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udy of the main constituents and
antidepressant effects of raw and vinegar-baked
Bupleuri Radix in rats subjected to chronic
unpredictable mild stress†

Tianli Lei,a Yadan Wang,a Mingxiao Li,a Xin Zhang,a Chongning Lv,a Lingyun Jia,a

Jing Wangb and Jincai Lu *a

Bupleuri Radix (BR) is a traditional Chinese medicine (TCM) widely used in Asian nations, which originates

from Bupleurum chinense DC or Bupleurum scorzonerifolium Willd. It can be baked with vinegar to

obtain vinegar-baked Bupleuri Radix (VBBR). It has been reported that VBBR exhibits more potential

activity for relieving the effects of a depressed liver than BR. However, the antidepressant effects and

underlying pharmacological mechanisms of BR and VBBR remain unclear. The present study identified

the main chemical compositions in BR and VBBR. Furthermore, behavioral studies along with

biochemical assessments, as well as 1H NMR analysis of the hippocampus and liver were employed to

systematically assess the pathology of depression and therapeutic effects of BR and VBBR using a rat

model of chronic unpredictable mild stress (CUMS)-induced depression. Behavioral studies

demonstrated that treatment with VBBR resulted in better antidepressant effects than BR. And VBBR

significantly regulated the levels of neurotransmitters in the hippocampus and frontal cortex.

Additionally, twelve and ten metabolites from the hippocampus and liver were identified as potential

biomarkers associated with depression. Such biomarkers are primarily involved in energy metabolism,

amino acid metabolism, glycolysis, inositol phosphate metabolism, lipid metabolism and the TCA cycle.

The results presented here showed that VBBR significantly reversed the pathological process of CUMS-

induced depression, partially via regulation of the disturbed metabolic pathways. The comparative study

facilitated a better understanding of the antidepressant mechanisms of BR and VBBR.
1. Introduction

Depression is a common mental disorder characterized by at
least two weeks presenting with depressed mood, loss of
interest/pleasure, feeling of guilt/low self-worth and disturbed
sleep/appetite.1,2 Despite decades of clinical experience, the
denite mechanism underlying the development of depression
has not yet been entirely claried. Nowadays, though many
synthetic chemical antidepressants have been used clinically,
one-third of patients remain treatment-resistant and even suffer
a variety of undesirable side effects. In recent years, TCM has
drawn increasing attention owing to its high therapeutic
performance.
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Bupleuri Radix (named “chaihu” in China), the principal
drug of many TCM prescriptions, is the root of Bupleurum chi-
nense DC or B. scorzonerifolium Willd. It is widely used for the
treatment of inuenza, fever, inammation and menstrual
disorders,3 and it has also long been used to treat the symptoms
of depression.4,5 Bupleuri Radix contains mainly saikosaponins,
avonoids, lignans and polyacetylenes.6,7 These saikosaponins
are generally accepted to be the representative bioactive
components, which have been shown to possess anti-
inammatory, antiviral and antitumor activity. Among them,
SSa, SSc and SSd are the major bioactive constituents found in
Bupleuri Radix; however, a variety of minor saikosaponins have
also been isolated.8,9 Bupleuri Radix is documented in Chinese
Pharmacopoeia (2015) in two forms, namely, raw (BR) and
vinegar-baked Bupleuri Radix (VBBR). VBBR exhibits more
potential activity for relieving the effects of a depressed liver
than BR. Modern reports showed that VBBR is benecial to bile
secretion and is quite effective in curing liver related diseases
such as jaundice, hepatitis, cirrhosis and liver cancer.10–12 In
addition, when used in a TCM formula, VBBR is recognized as
a meridian guide drug to strengthen the effects of other herbs
This journal is © The Royal Society of Chemistry 2017
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on the liver and diminish their effects on other tissues.13,14

Recently, experimental studies have demonstrated that vinegar-
processing could enhance the anti-depression effect of BR.
HYPERLINK \l "bib15" \o "bib15 bib16" 15,16 However, the
underlying pharmacological mechanisms of BR and VBBR
remained ambiguous.

Presently, metabolomics has been regarded as the latest-
omics strategy. It developed rapidly with multiple advanced
approaches of NMR, LC-MS and GC-MS techniques, which
provided powerful tools for interpreting metabolic proles in
biological samples.17–20 In this way, metabolomics has the
potential to diagnose or prevent diseases in clinical practice, as
well as to identify disease biomarkers.21,22 Among the afore-
mentioned three widely applied methods, 1H NMR was selected
because of some distinct advantages, such as rapidity, repro-
ducibility, stability and non-selectiveness. In addition, detailed
structural information about metabolites, including chemical
shis and coupling constants, can be directly obtained.23,24

Of the many regions of the brain affected by depression, the
hippocampus is well known for its role in cognitive stress
sensitivity. It is very important in the response to stress, espe-
cially in the adjustment to repeated stressful experiences.25

Stress damages the hippocampal structures. So far, it has been
well accepted that long-lasting and severe stress can result in
neuronal loss and synaptic dysfunction in the hippocampus,
both of which are associated with negative mood, anxiety and
impaired cognition, which constitute the core symptoms of
major depression.26,27 Otherwise, the liver plays a pivotal role in
metabolism and detoxication of endogenous and exogenous
hepatotoxicants in the body.28 Moreover, according to the
concepts of TCM, the liver is a very vulnerable organs to anger,
stress and depression, resulting in liver-qi (gan-qi-yu-jie) stag-
nation, which are the etiological factors of depressive disor-
ders.29 It is indispensable to examine the alteration in the
hippocampus and liver metabolism aer BR and VBBR
administration to CUMS-induced rats.

Our main objective in the present study was to compare the
main components and antidepressant effects of BR and its
processed samples. For that we rstly analyzed the components
using HPLC-DAD and UHPLC-QTOF-MS. Then, a well-validated
CUMS model and a series of behavioral tests were employed to
assess the antidepressant effects of BR and VBBR. The under-
lying mechanisms were estimated by investigating levels of
neurotransmitters. In addition, integrated 1H NMR spectros-
copy coupled with multivariate data analysis was used to screen
and identify metabolic perturbations. This may facilitate an
understanding of the anti-depressive effects and potential
mechanisms of BR and VBBR.

2. Experimental
2.1 Reference compounds and reagents

Eight authentic saikosaponin standards, SSa, SSc, SSd, SSb1,
SSb2, SSb3, SSb4 and SSf, were isolated and identied from the
roots of B. chinense by our laboratory, and these saikosaponins
(purity > 98%) were determined by Agilent HPLC-DAD. Aceto-
nitrile (HPLC grade) was purchased from Fisher Corporation
This journal is © The Royal Society of Chemistry 2017
(Pittsburgh, PA, USA). Puried water was obtained in a Milli-
pore-Q water purication system (Bedford, MA, USA). Fluoxe-
tine (FLU) was purchased from Lilly S. A. (Alcobendas, Spain).
D2O was purchased fromMerck (Darmstadt, Germany). Sodium
3-trimethylsilyl[2,2,3,3-d4]propionate (TSP) was purchased from
Cambridge Isotope Laboratories Inc. (MA, USA).

2.2 Preparation of the decoction of BR and VBBR

BR was collected from Fangxian (Hebei, China) in October 2014,
and authenticated by Prof. Jincai Lu (Department of Pharma-
cognosy, Shenyang Pharmaceutical University) as the root of
Bupleurum chinense DC. VBBR was prepared using the method
described in Chinese Pharmacopoeia (2015). Briey, a slice of
dried Bupleuri Radix (1 kg) was evenly mixed with 0.2 kg of
vinegar, followed by immersion in a closed container for 24 h.
Then the mixture was fried to nearly dry with gentle heat and
taken out immediately. Voucher specimens for BR and VBBR
are kept in the Pharmacognosy Laboratory of Shenyang Phar-
maceutical University, Shenyang, China.

Powdered BR (500 g) and VBBR (500 g) were extracted three
times by reuxing with 70% ethanol (1 : 8, w/v) for 1.5 h each
time, and then the solutions were combined and evaporated to
dryness. The yields of powdered extract of BR and VBBR were
about 21.5% (w/w) and 22.6% (w/w), respectively. The concen-
trations of the decoctions of BR and VBBR were both about 1.0 g
mL�1.

2.3 Quality control of BR and VBBR

An HPLC ngerprint of BR and VBBR was performed according
to the following procedure: dried powdered BR and VBBR (0.5 g)
were extracted with 70% ethanol (25 mL) for 30 min under
ultrasonication. Aer centrifugation, the supernatant was
ltered for HPLC analysis. The HPLC analysis was performed on
an Agilent 1260 HPLC system equipped with a binary pump and
diode array detector (DAD). Chromatographic conditions are
shown in ESI (S1†).

The main components in BR and VBBR were further quali-
tatively analyzed. The UHPLC-QTOF-MS system consisted of an
ACQUITY™ UPLC system (Waters, Milford, MA, USA) equipped
with a Waters Xevo G2 QTOF (Waters, Manchester, UK) coupled
to an electrospray ionization (ESI) source operating in negative
ion mode. The acquisition and analysis of data were controlled
by MassLynx 4.1 soware. The chromatographic separation and
MS analysis were conducted according to the method described
in our previous study (submission being processed) (S2†).

The total amount of saikosaponins in BR and VBBR was
determined by a colorimetric assay using UV spectrophotometry
with SSa as standard according to the method in Appendix IV A
in the Chinese Pharmacopoeia (2015). The wavelength was
determined at 535 nm. This assay was done in triplicate for each
sample.

2.4 Animal handing

Sprague-Dawley rats (male, 180–200 g) were purchased from the
Experimental Animal Center of Shenyang Pharmaceutical
University (no. SCXK2015-0001). Rats were maintained in
RSC Adv., 2017, 7, 32652–32663 | 32653
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controlled humidity (50 � 10%) and temperature (22 � 2 �C)
with food and water freely available. The animals were accli-
matized for 1 week in an SPF-grade lab and trained with
a sucrose preference test before experiment. The procedures
performed were in accordance with the National Institute of
Health's Guidelines regarding the principles of animal care and
approved by the Animal Ethics Committee of Shenyang Phar-
maceutical University. Every effort was made to minimize
animal suffering.

The CUMS procedure was subjected to a series of chronic
unpredictable stimuli, as previously described with slight
modications.30,31 Except for the control group, each rat was fed
alone in a cage and was subjected to a series of stressors for 6
weeks: namely, food deprivation (24 h), water deprivation (23 h)/
empty water bottles (1 h), physical restraint (activity restriction
in bottle, 4 h), white noise (24 h), tail pinch (1 cm part of the tail,
5 min), cold water swimming (15 �C, 5 min), wet bedding (24 h),
and day/night inversion (24 h). One of these stressors was
assigned daily in an unpredictable manner to avoid the rat
being able to predict it. The control group was le undisturbed
without any stressor. The detailed protocol is shown in
Table S1.†

The rats were randomly separated into ve groups (6 per
group): control group (NS group), CUMS model group (MS
group), FLU group (15 mg kg�1), BR group (10 g kg�1) and VBBR
group (10 g kg�1), respectively. The corresponding weights of BR
and VBBR extractions were 2.15 g kg�1 and 2.26 g kg�1,
respectively. The NS group was le in the home cages, and the
other groups were fed alone in a cage and were subject to
a series of stressors. Rats were orally administered once each
day at 10 mL kg�1 (rat body weight). While the NS group and MS
group were perfused intragastrically with distilled water under
similar conditions to the BR and VBBR groups. The rats were
administered orally once daily 30 min before stimulation
during the last 3 weeks. The experimental procedure is shown in
Fig. 1.
2.5 Behavioral experiments

2.5.1 Sucrose preference. The sucrose preference test (SPF)
was achieved according to a reported method with minor
modications.32 Aer adaptation with 1% sucrose solution
(w/v), the rats were deprived of food and water for 24 h. Each rat
was housed in an individual cage, with free access to two pre-
weighted bottles, one containing 100 mL of 1% sucrose
Fig. 1 Schematic representation of the experimental procedure.

32654 | RSC Adv., 2017, 7, 32652–32663
solution (w/v) and the other 100 mL of water. The positions of
the water bottle and sucrose solution bottle were randomly
determined. Aer 1 h, the amount in both bottles was measured
by weight, and the sucrose preference was calculated based on
the following formula:

Sucrose preference% ¼
sucrose consumption

sucrose consumptionþ water consumption
� 100%

2.5.2 Open eld test. An open eld test (OFT) was con-
ducted as previously described once a week and was conducted
in a quiet room (8:00–12:00 a.m.).33 The OFT was carried out in
a square arena (100 � 100 � 40 cm3) with the oor divided into
a 5 � 5 grid of equally-sized squares dened by black lines. The
rats were individually placed in the central square and observed
for 5 min. Four claws climbing square numbers and standing
times were monitored as an index of locomotor activity and
exploratory activity, respectively. This apparatus was cleaned
with 75% ethanol between each test.

2.6 Measurement of neurotransmitter levels in the
hippocampus and frontal cortex

Aer the nal experiment, all rats were sacriced by decapita-
tion and the hippocampus and frontal cortex were rapidly
dissected and weighed. Each tissue sample was homogenized in
0.2 M ice-cooled Na2HPO4/NaH2PO4 buffer solution in
a proportion of 1 : 9 (w/v). The homogenates were centrifuged at
16 000 rpm at 4 �C for 10 min. The supernatant was reserved
and the contents of DA, DOPAC, 5-HT and 5-HIAA were
measured using ELISA kits (Shanghai YANJIN Biological Tech-
nology Co., Ltd.) strictly following the manufacturer's
recommendations.

2.7 Sample collection for metabolomics study

Aer the nal experiment, the whole brain and the liver of each
rat were removed and chilled in an ice-cold saline solution. The
samples were rapidly dissected and weighed. Then all samples
were immediately frozen at �80 �C until further analysis.

The hippocampus and liver samples were prepared accord-
ing to published methods with minor modications.34 Briey,
the samples were homogenized with saline in an ice/water bath,
and were centrifuged at 16 000 rpm at 4 �C for 10 min. Then 500
mL of supernatant was mixed with 100 mL of Na2HPO4/NaH2PO4

buffer solution (0.2 M, pH ¼ 7.4) and 100 mL of TSP D2O solu-
tion (1.0 mg mL�1). Aer centrifugation at 16 000 rpm at 4 �C
for 5 min, 600 mL of supernatant was piped into a 5 mm NMR
tube for the NMR experiment.

2.8 1H NMR spectroscopic analysis

All 1H NMR spectra were measured at 298.2 K on a Brucker AV
600 MHz (Brucker, Germany) superconducting Fourier trans-
form NMR spectrometer, operating at a frequency of 600.13
MHz 1H. For the hippocampus and liver samples, 1H NMR
spectra were acquired using water-suppressed Carr–Purcell–
Meiboom–Gill (CPMG) spectra by the pre-saturation method. A
This journal is © The Royal Society of Chemistry 2017
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relaxation delay of 3.0 s and 4.0 s was used for the hippocampus
and liver samples, respectively. For each sample, an acquisition
time was set at 2.73 s. Each spectrum consisted of 64 scans with
a spectral width of 12 019.2 Hz and a spectral size of 65 536
points.
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2.9 NMR data processing and metabolomics analysis

All 1H NMR spectra were transformed by Fourier trans-
formation, and then phased and baseline corrected using
MestReNova soware (Mestrelab Research, USA). For NMR
data, the TSP acted as a chemical shi reference (d 0.00 ppm)
and the D2O provided a lock signal. Then, the region d 0.50–
9.00 ppm was reduced with a xed width of 0.02 ppm. Before
data normalization, the regions of d 4.68–5.20 ppm and d 3.30–
3.34 ppm were excluded to eliminate the effects of residual
water and CD3OD, respectively.

The acquired data were imported to SIMCA-P 13.0 (Umetric,
Sweden), and the data were mean-centered and Pareto-scaled
before analysis. In this study, the unsupervised pattern recog-
nition of PCA and the supervised pattern recognition of PLS-DA
were adopted. The quality of the PLS-DA model was monitored
by a permutation test, such as R2 for model interpretability and
Q2 for model predictability, and values of R2 or Q2 close to 1
suggested a good prediction for the established models. S-plots
and variable importance plot (VIP) values greater than 1.0 were
selected and these metabolites were further analyzed by an
independent sample t-test. Only variables with “VIP > 1.0” and
“p < 0.05” were selected as potential chemical markers.
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2.10 Statistical analysis

All experimental results were expressed as themean� SEM. The
data were determined by SPSS 16.0 (SPSS, Inc, Chicago, USA),
and were performed by one-way ANOVA followed by Tukey's
LSD test. P-Values less than 0.05 were considered signicant
and values less than 0.01 were considered highly signicant.
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3. Results
3.1 Chromatograms of BR and VBBR extracts and main
constituents identied

HPLC was used to quantify eight main saikosaponins: SSa, SSc,
SSd, SSb1, SSb2, SSb3, SSb4 and SSf. The contents of the eight
saikosaponins and the total saikosaponins in BR and VBBR are
listed in Table 1. The contents of SSb1 and SSb2 increased
dramatically (p < 0.05), while the SSa, SSc, SSd, SSb3 and SSf
decreased (p < 0.05) aer the vinegar-baking process.

The UHPLC-QTOF-MS chromatograms of BR and VBBR are
shown in Fig. 2, in which 30 characteristic peaks were assigned
by matching the empirical molecular formula with that of the
published compounds in Bupleuri Radix. The details are given
in ESI (Table S2†). Taking 400-O-acetyl-SSa as an example, the
identied results are shown in Fig. S1,†We could conclude that
the major types of components, including saikosaponins,
avonoids and lignans, from Bupleuri Radix were detected and
identied.
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 32652–32663 | 32655
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Fig. 2 UHPLC-Q-TOF-MS BPI of the extract of (A) Bupleuri Radix; (B) vinegar-baked Bupleuri Radix.
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3.2 Effects of BR and VBBR on the body weight

Body weight was used as a visual marker for CUMS-induced
rats. The MS group was signicantly reduced in body weight
compared with the NS group rats (p < 0.01) (Fig. 3a) at the end of
three weeks of CUMS protocol. This nding may be related to
lower food intake. Aer 3 weeks' drug administration, the BR
group showed signicant elevation in body weight (p < 0.05),
and the VBBR and FLU groups were remarkably increased
(p < 0.01) when compared to the MS group. The body weight
results indicated that VBBR has a better treatment effect on
depressive rats.

3.3 Effects of BR and VBBR on the sucrose preference test

In accordance with previous ndings, all rats which had
undergone CUMS displayed a signicant decline in sucrose
preference at the end of the third week (p < 0.01) (Fig. 3b). This
result proved that the model was successfully established. Aer
the administration of FLU, BR or VBBR for three weeks, this
phenomenon was reversed, displaying a remarkable increase in
the sucrose preferences of BR (p < 0.05), FLU and VBBR (p < 0.01)
groups compared to the MS group, indicating that VBBR had an
obvious effect on depressive rats.
32656 | RSC Adv., 2017, 7, 32652–32663
3.4 Effects of BR and VBBR on the open eld test

OFT is commonly used to evaluate locomotor activity and
exploratory behavior in experimental animals. Fig. 3c and
d show the horizontal scores and vertical scores before, during
and aer the CUMS protocol. Following three weeks of CUMS
procedure, the MS group displayed a signicant decrease (p <
0.01) in the horizontal and vertical scores compared to the NS
group, indicating that CUMS-induced rats had less locomotor
activity and declined in curiosity in a new environment. Aer
three weeks of treatment, both the horizontal and vertical scores
were remarkably elevated compared to the MS group (p < 0.05).
Of the BR and VBBR groups, the VBBR group revealed a signi-
cant reversion in the OFT (p < 0.01) compared to the MS group.

3.5 Effects of BR and VBBR on neurotransmitters in the
hippocampus and frontal cortex

As shown in Table 2, the CUMS procedure induced a signicant
reduction in DA, DOPAC, 5-HT and 5-HIAA in the hippocampus
and frontal cortex compared with the NS group (p < 0.01 or p <
0.05). In the hippocampus, BR treatments only increased the DA
levels (p < 0.05), while VBBR treatments could increase the 5-HT,
5-HIAA, DA and DOPAC signicantly compared with the MS
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of BR and VBBR treatment on the body weight (a), sucrose preference (b), locomotor activity (c), and exploratory behavior (d) in
CUMS-induced rats (NS: no CUMS, MS: CUMS, FLU: CUMS + FLU, BR: CUMS + BR, VBBR: CUMS + VBBR). Values given are the mean� SEM (n ¼
6). *p < 0.05, **p < 0.01, ***p < 0.001 compared with the NS group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the MS group.

Table 2 The metabolites (ng g�1 tissue) in the hippocampus and prefrontal cortex of ratsa

Groups Control (n ¼ 6) CUMS (n ¼ 6) CUMS + BR (10 g kg�1) CUMS + VBBR (10 g kg�1) CUMS + FLU (15 mg kg�1)

Hippocampus
5-HT 558.18 � 43.73 401.68 � 40.54* 528.16 � 52.17 552.01 � 54.54# 538.41 � 40.34#

5-HIAA 78.57 � 11.61 47.60 � 7.46* 76.56 � 7.29 79.22 � 11.03# 74.52 � 8.66#

DA 591.72 � 40.72 337.14 � 22.03** 478.07 � 86.28# 577.87 � 56.97## 495.55 � 26.67#

DOPAC 185.06 � 13.53 131.76 � 13.89** 143.96 � 21.76 208.09 � 8.19# 154.95 � 23.69

Prefrontal cortex
5-HT 629.55 � 59.17 407.25 � 76.10* 567.43 � 54.64 613.59 � 44.49# 585.72 � 85.56
5-HIAA 66.50 � 11.74 46.25 � 3.73* 61.59 � 10.72 69.54 � 5.56# 60.10 � 8.37
DA 492.97 � 147.16 382.57 � 111.39 330.29 � 63.32 497.52 � 55.83# 349.84 � 98.29
DOPAC 152.22 � 23.83 94.78 � 7.99 120.56 � 14.43 157.33 � 26.09 154.38 � 31.51

a Data represented as the mean� SEM (n ¼ 6/group). *p < 0.05, **p < 0.01 compared with the control group; #p < 0.05, ##p < 0.01 compared with the
model group.
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group (p < 0.05 or p < 0.01). In the frontal cortex, the VBBR
treatments signicantly increased 5-HT, 5-HIAA and DA levels (p
< 0.05); however, the 5-HT, 5-HIAA, DA and DOPAC levels in the
BR group showed no signicant difference compared with the
MS group. In all, the rats in VBBR showed a better trend of
recovery.

3.6 Metabolomics analysis based on 1H NMR

The representative 1H NMR spectra of the hippocampus and
liver samples are depicted in Fig. 4 and 5. The major
This journal is © The Royal Society of Chemistry 2017
endogenous metabolites were identied based on their char-
acteristic chemical shis and multiplicities according to the
literature and the Chenomx NMR Suite (Chenomx Inc., Alberta,
Canada).35–37 The identied metabolites were assigned and
labeled in the spectra. 1H NMR data and assignments are listed
in Table S3(a and b†). The metabolomics results are presented
using the PCA and OPLS-DA model (Fig. 6 and 7).

The score plot of the hippocampus and liver samples
(Fig. 6a, b, d and e) show an obvious separation, indicating that
the CUMS model was successfully established. The OPLS-DA
RSC Adv., 2017, 7, 32652–32663 | 32657
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Fig. 4 Representative 600MHzCPMG 1HNMR spectra of hippocampus samples. The low field region framed in the square has beenmagnified 8
times. The metabolites are labelled as follows: (1) lipids; (2) leucine; (3) isoleucine; (4) valine; (5) lactate; (6) alanine; (7) arginine; (8) acetate; (9) g-
aminobutyric acid; (10) glutamate; (11) glutathione; (12) acetoacetate; (13) succinate; (14) citrate; (15) sarcosine; (16) dimethylglycine; (17) 2-oxo-
glutarate; (18) creatine; (19) creatinine; (20) choline; (21) phosphatidylcholine; (22) glycerophosphocholine; (23) taurine; (24) trimethylamine N-
oxide; (25) betaine; (26) threonine; (27) myo-inositol; (28) aspartate; (29) glycine; (30) glycerol; (31) fumarate; (32) tyrosine; (33) histidine; (34)
phenylalanine; (35) phenylacetylglycine; (36) uracil; (37) xanthurenate.
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model parameters were as follows: (b) (R2X¼ 0.753, R2Y¼ 0.998,
Q2 ¼ 0.955), (e) (R2X ¼ 0.728, R2Y ¼ 0.935, Q2 ¼ 0.899).
Furthermore, a permutation test (permutation number: 200)
was carried out to validate the robustness of the OPLS-DA
model. As displayed in Fig. S2a and b,† either R2 or Q2 were
higher than all the points on the le, indicating great predict-
ability and goodness of t. The corresponding S-plot (Fig. 6c
and f) displayed an insight into the characteristic differential
metabolites for the separation between MS and NS, including
leucine, lactate, alanine, succinate, 2-oxoglutarate, sarcosine,
creatine, creatinine, taurine, glycerol, myo-inositol and
phenylalanine in the hippocampus and 2-oxoglutarate, taurine,
glycine, a-glucose, b-glucose, choline, glycerol, leucine, alanine
and lactate in the liver sample. These biochemical changes were
regarded as a direct effect of the CUMS procedure.

To obtain a global view of the response aer the CUMS
protocol and treatment, PCA and PLS-DA were established
based on the ve groups to reveal any possible variables
contributing to the CUMS procedure or BR/VBBR treatment
(Fig. 7a, b, d and e). The established PLS-DA model was per-
formed to validate the model with permutation testing. The
established models had high R2 and Q2 values, suggesting an
overall goodness of t (Fig. S2c and d†). Simultaneously, the
clusters of FLU, BR and VBBR could clearly be separated in the
PCA and PLS-DAmodels, and the VBBR group was locatedmuch
32658 | RSC Adv., 2017, 7, 32652–32663
closer to the NS than to the BR group in inner relation analysis
(Fig. 7c and f), which indicated that VBBR resulted in the best
regulating effect in restoring CUMS-induced metabolites to
normal levels.

By employing the CUMS-induced rat model of depression
and the 1H NMRmetabolomics approach coupled with PCA and
PLS-DA statistical analysis, twelve and ten metabolites were
signicantly altered in the hippocampal and liver tissue
extracts, respectively. Compared with the NS group, the levels of
lactate, alanine, succinate, glycerol, myo-inositol, choline,
glycine and glucose increased in the MS group, while leucine, 2-
oxoglutarate, sarcosine, creatine, creatinine, taurine and
phenylalanine levels were reduced. Potential biomarkers and
the results of trends in variables were identied, as listed in
Table 3. As shown in Fig. 8, these metabolites were involved in
the metabolic pathways of energy metabolism, amino acid
metabolism, glycolysis, inositol phosphate metabolism, lipid
metabolism and the tricarboxylic acid cycle (TCA cycle).
4. Discussion

Processing of herbal drugs has been a part of the heritage of
Chinese medicine, and the importance of processing has been
documented in the Huang Di Nei Jing for 2000 years. It has been
proved that the processing procedure could reduce the toxicity
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Metabolic profiles depicted by PCA, OPLS-DA score plots and s-plots derived from 1H NMR spectra of hippocampus samples (a–c) and
liver samples (d–f) between the NS and MS groups. Metabolite keys: (1) creatine; (2) creatinine; (3) taurine; (4) sarcosine; (5) 2-oxoglutarate; (6)
leucine; (7) phenylalanine; (8) lactate; (9) myo-inositol; (10) alanine; (11) succinate; (12) glycerol; (13) glycine; (14) choline; (15) a-glucose; (16) b-
glucose.

Fig. 5 Representative 600 MHz CPMG 1H NMR spectra of liver samples. The low field region framed in the square has been magnified 8 times.
The metabolites are labelled as follows: (1) lipids; (2) leucine; (3) isoleucine; (4) valine; (5) b-hydroxybutyrate; (6) lactate; (7) alanine; (8) arginine;
(9) acetate; (10) glutamate; (11) glutathione; (12) methionine; (13) succinate; (14) pyruvate; (15) dimethylamine; (16) dimethylglycine; (17) creatine;
(18) 2-oxo-glutarate; (19) O-acetylcarnitine; (20) choline; (21) glycerophosphocholine; (22) phosphoethanolamine; (23) taurine; (24) trime-
thylamine N-oxide; (25) betaine; (26) scyllo-inositol; (27) aspartate; (28), glycine; (29) glycerol; (30) oxidized glutathione; (31) b-glucose; (32) a-
glucose; (33) tyrosine; (34) histidine; (35) phenylalanine; (36) phenylacetylglycine; (37) uracil; (38) xanthurenate.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 32652–32663 | 32659
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Fig. 7 Metabolic profiles depicted by PCA, PLS-DA score plots and the inner relation derived from 1H NMR spectra of hippocampus samples (a–
c) and liver samples (d–f) from the NS, MS, FLU, BR and VBBR groups.

Table 3 The list of metabolites with significant changes related to the CUMS � treated rats

Metabolite Chemical shia (ppm) VIPb FCc Modeld BRe VBBRe Pathways

Hippocampus
Leucine 0.97(d), 3.73(m), 1.70(m) 1.73 0.48 Y** [# [## Valine, leucine and isoleucine metabolism
Lactate 1.33(d), 4.12(q) 1.54 1.60 [** Y# Y## Glycolysis/gluconeogenesis
Alanine 1.48(d), 3.73(m) 1.88 1.50 [** Y Y## Aspartate and amino acid metabolism
Succinate 2.36(s) 1.95 2.44 [** Y# Y## TCA cycle
2-Oxoglutarate 3.03(m), 2.42(m) 1.12 0.37 Y** Y Y## TCA cycle
Sarcosine 2.70(s), 3.60(s) 2.04 0.64 Y** Y Y# Glycine, serine and threonine metabolism
Creatine 3.02(s), 3.94(s) 3.50 0.45 Y** Y Y# Energy and amino acid metabolism
Creatinine 3.04(s), 4.07(s) 3.21 0.47 Y** Y## Y## Energy and amino acid metabolism
Taurine 3.27(t), 3.43(t) 2.17 0.49 Y** Y# Y## Amino acid metabolism
Glycerol 3.57(m), 3.79(m) 1.72 2.36 [** Y# Y# Glycerolipid metabolism
Myo-inositol 3.29(t), 3.54(dd), 3.62(m) 1.99 1.84 [** Y# Y## Inositol phosphate metabolism
Phenylalanine 7.33(d), 7.38(t), 7.43(t) 1.09 0.30 Y** Y# Y## Tyrosine metabolism

Liver
Leurine 0.98(d), 3.73(m), 1.70(m) 2.18 0.56 Y** [ [## Valine, leucine and isoleucine metabolism
Lactate 1.33(d), 4.12(q) 2.46 1.42 [** Y## Y## Pyruvate metabolism
Alanine 1.49(d), 3.73(m) 1.86 1.35 [** Y Y## Alanine, aspartate and glutamate metabolism
Choline 3.21(s), 4.05(m) 3.16 1.89 [** Y# Y# Lipid metabolism
2-Oxoglutarate 3.03(m), 2.43(m) 1.10 0.39 Y** [# [## TCA cycle
Taurine 3.27(t), 3.41(t) 3.61 0.42 Y** [ [## Taurine and amino acid metabolism
Glycine 3.55(s) 2.71 1.84 [** Y# Y## Glycine, serine and threonine metabolism
Glycerol 3.58(m), 3.78(m) 1.75 1.55 [** Y# Y## Lipid metabolism
b-Glucose 4.65(d) 1.64 1.10 [ Y## Y## Glycolysis/gluconeogenesis
a-Glucose 5.24(d) 2.57 1.20 [** Y# Y# Glycolysis/gluconeogenesis

a Multiplicity: s, singlet; d, doublet; t, triplet; q, quartet, m, multiplets. b VIP was obtained fromOPLS-DAmodels (Fig. 6b and 5e). c Fold change (FC)
was calculated as the ratio of the mean metabolite levels between the model and control groups. FC with a value > 1 indicates a relatively higher
concentration while a value < 1 means a relatively lower concentration present in themodel group compared with the controls. d Compared with the
control group. e compared with the model group: [ indicates a relative increase in the signal, while Y indicates a relative decrease in the signal.
Compared with control group: *p < 0.05, **p < 0.01; compared with model group: #p < 0.05, ##p < 0.01.

32660 | RSC Adv., 2017, 7, 32652–32663 This journal is © The Royal Society of Chemistry 2017
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Fig. 8 An overview of the metabolic pathways related to the CUMS-induced depression. Red: increased in the MS group; blue: decreased in the
MS group.
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and/or enhance the therapeutic effect aer proper processing
with parching, steaming and soaking, etc.38 Previous studies
revealed the antidepressant effects of BR and VBBR in
reserpine-induced hypothermia in mice and CUMS-induced
depression models in mice.15,16 To the best of our knowledge,
this study is the rst to simultaneously compare the main
constituents and antidepressant effects of BR and VBBR in a rat
model of CUMS-induced depression. The current study revealed
that the contents of components in BR were changed aer being
vinegar-baked. In addition, both BR and VBBR exerted anti-
depressant effects against CUMS-induced depression, and
VBBR showed a better recovery trend than that of BR, which is
in accordance with the reported literature.16 Here in this study,
the vinegar baking process caused an increase in SSb1 and SSb2,
but a decrease in SSa, SSd, SSc, SSb3 and SSf. However, the anti-
depressant effect of BR was not decreased aer processing.
Thus, SSb1 and SSb2, as well as other compounds in VBBR, may
also contribute to the antidepressant therapy, some of which
may possess a much stronger effect than those of SSa, SSd, SSc
and SSf. To verify this result, antidepressant effects of BR and
VBBR were further compared by OFT, SPF and body weight. The
dramatic decrease in the sucrose consumption and locomotor
activity conrmed that the depression model was successfully
established. Notably, CUMS treatment with BR and VBBR for 3
weeks signicantly reversed these behavioral changes in CUMS
rats, suggesting that BR and VBBR had antidepressant effects,
and the rats in VBBR showed a better trend of recovery.

Considerable research has suggested that monoaminergic
transmitters play a critical role in the modulation of depression.
The reductions in major monoamine neurotransmitters,
particularly 5-HT and DA as well as their metabolites, lead to
depression.39 Consistent with previous reports, our current
study also showed that the levels of neurotransmitters were
lower in the hippocampus and frontal cortex of CUMS rats.
However, both BR and VBBR treatment signicantly increased
DA levels in the hippocampus (p < 0.05, p < 0.01, respectively).
Moreover, VBBR signicantly increased 5-HT, 5-HIAA and
DOPAC in the hippocampus and frontal cortex. Therefore, the
above data suggested that VBBR exhibits more potential anti-
depressant activity, partially by regulating the levels of
This journal is © The Royal Society of Chemistry 2017
neurotransmitters in the CUMS rats, particularly DA in the
hippocampus and 5-HT in the prefrontal cortex.

The hippocampus plays an important role in the response to
stress, especially in the adjustment to repeated stressful expe-
riences.27 Meanwhile, the liver is a very vulnerable organ to
anger, stress and depression, resulting in liver-qi (gan-qi-yu-jie)
stagnation, which are the etiological factors of depressive
disorders.29 To clarify the alteration in metabolism aer the
CUMS procedure and BR and VBBR administration, we used
a 1H NMRmethod coupled with multivariate statistical analysis
to screen and identify metabolic perturbations in the hippo-
campus and liver. In total, 37 and 38metabolites were identied
from the hippocampus and liver, respectively. Furthermore,
twelve and ten metabolites from the hippocampus and liver
showed signicant perturbations induced by CUMS modeling.

Glycine is an inhibitory neurotransmitter in the central
nervous system.40 Here in this study, CUMSmodeling caused an
increased in glycine, but this could be normalized following
VBBR and FLU treatment. Additionally, leucine is the only die-
tary amino acid that can stimulate muscle protein synthesis,41

which was signicantly decreased in CUMS-induced rats
compared with the NS group. It was believed that the decrease
in leucine in the MS group was possibly related to the loss of
appetite.42 While loss of appetite was a common symptom in
patients with depression. Aer treatment with BR and VBBR,
the levels of glycine and leucine were restored to normal levels,
indicating the reduced activity of ketogenesis.

Glycerol is a simple polyol compound that forms the carbon
backbone of all triglycerides.43 The high level of glycerol in
CUMS-induced rats may be caused by an increase in lipidolysis.
In addition, choline, an important intermediate of lipid
metabolism, forms phospholipids with major structural and
functional roles in eukaryotic cell membranes. Experimental
results have shown that the level of choline increased in
depressive rats, indicating the metabolic dysfunction of the
lipid metabolism when the rats were depressed, which was
consistent with previous reports about depression or antide-
pressants.44,45 Additionally, the level of myo-inositol, a second
messenger metabolite, was also high in the prefrontal cortex of
patients with depression.46
RSC Adv., 2017, 7, 32652–32663 | 32661
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2-Oxoglutarate plays an important role in maintaining the
production of chemical energy through the TCA cycle. It is
associated with energy metabolism.47 A reduction in 2-oxogluta-
rate in the depressed rats was indicative of TCA cycle dysfunc-
tion. Meanwhile, the increased succinate described in this study
suggested that the normal process of the TCA cycle was disturbed
aer CUMS stimulation. Lactate, a part of the adaptive response,
can be used to assess the severity of the supply imbalance. In the
MS group, a high concentration of lactate may be caused by
dysfunction in energy metabolism, and too much lactate can
cause acidosis.48 Alanine, an aliphatic non-polar amino acid, can
assist glucose metabolism, improving the body's energy supply.49

Our tentatively identied results agreed with those reported by
J. L. Chen et al.50 The same biomarkers “lactate and alanine”were
found as potential markers for depression in their CUMS rat
livers. In the present study, the abnormal energy metabolism of
CUMS rats was restoredmost aer VBBR administration. That is,
the levels of succinate, alanine and lactate could be down-
regulated and 2-oxoglutarate could be up-regulated, suggesting
that VBBR could improve the antidepressant effect caused by
glycolysis, energy metabolism and TCA cycle.

Taurine is a kind of sulfur-containing amino acid. It has lots
of biological functions, such as neuroprotective effects, the
maintenance of membrane stability and modulation of calcium
signaling. Taurine deciency may present the main symptom of
mental depression and it has been reported that it was decient
in nearly all depressed patients and taurine might represent
a new adjuvant drug for the treatment of depression.51 Here in
this study, the level of taurine was signicantly decreased in the
MS group. This is in agreement with previous reports that
a lower level of taurine was found in the urine/brain tissues of
CUMS rats.52,53 Aer BR/VBBR administration, an elevated level
of taurine was observed, indicating that the anti-depressive
effect of BR/VBBR may be associated with promoting the
synthesis of taurine. However, the level of taurine changedmost
in the VBBR group, indicating that its therapeutic effect was
much better than that of BR.

The concentration of a-glucose in the MS group was
increased signicantly. It has been reported that depression is
correlated with glycolysis.54 Depression frequently occurs in
patients with diabetes mellitus. Glycolysis may be affected by
the abnormal secretion of depression-related hormones, and
there are reports suggesting that antidepressant treatment is
assumed to improve impaired glucose tolerance.55 Aer VBBR
treatment, the levels of a-glucose and b-glucose tended to be
normal, which indicated that VBBR can adjust the glyco-
metabolic disorder caused by depression.

The signicant decrease in creatine and creatinine in the MS
group can produce a disorder of energy metabolism, which is an
important pathological mechanism of depression. Creatinine is
a breakdown product of creatine and it has been reported that
the reduction of creatinine is connected with oxidative stress.
Therefore, the decreased levels of creatinine and creatine in the
MS rats indicates that depression may be caused by CUMS.
Phenylalanine is an essential amino acid and it can be metab-
olized into tyrosine by the action of phenylalanine hydroxylase.
In the present study, the increased level of hippocampus
32662 | RSC Adv., 2017, 7, 32652–32663
phenylalanine in MS rats might be due to a tryptophan meta-
bolic disturbance induced by CUMS, which was not consistent
with previous reports.52 Additionally, these metabolites, such as
alanine, 2-oxoglutarate, sarcosine and creatine, were not regu-
lated by BR, suggesting that there are differences between the
treatment mechanisms of BR and VBBR.

5. Conclusion

In present study, the antidepressant effects in CUMS-induced
rats were more potent when Bupleuri Radix was administered
aer vinegar processing (VBBR), which was correlated with
changes in the contents of the main constituents in BR and
VBBR. And the administration of VBBR synergistically antide-
pressant effects were displayed via the regulation of neuro-
transmitters and multiple metabolic pathways, primarily
involving energy metabolism, amino acid metabolism, glycol-
ysis, inositol phosphate metabolism, lipid metabolism and the
TCA cycle. These ndings could facilitate a better under-
standing of the antidepressant mechanisms of Bupleuri Radix.
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