicated in the pathogenesis of depression [47]. XOD is known to generate oxidative stress through
ROS production by catalyzing the hypoxanthine → xanthine → urate synthesis [48]. In our study,
corticosterone induced the perturbation of purine metabolism by elevating the level of xanthine and
increased the activity of XOD in PC12 cells. And SSA could reverse this phenomenon by inhibiting the
activity of XOD. This indicated that SSA could regulate purine metabolic disorders induced by
corticosterone. Moreover, consistent with previous studies, we con�rmed that corticosterone could
increase the level of ROS in PC12 cells. However, SSA could reverse this phenomenon by inhibiting the
activity of XOD.

XOD-produced ROS can increase the synthesis of pro‐IL‐1β, which provides one necessary signal for the
activation of the NLRP3 in�ammasome [49]. In�ammation and oxidative stress are related to the
pathogenesis of depression [50]. Consistent with this, our experiment observed that corticosterone could
induce in�ammation in PC12 cells, and SSA and AF could reverse this phenomenon by inhibiting the
expression of NLRP3. And, glutamate metabolism could be disrupted by in�ammation [51]. The effects of
in�ammation on glia initially lead to an increased release of glutamate into the extrasynaptic space. This
glutamate can activate extrasynaptic N-methyl-d-aspartate (NMDA) receptors and lead to loss of synaptic
integrity, ultimately resulting in neuronal loss, eventually lead to depression [52]. Our results indicated that
corticosterone-induced glutamate metabolism disorders and treatment with AF could regulate it by
inhibiting the activity of GLS.

 

5. Conclusions
Collectively, the present study elucidated how SSA and AF synergistically were able to regulate metabolic
disorders and protect the neuronal cells from corticosterone damage (Figure 8). This study provided that
SSA in combination with AF may represent a promising combination therapeutic strategy for the
treatment of depression.
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Figures

Figure 1

The neuroprotection effect of SSA and AF. (A/B) Effect of SSA and AF alone on PC12 cells. (C/D) The
neuroprotection effect of SSA and AF on corticosterone-induced injury in PC12 cells. Data are expressed
as a percentage of control and the results were expressed as the means ± SD, n=6. ##P < 0.01 vs control
group; *P < 0.05 and **P < 0.01 vs corticosterone group. CORT: corticosterone, SSA: saikosaponin A, AF:
albi�orin.
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Figure 2

The synergistic neuroprotection effect of SSA and AF. (A/B/C) Synergy analysis based on Chou-Talalay
model (CI < 1.0, = 1.0, and >1.0, indicating synergistic, additive, and antagonistic effect, respectively).
(D/E/F) Synergy analysis based on the Loewe model. (G/H/I) Synergy analysis based on the HAS model
(Red surface area indicates antagonism effect and blue surface area indicates synergy). Data are
expressed as a percentage of control and the results were expressed as the means ± SD, n=6. ##P < 0.01
vs control group, **P < 0.01 vs corticosterone group. CORT: corticosterone, SSA: saikosaponin A, AF:
albi�orin.
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Figure 3

The neuroprotection effects of SSA and AF. (A) Effects of SSA and AF on LDH leakage in corticosterone-
induced injury PC12 cells (n=6). (B) Hoechst33342/PI staining assay. Representative images of Hoechst-
positive cells (high blue, apoptosis cells). (C/D) Annexin V-FITC/PI �ow cytometry assay (n=3). The lower
left quadrant (absence of both markers) indicates viable cells; the upper left quadrant (Annexin V-/PI+)
indicated cellular necrosis; the upper right quadrant (Annexin V+/PI+) indicates late-stage apoptosis; the
lower right quadrant (Annexin V+/PI-) indicates early-stage apoptosis. Early-stage apoptosis and late-
stage apoptosis were analyzed (n=3). Data are expressed as a percentage of control and the results were
expressed as the means ± SD, n=6. ##P < 0.01 vs control group; **P < 0.01 vs corticosterone group; $$P <
0.01 vs SSA and AF combination group. CORT: corticosterone, SSA: saikosaponin A, AF: albi�orin.
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Figure 4

Effects of SSA and AF on corticosterone-induced metabolic disorders. (A) PCA score plots. (B) PLS-DA
model validation diagram. (C) OPLS-DA score plots. (D) S-plot of OPLS-DA. (E) OPLS-DA score plots of
plasma samples were collected from different groups. (F) Enrichment map of differential metabolites
(n=6). (G) Hierarchical clustering analysis heatmap of differential metabolites in the cells. Brown and
blue represent that the levels of differential metabolites are higher and lower compared to the average
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level, respectively. Rows imply the differential metabolites and columns represent cell samples (n=6).
SSA: saikosaponin; AF: albi�orin; SSA and AF combination: saikosaponin and albi�orin combination;
Model: corticosterone; QC: quality control.

Figure 5

Effect of SSA and AF on corticosterone-induced metabolic disorders. (A) Metabolic pathway analysis of
SSA group. (B) Metabolic pathway analysis of AF group. (C) Metabolic pathway analysis of SSA and AF
combination group. (D) Metabolic pathway analysis. (E) Effect of SSA-AF on purine metabolism,
glutamate metabolism, and TCA cycle. 1: D-Glutamine and D-glutamate metabolism; 2: Alanine,
aspartate, and glutamate metabolism; 3: Arginine biosynthesis; 4: Citrate cycle (TCA cycle); 5: Arginine
and proline metabolism; 6: Tryptophan metabolism; 7: Purine metabolism. SSA: saikosaponin; AF:
albi�orin; SSA and AF combination: saikosaponin and albi�orin combination; Model: corticosterone.
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Figure 6

Effect of SSA and AF on TCA cycle, purine metabolism, and glutamate metabolism. (A/B/C) The effect of
SSA and AF combination on the corticosterone-induced MMP decline (n=3). (D) The levels of xanthine
(n=3). (E) The activity of XOD (n=3). (F) The neuroprotection effects of FBX (n=6). (G) The levels of
glutamate (n=3). (H) The activity of GLS (n=3). (I) The neuroprotection effects of BPTES (n=6). (G/H/I).
Data are expressed as means ± SD. Data are expressed as a percentage of control and the results were
expressed as the means ± SD, n=6. ##P < 0.01 vs control group; **P < 0.01 vs corticosterone group; $$P <
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0.01 vs FBX group; %P < 0.05 vs AF group; &P < 0.05 vs SSA and AF combination group; &&P < 0.01 vs
SSA and AF combination group; P < 0.01 vs SSA and AF combination group. CORT: corticosterone,
SSA: saikosaponin A, AF: albi�orin, FBX: febuxostat.

Figure 7

The effects of SSA and AF on oxidative stress and in�ammation. (A) Representative DCFH-DA staining
images of cell intracellular ROS. The photomicrographs in DCFH-DA staining, representative images of
DCF-positive cells (green, high ROS level cells). (B/C) The levels of ROS (n=3). (D/E/F) The levels of IL-1β,
IL-6, and TNF-α (n=3). (G/H/) The expression level of NLRP3 (n=3). Data are expressed as a percentage
of control and the results were expressed as the means ± SD, n=6. ##P < 0.01 vs control group; **P < 0.01
vs corticosterone group; $$P < 0.01 vs SSA and AF combination group. CORT: corticosterone, SSA:
saikosaponin A, AF: albi�orin.
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Figure 8

The schematic diagram illustrates the effects of SSA and AF on neuro-injury in corticosterone-induced
PC12 cells.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Graphicalabstract.tif

Supplementarymaterial.docx

https://assets.researchsquare.com/files/rs-159289/v1/363472af7bd769b1b7e83612.tif
https://assets.researchsquare.com/files/rs-159289/v1/9d2a14afe30770519cf9bc2f.docx

