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A urinary metabolomics (GC-MS) strategy to
evaluate the antidepressant-like effect of
chlorogenic acid in adrenocorticotropic hormone-
treated ratsy
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Major depressive disorder (MDD) is a chronic recurring illness that seriously affects human health.
Chlorogenic acid (CGA), an important polyphenol extracted from Eucommia ulmoides Oliver bark, has
been reported to have and other
pharmacological effects. However, little is known about the underlying mechanisms of CGA on the
treatment of depression. Here, we investigated the antidepressant-like effects of CGA on an

adrenocorticotropic hormone (ACTH)-treated rat model. Thirty-two male Wistar rats were randomly

anti-depression, neuroprotection, memory improvement

divided into four groups: normal diet group (N), ACTH-treated model group (M), memantine positive
control group (M + Mem) and CGA intervened group (M + CGA). Sucrose preference tests (SPTs) and
open-field tests (OFTs) were performed to evaluate depressive-like behaviors. Memantine (30 mg kg™)
and CGA (500 mg kg™ administration dramatically increased hedonic behaviors of the rats in SPT. The
scores of crossing and rearing were significantly increased in the M + Mem group and M + CGA group.
These results of the behaviour tests might be suggestive of antidepressant-like effects. Moreover,
memantine and CGA reversed the levels of serum 5-hydroxytryptamine (5-HT), ACTH, corticotropin-
releasing hormone (CRH), and dopamine (DA) that were altered in ACTH-treated rats. Based on a GC-MS
metabolomic approach, significant differences in the metabolic profile were observed in ACTH-treated
rats compared with the control group, as well as the M + CGA group and M + Mem group compared
with the ACTH-treated group. A total of 19 metabolites were identified for the discrimination of normal
rats and ACTH-treated rats, and 12 out of 19 differential metabolites were reversed with CGA
intervention. Combined with pattern recognition and bioinformatics, nine perturbed metabolic pathways,
including energy metabolism, neurotransmitter metabolism, and amino acid metabolism, were identified
based on these metabolites. These integrative studies might give a holistic insight into the
pathophysiological mechanism of the ACTH-treated depressive rat model, and also showed that CGA
has antidepressant-like activities in ACTH-treated rats, providing an important drug candidate for the
prevention and treatment of tricyclic anti-depressant treatment-resistant depression.

not respond to treatment with the existing antidepressants,*
and people undergoing antidepressant treatment may

Depression is a severe psychiatric and mental illness with
a rapid growth rate. Up to 30-40% of depressive patients do
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confront a delayed onset of therapeutic effects, high recur-
rence, and side effects.>® Therefore the demand space for new
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effective antidepressants is very impressive. Chinese medicine
is thought to be an effective way to find new antidepressants.*
Chlorogenic acid (3-O-caffeoylquinic acid, CGA) is not only
a key constituent of coffee, which is considered as a beneficial
substance for depression as its properties of anti-
inflammatory and antioxidant,”” but also an important
active ingredient of many traditional Chinese medicines, like
Eucommiae cortex (Duzhong), honeysuckle flower (Jinyinhua),
etc. Studies have shown that CGA could reduce the production
of a variety of pro-inflammatory cytokines, which is consistent
with the neuroinflammatory hypotheses of depression and the
effects of current antidepressant therapies.>® It was reported
that CGA could promote 5-HT release through enhancing
synapsin I expression, and orally administration of CGA-
enriched extract of Eucommia ulmoides Oliver (200, 400 mg
per kg per day) on mice for 7 days showed antidepressant-like
effects in tail suspension test (TST).>'° Furthermore, according
to a report of Park," CGA isolated from Artemisia capillaris
Thunb was showed antidepressant-like activity in mice with
chronically restraint stress in forced swimming test (FST) and
TST. It was indicated that CGA could cross the blood-
cerebrospinal fluid barrier to display its neuron protection,
and even so, the anti-depressant efficacy of CGA is not certain.

The hypothalamic-pituitary-adrenal (HPA) axis is a major
integrated system that maintains body homeostasis, which
controls the stress responses of an individual.’” Stress triggers
the release of corticotropin-releasing hormone (CRH), accom-
panied by that of adrenocorticotropic hormone (ACTH), and
causes serotonergic system changes, such as increasing of the
expression of 5-hydroxytryptamine (5-HT),, receptors.**
Chronically administrated ACTH increased the expression of 5-
HT,, receptor mRNA in the frontal cortex of rats,* as well as
blocked the antidepressant effects of the tricyclic anti-
depressants (imipramine), the noradrenaline reuptake inhib-
itor (desipramine), and the serotonin and noradrenaline reup-
take inhibitor on the immobility time of FST (milnacipran).'®*”
Therefore, ACTH-treated rats might serve as an animal model of
tricyclic anti-depressant treatment-resistant depression.
Chronic ACTH-treatment (100 pg per rat per day, s.c., for 14
days) induced depressive-like behaviors in FST and open field
test (OFT), which could be blocked by memantine (3,5-
dimethyladamantan-1-amine, 10 mg kg~', i.p.),'® a non-
competitive NMDA receptor antagonist. Therefore, memantine
was chose as positive control in this study.

Nowadays, metabolomics approach is a widely used tool for
the discovery of biomarkers for disease diagnosis or prognosis.
As to depression studies, metabolomics offers mechanistic
insights into the potential pathophysiological features and
assessments of the therapeutic effects of antidepressants.'*>¢
Gas chromatography-mass spectrometry (GC-MS) has been
widely applied in metabolomics studies as for its high sensi-
tivity, high resolution and high reproducibility.?»?232¢

In the present study, we firstly investigated whether CGA has
antidepressant-like effects on chronic ACTH-treated rats using
sucrose preference test (SPT) and OFT. Secondly, non-target
urinary metabolomic strategy based on GC-MS detection was
applied on the profiling of global metabolomic character of
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ACTH-treated rats as well as ACTH-treated rats administrated
with memantine and CGA. Finally, combined with pattern
recognition and bioinformatics analysis methods, differential
metabolites among each group and related possible metabolic
pathways or biomarkers were illustrated. Our studies would
provide new insights in the biology and pathology of depression
disease, and also assess the antidepressant-like effects of CGA
on tricyclic anti-depressant treatment-resistant rat model as
well as obtain its potential therapeutic targets for future studies
of the underlying biological mechanisms.

Experimental procedures
Animal model and behavioral tests

32 male Wistar rats (Shanghai Sippr-BK laboratory animal Co.
Ltd., China) of 10 weeks weighs 230-250 g were randomly
divided into control (Normal diet, N, n = 8) group and ACTH-
treated group (n = 24) after one-week's adaption. The rats
were kept in a standard laboratory environment with free access
to food and water (23 °C, 12 h daylight cycles, and 55 + 15%
humidity). All the procedures dealing with the animals in this
study were performed in accordance with the Guidelines for
Care and Use of Laboratory Animals of Shanghai University of
Traditional Chinese Medicine and approved by the Animal
Ethics Committee of Shanghai.

ACTH-treated rats were assigned randomly into 3 groups (n
= 8), ACTH-treated model group (M), positive control group
(memantine, M + Mem) and CGA intervened group (M + CGA).
Each rat in these three groups received s.c. injection of ACTH
(Chengdu Kaijie Peptide Co., Chengdu, China) at a dose of 100
pg per rat for 14 days, and saline control group (N) received
saline injection of same volume for 14 days. CGA intervened rats
received CGA (cas: 327-97-9, purity = 98%, HPLC method,
extracted from Eucommia ulmoides Oliver bark, Sichuan Wei-
keqi Bio-tech Co. Ltd., Sichuan, China) i.g. at dose of 500 mg
kg~', and memantine positive control group rats received
memantine (Mem, Sigma, USA) i.g. at dose of 30 mg kg™, saline
control group and ACTH-treated model group received saline
i.g. in same volume. For SPT,””*® rats were first trained to adapt
1% (v/v) sucrose solution kept in two bottles in each cage for
72 h on day 15™-17"". Then rats were deprived of water and food
for a further 24 h. Finally, rats were housed in individual cages
with free access to two bottles containing 100 mL of sucrose
solution (1% w/v) and water, and the volume of sucrose solution
and water consumed within 1 hour was recorded. Sucrose
preference was calculated as follows: sucrose consumption (%)
= sucrose consumption/(water + sucrose consumption) x 100.
OFT as employed previously was used to define locomotor
activity and evaluate the exploratory activity of animal on day
14" %7 Open field arena used was an acrylic box (77 em x 77 cm
x 40 cm) with the floor divided into 49 equal squares. Scores of
crossing, rearing, and grooming were counted in a 6 min
session. The box was cleaned with 10% ethanol between trials.
After the last test, all rats were put into metabolic cages for 12 h
urine sample collection, and then sacrificed by chloral hydrate
(300 mg kg~ bodyweight, i.p.) anaesthesia for abdominal aorta
blood collection. Blood samples were centrifuged at 3000 x g
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and 4 °C for 15 min, and the urine samples were centrifuged at
1500 x g for 5 min. The supernatant was collected and stored at
—80 °C for later analysis.

Serum biochemical analysis

Serum samples obtained from rats of four groups were
measured for 5-HT, ACTH, CRH, dopamine (DA). These
parameters were quantified using the corresponding commer-
cial kits according to manufacturer's protocols (Cusabio
Biotechnology Co., Ltd, Wuhan, China).

Metabolomics analysis

Urine samples were prepared for GC-MS analysis and relevant
spectral acquisitions were performed according to our previ-
ously published methods with minor modifications.”*?*" After
being centrifuged at 12 000 rpm for 10 min, 100 pL supernatant
was extracted from urine sample. The degradation of urea was
carried out by adding 70 IU urease (37 °C, 15 min). The sample
was derivatized with ethyl chloroformate, and t-2-chlor-
ophenylalanine was used as an internal standard to maintain
batch reproducibility. The sample analysis was carried out with
GC-TOFMS (Pegasus HT, Leco Corp., St. Joseph, MI; electron
ionization mode). One QC sample and one blank vial were run
after each 10 samples. One-uL aliquot of analyte was injected
with a splitless mode into DB-5MS capillary column coated with
5% diphenyl cross-linked 95% dimethylpolysiloxane (30 m x
250 um i.d., 0.25 m film; Agilent J&W Scientific, Folsom, CA) for
sample separation with helium as the carrier gas at constant
flow rate of 1.0 mL min~". The temperature of injection,
transfer interface, and ion source was maintained at 270, 260,
and 200 °C, respectively. Temperature programming for GC was
set to 2 min isothermal heating at 80 °C, followed by
10 °C min~" oven temperature ramp to 180 °C, 5 °C min ' to
240 °C, and 25 °C min ' to 290 °C, and a final 9 min maintained
temperature at 290 °C. Electron impact ionization (70 eV) at full
scan mode (m/z 30-600) was used, with an acquisition rate of 20
spectra per s in TOFMS setting.

The peak information acquired from GC-TOFMS analysis
was exported in NetCDF format by ChromaTOF software (v4.44,
Leco Co., Los Angeles, CA), and further pretreated by R-2.13.2
(Lucent Technologies). The final data matrix was constructed
with normalized peak areas with two vectors: sample names as
observations in the first column, and retention times/peaks as
the response variables in the first row.** Principal component
analysis (PCA)** and partial least squares projection to latent
structures and discriminant analysis (PLS-DA)** were employed
to process the acquired three-dimensional matrix for multivar-
iate analysis with SIMCA-P 11 software (Umetrics, Umea, Swe-
den). Samples from the same groups were classified into one for
PLS-DA modeling. The results of PCA and PLS-DA were dis-
played as scores plots that visualized the clustering of the
samples and indicated the similarity of samples. The closer
clustering of the samples represented higher compositional
similarity, whereas the further clustering represented diverse
metabolomic composition. The purpose of PLS-DA was to
calculate models differentiating groups and identify the
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response variables contributing most to the model and further
identify potential markers. Orthogonal projection to latent
structure with discriminant analysis (OPLS-DA) was used for
predicting or evaluating variations in frame areas between
groups. The corresponding V-plot has been established and the
Variable Importance Parameter (VIP) values summarized the
overall contribution of each X-variable to the model.****

Statistical analysis

SPSS 16.0 was used to analysis the data from behavioral tests. All
values are expressed as the mean =+ standard errors of the mean
(SEM). Statistical significance among the groups was conducted
by one-way analysis of variance (ANOVA). In all cases, proba-
bility values of less than 0.05 were considered to show a statis-
tical significance. Statistical analyses were performed using
Graphpad Prism 6.0 (GraphPad Software Inc., USA).

Results

Behavioral analysis

To investigate the effects of CGA on ACTH-treated rats, we
performed SPT (Fig. 1) and OFT (Fig. 2). In general, SPT has
been used to evaluate stress-induced anhedonia.** A lower
percentage of sucrose preference was observed in M group when
compared with N group (Fig. 1, P < 0.001). After drug treat-
ments, sucrose preference dramatically increased in M + Mem
(P <0.01) and M + CGA group (Fig. 1, P < 0.05). The scores of
crossing, rearing, and grooming were presented in Fig. 2. As
expected, M group significantly decreased the scores of crossing
(P < 0.01), rearing (P < 0.001), and grooming (P < 0.001), when
compared with N group. M + Mem group enhanced the scores of
crossing (P < 0.05), rearing (P < 0.01), and grooming (P < 0.05).
The administration of CGA 500 mg kg~ " for 14 days increased
the scores of crossing (P < 0.05), rearing (P < 0.05), but showed
no effect on the scores of grooming (Fig. 2).

The effect of CGA on serum biochemical parameters

Serum biochemical parameters of 5-HT, ACTH, CRH, DA were
presented in Fig. 3. The serum concentrations of 5-HT and DA

—
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>

60:

Sucrose Preference (%)

N M+Mem M+CGA

ACTH

Fig.1 Antidepressant effect of Mem and CGA on ACTH-treated rats in
sucrose preference test. Data are shown as the mean + SEM. Signifi-
cant differences between M vs. N are indicated as: ***P < 0.001;
significant differences between M + Mem vs. M are indicated as: #*#P <
0.01; significant differences between M + CGA vs. M are indicated as:
¥p < 0.05.
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Fig. 2 Antidepressant effect of Mem and CGA on the spontaneous activity of ACTH-treated rats in open field experiment. (A) The scores of
crossing, (B) the scores of rearing, and (C) the scores of grooming were counted in a 6 min session for 14 days. Data are shown as the mean +
SEM. Significant differences between M vs. N are indicated as: **P < 0.01, ***P < 0.001. Significant differences between M + Mem vs. M are
indicated as: *P < 0.05, ##P < 0.01. Significant differences between M + CGA vs. M are indicated as: ®P < 0.05.

were significantly decreased (P < 0.01), while the levels of ACTH
and CRH were elevated in M group as compared to N group (P <
0.01). After the treatment of CGA, the levels of 5-HT (P < 0.05)
and DA (P < 0.01) were dramatically increased, along with the
inhibited levels of ACTH (P < 0.05) and CRH (P < 0.01) in ACTH-
treated rats.

Multivariate statistical analysis

In order to evaluate the effects of CGA on ACTH-induced
depressant rat model, PCA and PLS-DA models were con-
structed to analyze the data obtained from GC-MS detection
(Fig. 4 and S17). The PCA score plots demonstrated significant
differences between N and M groups (R’X = 0.667, Q> (cum) =
0.466; Fig. 4A and Table S11), M and M + Mem groups (R*X =

A -7 300
2 | T
r_'zoo-
+
7.3
E100-
2
[
N o v

N

C I% o
g’zo- == &&
Ew-
010.
£
3
[
<N o v

S &S
8 ¥

0.645, Q* (cum) = 0.347; Fig. 4B), M and M + CGA groups (R*X =
0.68, Q* (cum) = 0.466; Fig. 4C). Comparisons among the four
groups were also performed using PCA and shown in Fig. 4D. N
group was completely separated from M group, while M + Mem
and M + CGA groups were all settled around N group. Then, PLS-
DA was carried out to maximize the difference of metabolic
profiles among the four groups (Fig. S17). The scores plot from
PLS-DA model showed a clear separation between N and M
groups (R>X = 0.646, R*Y = 0.988, Q* (cum) = 0.955; Fig. S1A
and Table S11), M and M + Mem groups (R*X = 0.705, R*Y =
0.998, Q” (cum) = 0.998; Fig. S1B and Table S11), M and M +
CGA groups (R*X = 0.622, R’Y = 0.995, Q* (cum) = 0.967;
Fig. S1C and Table S17), indicating that CGA exerts effect on
metabolism of ACTH-induced depressant rats. The parameters
of R’X and Q” were employed for evaluation of PCA model, as
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Fig.3 Effects of CGA administration on serum biochemical parameters. The concentrations of (A) serum 5-HT, (B) serum ACTH, (C) serum CRH,
(D) serum DA in four groups. Data are shown as the mean + SD. Significant differences between M vs. N are indicated as: **P < 0.01. Significant
differences between M + Mem vs. M are indicated as: #P < 0.05, ##P < 0.01. Significant differences between M + CGA vs. M are indicated as: P <

0.05, ¥¥P < 0.01.
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group versus chlorogenic acid (M + CGA) group, (D) PCA scores plot of N, M, M + Mem, M + CGA groups.
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Fig. 6 Pathway analysis of metabolites. (1) Beta-alanine metabolism,
(2) glycine, serine and threonine metabolism, (3) galactose metabo-
lism, (4) pyruvate metabolism, (5) arginine and proline metabolism, (6)
inositol phosphate metabolism, (7) glyoxylate and dicarboxylate
metabolism, (8) ascorbate and aldarate metabolism, (9) alanine,
aspartate and glutamate metabolism.

well as R?X, R*Y and Q* (cum) were used for evaluation of PLS-
DA model. R?X and R®Y were usually used to quantify the
goodness-of-fit of model and Q®Y was employed to assess model
predictability.*” Generally, the values of R’Y and Q> above 0.8
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were considered as excellent models. According to the param-
eters (R°X, R’Y and Q%) shown in ESI Table S1, the PLS-DA
model was positive and valid.

Key metabolites analysis

In order to find the changed metabolites in urine samples
between N and M groups, M and M + Mem groups, M and M +
CGA groups, the supervised OPLS-DA and corresponding V-plot
were constructed (Fig. 5). Variable importance for the projection
(VIP) values exceeding 1.0 were calculated and subsequently
analyzed by paired ¢-test analysis (Table S21). The metabolites in
the level of significance difference (P < 0.05) were considered as
potential biomarkers, which were responsible for the difference
between N and M group. A total of nineteen metabolites were
identified as potential biomarkers for chronically ACTH-
induced depression. The heat map of differential metabolites
was showed in Fig. 7, in which the relative changes of these
metabolites might be readily observed. The results showed that
the decreased levels of alanine (beta-alanine), propanedioic
acid, threonine, serine, galactose, myo-inositol, p-lactic acid,
acetic acid, urea, creatinine, proline, asparagine, kynurenic
acid, along with the increased levels of hippurate and ferulic
acid in M group compared with N group (Table S2;T Fig. 7). The
levels of beta-alanine, propanedioic acid, threonine, serine,
myo-inositol, acetic acid, creatinine, alanine, kynurenic acid
were increased while hippurate and ferulic acid were decreased
after Mem or CGA treatment, and these altered metabolites
could be associated with the antidepressant effect of CGA (Table
S2;t Fig. 7).

Galactose I 0.00020
0.00015
4-Aminobutanoic ac 0.00010
Oxalic acid 0.00005
0.00000
D-Lactic acid -0.00005
-0.00010
Serine -0.00015
-0.00020

Beta-alanine
Propanedioic acid
Acetic acid
Myo-inositol
Alpha-alanine
Threonine
Kynurenic acid
Ascorbic acid

Creatinine

Asparagine

Urea
Proline
Hippurate

Ferulic acid

Fig. 7 Heat map of the differential metabolites in N, M, M + Mem and M + CGA groups.
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Table 1 List of significant metabolites accountable for class discrimination®

Metabolic pathways Metabolites Muvs. N M + Mem vs. M M + CGAvs. M
Beta-alanine metabolism Beta-alanine | 1 1
Beta-alanine metabolism Propanedioic acid | 1 1
Glycine, serine and threonine metabolism Threonine ! 1 1
Glycine, serine and threonine metabolism Serine ! 1 1
Galactose metabolism Galactose ! - -
Galactose metabolism Myo-inositol l i 1
Pyruvate metabolism p-Lactic acid l - -
Pyruvate metabolism Acetic acid 1 1 1
Arginine and proline metabolism Urea l - -
Arginine and proline metabolism Creatinine ! 1 1
Arginine and proline metabolism Proline l T -
Inositol phosphate metabolism Myo-inositol l i i
Ascorbate and aldarate metabolism Myo-inositol ! 1 1
Alanine, aspartate and glutamate Asparagine l il -
metabolism

Alanine, aspartate and glutamate Alanine ! 1 1
metabolism

Other Kynurenic acid ! 1 1
Other Hippurate 1 | l

“ These metabolites are verified by reference compounds available. The short dash line (-) indicates no significant variation. The arrow denotes the
VIP value greater than 1.0 and the up- (or down-) regulation of the arrow represents the relative increased (or decreased) concentration.

[Alanine, aspartate and glutamate metabolism] [Beta—alanine metabolismj

L-Asparagine <— L-Aspartate —> B-Alanine

Arginine and proline ’
metabolism Peptide —> Proline —> pyruvate
Arginine iy J
\L Urea

Criatinme Hippurate —> Phenylalanine
(L 1

Creatine <--- Glycine Tyrosine —> Fumarate

/

AThreonine SerincA

Glycine, serine and threonine
metabolism

D-Lactate «eesssses D-LAactic acid

L-lactate——> Acetate G:s=e==- Acetig
[Pyruvate metabolism ]
Kynurenine —> Kynurenic acid
A

acid

Acetyl-CoA <— Scyllo-Inosose <—> Myo-Inositol

A
[ Galactose metabolism n

Citric acid D-galactose

[ (TcAcyae) |
v

o-Ketoglutarate

SuccinaU

Fig. 8 The overview of metabolic pathways related to the CGA treatment on ACTH-induced depression in urine. Red-labelled metabolites
indicate up-regulation in ACTH-treated rats, while blue-labeled metabolites represent the down-regulation compared with the normal rats. The
red triangles (A) represent metabolites with increased levels in the M + CGA group, blue triangles (A) represent metabolites with decreased levels

in the M + CGA group when compared with the M group.

Metabolic pathway analysis

Since enzymes or metabolites involved in the same biological
processes are often changed together,*® Pathway-based metab-
olomics features are analogues of metabolomics biomarkers
that provide more information on biological functions.* Based
on the overall 19 biomarkers identified from M versus N groups,
MetaboAnalyst 3.0 was used to identify perturbed metabolic
pathways (Table 1 and Fig. 6).*° Kyoto Encyclopedia of Genes
and Genomes (KEGG; http://www.genome.jp/kegg/) and Human
Metabolome Database (HMDB; http://www.hmdb.ca/) were

This journal is © The Royal Society of Chemistry 2018

used for confirmation. The results showed that there were nine
dramatically affected metabolic pathways (impact value > 0.10),
including beta-alanine metabolism, glycine, serine and threo-
nine metabolism, galactose metabolism, pyruvate metabolism,
arginine and proline metabolism, inositol phosphate metabo-
lism, glyoxylate and dicarboxylate metabolism, ascorbate and
aldarate metabolism, alanine, aspartate and glutamate metab-
olism and other metabolic pathways (Nod color and size are
indicative of P-value significance and pathway impact, respec-
tively, Fig. 6). Based on the relationships among the metabolic
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biomarkers, we summarized the pathways into a brief plot that
contained most of the altered metabolites (Fig. 8).

Discussion

Several previous studies have confirmed that chronic treat-
ment of ACTH could induce depression-like behaviour.'”*" In
the present study, the OFT and SPT were measured during the
experimental period to evaluate the antidepressant-like effect
of CGA in the ACTH-induced depression model. The results
showed that Mem and CGA exerted antidepressant-like effects
on SPT and OFT in ACTH-treated rats. In addition, ACTH-
induced depressive rats showed a lower level of 5-HT and
DA, as well as a higher level of ACTH and CRH. As a conse-
quence of CGA treatment, changes in the levels of 5-HT, ACTH,
CRH, and DA indicated alterations in the HPA axis function.**
Urinary samples are more convenient for collecting when
compared with blood samples, especially for small animals.
Furthermore, noninvasive sampling could avoid interference
in the neuropsychological activities of animals. Most impor-
tant of all, they present the combination of metabolites in
a period of time (e.g. 24 h), while the biomarkers in blood have
a relatively shorter window period.** So far, urine has been
widely used in animal or human metabolomics studies to
diagnose disease and serve as an early warning in preclinical
stages.***” Therefore, our study employed GC-MS-based
metabolomics to study the urinary metabolic phenotypes
between normal and depressed rats and identify the potential
biomarkers. The concentrations of the endogenous metabo-
lites, alanine, propanedioic acid, threonine, serine, myoino-
sitol, acetic acid, creatinine, hippurate, ferulic acid, and
kynurenic acid were dramatically changed after the treatment
of CGA in ACTH-induced depressant rats' urine. These
metabolites might be the biomarkers related to the efficacy of
CGA.

Serum biochemical parameters analysis

Serotonin (5-HT) has been reported to play a vital role in the
pathogenesis of depression.*® 5-HT, monoamine neurotrans-
mitter metabolites existed in the hippocampus, showed
a significant lower level in M group compared with N group.
Decreased 5-HT level is associated with the development of
depression. Furthermore, our study also found that CGA could
significantly improve 5-HT level in serum. The serum ACTH
level was markedly increased in M group. It was reported that
rats treated with ACTH could be served as an animal model of
depression.' After the treatment of Mem and CGA, the level of
ACTH was significantly decreased. CRH has been reported to be
related to increase depressive symptoms.* The lower levels of
CRH in M + Mem and M + CGA group might be related to the
alleviation of depression. The interaction of DA with the limbic
system is likely to be associated with stress and depression.*®
The monoamine theory assumes that depression is related to
low levels of monoamine neurotransmitters, especially 5-HT
and dopamine.” Compared with M group, our results showed
that DA content was higher in M + Mem and M + CGA group. In
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conclusion, these results suggest that the changes in the ACTH-
induced depressive rats might play a specific role in the devel-
opment of depression. Mem and CGA treatments could reverse
the changes in ACTH-treated rats and exert antidepressant-like
effects.

Changes in energy metabolism

Beta-alanine metabolism might be one of the most affected
metabolic pathways. Compared with N group, levels of beta-
alanine and propanedioic acid were all decreased in M group.
Asparagine and alanine involved in the pathway of alanine,
aspartate and glutamate metabolism might be tightly related
with the depression. Aspartate and alpha-alanine were signifi-
cantly decreased in urine samples from depressive rats
compared with N group, while only alanine was significantly
reversed after CGA treatment.

Alanine, a nonessential amino acid, is one of the most
crucial amino acids released by muscle.*> Meanwhile, it is an
inhibitory neurotransmitter in the brain and an important
participant and regulator in glucose metabolism.*® As a major
energy source, alanine might enter tricarboxylic acid (TCA) cycle
and glucose in gluconeogenesis.* B-alanine, probably as a neu-
romodulator, occurs naturally in the human central nervous
system (CNS).** B-alanine plays an essential role in B-alanine
metabolism pathway, which are tightly associated with the
genes of hormones, cytokines and neurotransmitters.>® Aspar-
tate, derived from the TCA cycle, is involved in energy produc-
tion. Alanine and aspartate have a great impact on alanine,
aspartate and glutamate metabolism pathway. The relatively
higher level of alanine in the urine of CGA-treated ACTH-
induced depressive rats might be related to the promotion of
alanine metabolism for energy supply.

Amino acid metabolism

Pyruvate, arginine and proline metabolism. p-Lactic acid,
acetic acid, proline and creatinine were dramatically reduced
in M group compared with N group. These statistically signifi-
cant perturbations are involved in pyruvate, arginine and
proline metabolism. Pyruvate is crucial for mitochondrial ATP
generation and it could drive for multiple biosynthetic pathways
intersecting the TCA cycle. Aberrant pyruvate metabolism plays
a prominent role in neurodegenerative disorders.>” Lower levels
of p-lactic acid and acetic acid were observed in M group when
compared with N group. However, compared with M group, the
level of acetic acid was increased both in M + Mem and M + CGA
group. Acetic acid has been reported to affect some critical
metabolic pathways, such as the pathway of glyoxylate and TCA
cycle.®® The degradative products of lactic acid were acetic acid
and 1,2-propanediol.* The content of acetic acid was found to
be relatively higher in M + CGA group than that of M group,
which might promote the pathway of pyruvate metabolism.

Proline, a precursor of pyruvate, is widely distributed in the
CNS.* The higher level of proline in M + Mem group than in M
group indicated that Mem might activate the biosynthesis of
pyruvate. The lower level of proline in M group might be
involved in the pathogenesis of ACTH-induced depression.

This journal is © The Royal Society of Chemistry 2018
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Creatinine, a nonenzymatic breakdown product creatine phos-
phate, is crucial for cellular energy transportation.®* The
decreased level of creatinine in M group might indicate altered
energy metabolism. Energy deficiency is one of the most
commonly represented depressive symptoms in major depres-
sive disorder.®* The content of creatinine was dramatically
increased after the treatment of CGA and it would be helpful in
evaluating the efficacy of CGA on the treatment of depression.

Glycine, serine and threonine metabolism. The pathway of
glycine, serine and threonine metabolism might have great
impact on the progress of depression disease. Serine and thre-
onine were dramatically decreased in M group compared with N
group. Previous studies suggested that serine modulated
behaviors associated with depression, such as reduced immo-
bility in FST.*® Elevated serine concentrations in M + CGA group
might lead to a depression-protected phenotype in rats. Thre-
onine is an indispensable amino acid and was lower in M group
compared with N group.

Our work found that serine and threonine played vital roles
in the pathway of glycine, serine and threonine metabolism and
were markedly decreased in M group compared with N group.
Serine and threonine, belonging to the amino acids, were
closely related to potential anti-oxidation. Additionally,
compared to M group, the contents of serine and threonine
were elevated in M + Mem and M + CGA, which might be a factor
associated with the treatment of depression.

Galactose metabolism, inositol phosphate metabolism and
other metabolism. Galactose, a reducing sugar, could be
transformed into hydrogen peroxide and aldose via the action of
galactose oxidase, leading to the formation of an oxygen-derived
free radicals and a superoxide anion.** Myo-inositol plays a vital
role in the phosphoinositide secondary messenger pathway.*
These two metabolites were responsible for galactose metabo-
lism and were decreased in depressive rats. An elevated level of
myo-inositol was observed in M + Mem and M + CGA group
when compared with M group. Moreover, myo-inositol is an
important participant and regulator in inositol phosphate
metabolism. The significantly changed myo-inositol level after
CGA treatment indicated that CGA could affect depression by
regulating the metabolism of galactose and inositol phosphate.
However, the underlying molecular mechanism of myo-inositol
in the pathophysiology of depression is still unclear.

Hippurate, a common component of urine and an acyl
glycine, is the metabolite of phenylalanine produced by
combinatorial metabolism between the host and the gut
microbiome.® The significantly changed hippurate level after
CGA treatment suggested that CGA might affect depression
through the combinatorial metabolism between the host and
the gut microbiome.

In all, CGA produces an antidepressant-like effect in chronic
ACTH-treated rats by regulating nine perturbed metabolic
pathways and their related metabolites.

Conclusion

As a brain disorder formed by the interaction of diversely
heterogeneous pathogenic mechanisms, depression is now

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

recognized as a systemic disease. Metabolomics is a powerful
tool to study the mechanism of disease from a holistic
perspective. In this study, differences between normal and
chronic ACTH-treated rats were observed in behavioural and
metabolic patterns. With global urinary metabolomics analysis
method as our previously studies,**" 19 differential metabolites
were identified in ACTH-treated rats. Meanwhile, 12 out of 19
differential metabolites were reversed with CGA intervention.
Furthermore, combined with pattern recognition and bio-
informatics analysis, nine metabolic pathways were identified
as perturbed metabolic pathways. These results would be
helpful in understanding the pathophysiological mechanism of
chronic ACTH-induced rat depressant model, and evaluating
the efficacy of CGA on the treatment of depression. In conclu-
sion, our work shows that metabolomics method combined
with pattern recognition and network analysis is a promising
strategy to explore the pathophysiological mechanism of
depression, and evaluate the intervention of xenobiotics.
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