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ABSTRACT

Objective(s): Gleditsiae spina (GS) is a natural antidepressant but its mechanisms of action remain
unclear. In the present study, taxifolin (Tax) was selected to determine the role of flavonoids in the
antidepressant effects of GS.

Materials and Methods: Urine samples from C57BL/6 mice were analyzed based on ultra
performance liquid chromatography-quadrupole time of flight mass spectrometry (UPLC-Q/TOF-
MS). Then, we investigated the therapeutic effects of GS and Tax in depression models in vivo. An
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Biomarker and corticosterone model groups (Cor). Metabolic networks in response to GS/Tax treatment were
I?lepress_lgn established for the comparison of antidepressant activities.

avonolds

Results: Corticosterone exposure significantly increased serum levels of corticosterone but decreased
serum levels of 5-hydroxytryptamine and sucrose consumption (P<0.01). Treatment with GS and
Tax improved all measured variables compared to those of the corticosterone-exposed group (P<
0.01). The antidepressant effects of GS and Tax involved the regulation of pentose and glucuronate
interconversions, arginine and proline metabolism, phenylalanine metabolism, taurine and
hypotaurine metabolism, and the citrate cycle.

Conclusion: These findings indicate that flavonoids form the pharmacodynamic basis of the
antidepressant effects of GS. Moreover, our findings highlight that integrated metabolomics provides
a powerful tool to study the mechanisms and material basis of Chinese herbs.
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Introduction

Depression is a common and serious medical
illness (1). The etiology of depression is incompletely
understood, but genetic, hormonal, immunological, and
neuroendocrinological mechanisms play a role (2-4).
Currently, tricyclic antidepressants, selective serotonin
reuptake inhibitors (SSRIs), serotonin/ norepinephrine
reuptake inhibitors, and monoamine oxidase inhibitors
are the four major classes of antidepressants used
clinically (5, 6). However, a number of adverse
effects—including arrhythmias, dizziness, tremors,
cognitive impairments, urinary retention, and sexual
dysfunction—limit the use of these drugs. Alternative
therapeutics have been studied, among which Chinese
herbs have been favored due to their low levels of
associated side effects (7, 8). Gleditsiae spina (GS), also
known as Zao Jiao Ci (in Chinese), is an important herb
with various medicinal properties including antitumor
(9, 10), anti-inflammatory (11), and antiatherogenic
effects (12). GS, the thorn of Gleditsia sinensis Lam, is rich
in flavonoids (13, 14), particularly taxifolin (Tax), which

depression (18, 19).

In the present study, we investigated the role of Tax
as a component of GS in mediating the antidepressant
effects of GS. Depression models in vivo were established
using corticosterone. Physiological indexes—including
serum 5-hydroxytryptamine, corticosterone, and
sucrose consumption—were examined to assess the
antidepressant effects of GS and Tax. A simultaneous
metabolomic approach was used to compare the
systemic effects of GS and Tax through metabolic
networks. Integrated data showed that the flavonoids
present in GS were responsible for GS-mediated
antidepressant effects.

Materials and Methods

Chemicals and reagents

Corticosterone and fluoxetine were purchased from
Cayman (USA) and Patheon (France), respectively.
GS was obtained from the Luoyang Production Base
of Medicinal Materials (Henan, China) and was
authenticated by Professor Sui-Qing Chen. Voucher

is thought to form the basis of the pharmacological
activities of GS. Tax exhibits antioxidant, anti-
inflammatory, and antiglycation effects (15-17). In
addition, Tax has pleiotropic neuroprotective effects,
suggesting it has the potential to prevent or ameliorate

specimens were deposited in our laboratory at the
Henan University of Chinese Medicine. Tax was obtained
from GS. All other chemicals were of LC-MS grade. Enzyme-
linked immunosorbent assay (ELISA) kits were obtained
from Suzhou Calvin Biotechnology Co., Ltd. (China).
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Extraction

GS was decocted in water three times (101 x 3, 1 hr
each time) at 100 °C and combined supernatants were
evaporated and dried in a vacuum to obtain GS extracts.

Animal models

Male C57BL/6 mice (weighing 18-22 g) were
obtained from the Beijing Vital River Laboratory Animal
Technology Co., Ltd. (animal license number: SCXK
(Jing) 2016-0006; Beijing, China). Mice were housed
in environmentally controlled cages (22 °C+2 °C, 45%
*15%) with a 12-hr light/dark cycle and free access
to water and food. Mice were acclimatized for one
week prior to experiments. Forty mice were randomly
divided into the normal control (NC), corticosterone
(Cor, 20 mg/kg), and therapy groups. The therapy
groups included fluoxetine (Flu, 5 mg/kg), GS (3.33 g/
kg), and Tax (100 mg/kg) groups. The Cor group was
injected with corticosterone at a dose of 20 mg/kg for
21 d. Therapy groups were injected with corticosterone
and were orally administered the indicated drugs for 21
d. NC and Cor groups were orally administered the same
volume of distilled water.

Sucrose preference tests

Prior to sucrose preference tests, mice were adapted
to sucrose solution for 72 hr. Two bottles of (1%, w/v)
sucrose solution were placed in each cage for 24 hr, with
one bottle of sucrose solution replaced with water. The
location of the bottles were switched after 12 hr and mice
were deprived of water and food for 24 h. Mice in each
treatment group were housed in individual cages and
provided free access to sucrose solution (1%, w/v) and
water, After 12 hr, the volume (in ml) of the consumed
solutions were recorded and sucrose preference was
calculated.

Sample preparation

Urine samples were collected after 24 hr. Mice were
sacrificed and blood samples were obtained from the
eyeball. Samples were centrifuged at 3,000 rpm for 10
min, after which serum was isolated. Serum and urine
samples were stored at —80 °C prior to analysis. Prior
to metabolomic analysis, urine samples were thawed
and aliquots were mixed with a three volumes of cold
acetonitrile (4 °C). The mixture was vortexed for 1 min
and centrifuged at 12,000 rpm for 10 min. Supernatants
(2 wl) were injected for UPLC-Q/TOF-MS analysis.

Quality control (QC) sample preparation was as
follows: QC samples were mixed with 50-ul aliquots of
urine. Six consecutive injections of the QC sample were
initially performed to avoid fluctuations. A further six
samples were injected throughout the sequence.
Assessment of serum  corticosterone and
5-hydroxytryptamine levels

Serum samples were thawed, and serum
corticosterone and  5-hydroxytryptamine levels
were assessed using ELISA kits according to the
manufacturer’s protocols.

UPLC-Q/TOF-MS analysis

Metabolic profiling of urine samples was performed
on an Ultra Performance Liquid Chromatography
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(UPLC) system (Dionex; UltiMate 3000 System,
Thermo Scientific, USA) coupled to a Q/TOF mass
spectrometer system equipped with an ESI ion source.
Chromatographic separation was performed on an
Acclaim™ RSLC 120 C18 column (2.1x100 mm, 2.2
um) at a column temperature of 40 °C. The mobile
phase consisted of 0.1% formic acid in water (A) and
acetonitrile (B). Gradient elutions were programmed as
followed: (0-3 min, 2%-10% B; 3-10 min, 10%-25%
B; 10- 17 min, 25%-35% B; 17-19 min, 35%-60% B;
and 19-20 min, 60%-98% B). The flow rate was 0.3
ml/min. MS properties were set as follows: scan range
m/z, 60-1000 Da; positive mode capillary voltage, 3500
V; negative-mode capillary voltage, 3200 V; desolvation
temperature, 230 °C; desolvation gas flow, 50 1/hr; and
source power, 3.0 eV.

Statistical analyses

Raw UPLC-Q-TOF/MS data were calibrated and peak-
aligned. Background noise was subtracted using Data
Analysis 4.1 (Bruker, Germany). Processed data were
converted to the bucket table using Profile Analysis 2.1
(Bruker, Germany) and were processed using SIMCA
13.0 (Umetrics AB, Sweden) for multivariate statistical
analysis, including principal component analysis (PCA)
and orthogonal partial least squares discriminant
analysis (OPLS-DA). The variable importance in the
projection (VIP) value of each variable in the OPLS-
DA model was calculated. Differential metabolites
were then obtained from the OPLS-DA model (VIP >
1). Differential metabolites were identified using the
Human Metabolome Database (http://www.hmdb.
ca/) and METLIN (https://metlin.scripps.edu/). The
Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/kegg/) was used to identify
metabolite-associated pathways, and a correlation
network was used to visualize the disturbed pathways
in the Cor groups. Heat maps of the metabolites were
obtained through Multi Experiment Viewer (MeV)
software 4.9.0, following the semi-quantitation of
differential metabolites.

Biochemical assessments

A significant reduction in sucrose consumption and
serum 5-hydroxytryptamine occurred in Cor-induced
depressed mice (Figures 1 A-C), while the serum
levels of corticosterone were significantly increased
compared to those of the NC group (P<0.01). Flu, GS, and
Tax significantly improved these biochemical indexes
(P<0.01).

Global analysis of dynamic metabolic profiling

PCA analysis showed good separation between Cor
and NC groups (NC vs. Cor: ESI*: R2&X = 0.719 Q*= 0.509;
ESI: R%X = 0.804 Q%= 0.722), indicating that global
metabolite fingerprints differed between NC and Cor
rats (Figures 2A-B). Furthermore, the serum levels of
corticosterone were significantly increased (P<0.01),
while serum 5-hydroxytryptamine levels and sucrose
consumption were significantly decreased (P<0.01),
indicating successful establishment of our model
(Figure 1). PCA score plots showed a clear separation
of all groups, with both GS and Tax being closer to the
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Figure 1. The effects of GS, Flu, and Tax on corticosterone. Sucrose consumption, and the serum levels of 5-hydroxytryptamine and corticosterone
(A, B, C; mean*SD; n=8). ** P<0.001 vs NC group; ## P<0.01 vs Cor group; # P<0.01 vs Cor group
NC: normal control; Cor: corticosterone; Flu: fluoxetine; GS: Gleditsiae Spina; Tax: taxifolin

NC group in terms of the first principal components. separations for GS vs. Cor and Tax vs. Cor were observed
These results highlighted the antidepressant effects of (ESI+: GS vs. Cor: R?X = 0.737, R%Y = 0.984, Q%= 0.958;
the tested compounds (Figures 1C-H). Tax vs. Cor: R%X = 0.656, R?Y = 0.999, Q%= 0.946; ESI-:

GS vs. Cor: R?X = 0.866, R%Y = 0.997, Q%= 0.98; Tax vs.
Potential biomarkers Cor: R%X = 0.766, R?Y = 0.996, Q= 0.974). To obtain the

To compare the effects of GS and Tax, OPLS-DA variable importance for the projections (VIP > 1), S-plot
score plots were constructed for both the positive and analyses were performed (Supplementary Figure 2).
negative modes (Supplementary Figure 1). Obvious Potential biomarkers were identified through querying
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Figure 2. The effects of Flu, GS, and Tax on urinary metabolomic profiles of depressed mice

® NC group; M cor group;d Flu group;+ GS group and * Tax group
NC: normal control; Cor: corticosterone; Flu: fluoxetine; GS: Gleditsiae Spina; Tax: taxifolin
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Figure 3. Heat maps of shared (A) and distinctive metabolites (B, C).
The color scale ranges from red to green, which denotes upregulated
or down regulated metabolites, respectively

the Human Metabolome Database (http://www.hmdb.
ca/) and Metlin (https://metlin.scripps.edu/). A total
of 58 significantly differential urine metabolites were
obtained as biomarkers related to the treatments of
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GS: Gleditsiae Spina; Tax: taxifolin

GS and Tax (Supplementary Table 1). To visualize the
differences in relative values among all experimental
groups, heat plots for the 58 differential metabolites
were established using Mev (version 4.8.0, Figure 3).
Pathway analysis combined with pathway enrichment
analysis, hypergeometric overrepresentation tests, and
topology analysis were conducted using MetaboAnakyst
5.0 (Table 1; Figure 4). The therapeutic effects of GS
and Tax were found to be primarily associated with
pentose and glucuronate interconversions, arginine and
proline metabolism, phenylalanine metabolism, taurine
and hypotaurine metabolism, and the citrate cycle.
Then, metabolic networks were constructed to better
understand the therapeutic effects of GS and Tax (Figure
5) using the KEGG database (http://www.kegg.jp/kegg/
pathway.html).
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Table 1. Results of pathway analysis using MetaboAnalyst 5.0 for the depression groups after treatment with GS and Tax

Metabolic pathway Total Hits Raw P-values -log (p) Holm adjust FDR Impact
Phenylalanine metabolism 12 4 0.00067552 3.1704 0.056743 0.056743 0.36
Arginine and proline 38 6 0.0021901 2.6595 0.18178 0.091985 021
metabolism

Citrate cycle (TCA cycle) 20 4 0.0052932 22763 0.43404 0.13 023
Taurine and hypotaurine 8 2 0.032812 1.484 1 034452 043
metabolism

Pentose and glucuronate 18 2 0.14176 0.84846 1 091596  0.08
interconversions

Phenylalanine, tyrosine and 4 2 0.0077382 21114 0.61905 0.13 1

tryptophan biosynthesis

Note: Raw p is the original P-value obtained by the analysis pathway. FDR and Holm’s procedures utilize the smallest P-value in order to reduced
type-1I error rates. Impact refers to the influence value of the pathway, which was obtained by topological analysis. The Total is the total number of
compounds in the pathway; the Hits represents the actually matched number from the user uploaded data

GS: Gleditsiae Spina; Tax: taxifolin

Discussion

In our present study, the depressed groups displayed
reduced sucrose consumption, lower levels of serum
5-hydroxytryptamine, and higher levels of serum
corticosterone, suggesting the successful establishment
of our murine model of depression. GS and Tax markedly
increased both the serum levels of 5-hydroxytryptamine
and sucrose consumption, and reduced the serum
levels of corticosterone, indicating that both GS and Tax
exerted antidepressant effects. Furthermore, Tax was
selected for metabolomic analysis, which verified that
flavonoids mediated the antidepressant effects of GS.

Pentose and glucuronate interconversions

Fatigue is the most common symptom of depressed
patients (20, 21). As an energy source, disorders
in carbohydrate metabolism may be a cause of
fatigue in depressed patients (22, 23). In the present
study, the levels of intermediates formed during the
interconversion of pentose and glucuronic acid—
including 2,5-dioxopentanoate, D-xylonolactone,
L-gulonate, L-lyxonate, and D-ribulose—were
decreased in depressed mice, compared to those in
the NC group (Supplementary Table 1). The levels of
2,5-dioxopentanoate, D-xylonolactone, L-gulonate,
and D-ribulose were increased following the GS
administration, indicating that GS mitigated the
symptoms of depression through its regulation of
pentose and glucuronate interconversions. Compared
to those of GS, the effects of Tax were less pronounced,
suggesting that other flavonoids may contribute to the
beneficial effects of GS.

Arginine and proline metabolism

L-Arginine is the precursor of nitric oxide synthase
(NOS), which catalyzes the formation of nitric oxide
(NO) (24-26). As an important neurotransmitter, NO
has modulatory effects on the central nervous system
(CNS), including neurotransmission, neurogenesis,
and synaptic plasticity (27-29). NO also relaxes blood
vessels, improves circulation, and reduces lactic acid
accumulation to exert its antifatigue effects (30).
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Compared to those in the NC group, the levels of
L-arginine were decreased in the depression model
group, which may contribute to fatigue in depressed
patients (31, 32). Following the administration of GS,
the levels of L-arginine were significantly increased.
Arginine produces creatine, which is used in sports as an
ergogenic aid (33-35). The levels of creatine increased
following the administration of Tax, indicating that Tax
may prevent fatigue in depressed patients.

Proline is a metabolite of glutamate (36). Glutamate is
the major excitatory neurotransmitter in the mammalian
nervous system (37, 38). Excess accumulation of
glutamate at synapses between neurons leads to
excitatory neurotoxicity, a major cause of depression
(39, 40). As shown in Supplementary Table 1, low levels
of proline were detected in the urine of depressed
mice, indicating that the biosynthesis of proline from
glutamate was inhibited. Following the administration
of GS and Tax, proline levels were increased, indicating
that GS and Tax reduced neurotoxicity. Taken together,
these data demonstrate that, as a component of GS, Tax
exhibits antidepressant activities through its ability to
improve arginine and proline metabolism.

Phenylalanine metabolism

Phenylalanine is an essential amino acid.
Phenylalanine can be converted into tyrosine by
phenylalanine hydroxylase in the human kidney (41,
42).  Catecholaminergic = neurotransmitters—such
as dopamine, norepinephrine, and adrenaline—are
synthesized through the hydroxylation of tyrosine to
L-dihydroxy-phenylalanine by tyrosine hydroxylase
(43). Catecholaminergic levels show downward trends
in depressed patients. In our present study, compared
to those in the NC group, the levels of L-phenylalanine
and L-tyrosine in the urine of the Cor group were
significantly decreased. Following the administration of
GS and Tax, GS upregulated the levels of L-phenylalanine,
while Tax directly up-regulated the levels of L-tyrosine.
Accordingly, both GS and Tax enhanced L-phenylalanine
and L-tyrosine production, thereby alleviating the lack of
catecholaminergic neurotransmitters in depressed mice.
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Taurine and hypotaurine metabolism

Taurine is widely distributed as a free amino acid in
the cerebral cortex (44), hippocampus (45), cerebellum
(46), and bulbus olfactorius (47). Furthermore, taurine
ameliorates depression-like behavior of mice through
influencing the regulation of the hypothalamic-pituitary-
adrenal axis to promote neurogenesis (48).In our present
study, compared to those in the NC groups, the levels of
taurine, 2-hydroxyethanesulfonate, and 5-L-glutamyl-
taurine in the Cor group were decreased. Following the
administration of GS and Tax, the levels of taurine in the
urine were increased, while the metabolites of taurine,
2-hydroxyethanesulfonate, and 5-L-glutamyl-taurine
showed a similar trend. These results demonstrate that
Tax can be used as a substitute for GS to improve taurine
and hypotaurine metabolism to exert antidepressant
effects. Flavonoids may therefore represent the material
basis of GS against depression.

Citrate cycle

The citrate cycle and oxidative phosphorylation
are essential to energy metabolism, and glucose is
metabolized into acetyl-CoA to participate in the citrate
cycle (49, 50). A loss of glucose delivery leads to citrate
attenuation and mitochondrial dysfunction, leading to
neuronal death and irreversible cerebral injury (51). In
the present study, carbohydrate metabolism was lower
in depressed mice, which may lead to citrate-cycle-
associated disorders. As an important product of the
citrate cycle, the levels of oxoglutaric acid, cis-aconitic
acid, citric acid, and succinic acid in the Cor group
were significantly lower than those in the NC group.
Furthermore, GS up-regulated the levels of cis-aconitic
acid, while Tax increased the levels of succinic acid. In
addition, GS/Tax increased the levels of oxoglutaric
acid, highlighting their ability to overcome defects in the
citrate cycle to exert antidepressant effects.

Conclusion

We evaluated the antidepressant effects of GS and Tax
via biochemical studies and metabolomic approaches.
Five metabolic pathways were attributed to the possible
antidepressant mechanisms of GS and Tax, including
pentose and glucuronate interconversions, arginine and
proline metabolism, phenylalanine metabolism, taurine
and hypotaurine metabolism, and the citrate cycle.
GS and Tax had similar effects on these five pathways
and their metabolites. We therefore speculate that
flavonoids form the basis of the antidepressant effects
of GS. Collectively, our findings highlight the value of
an integrated metabolomic approach to enhance our
knowledge of the beneficial constituents of Chinese
herbs.
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