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effect of total glycosides from
paeonies against neurotoxicity induced by
strychnos alkaloids related to recovering the levels
of neurotransmitters and neuroendocrine
hormones in rat serum and brain†

Linjia Sun,a Yu Chen,a Chenzhi Hou,b Xiaoyang Sun,a Zhipeng Wang,a Shujuan Li,a

Mingming Lva and Xiaohui Chen *a

Semen Strychni, a classical traditional Chinese medicine, has been widely used for its anti-tumor, analgesic

and anti-inflammatory angiogenesis effects. However, taking an overdose of Semen Strychnimight result in

extreme neurotoxicity. Strychnos alkaloids are the main toxic constituents of Semen Strychni. Total

glycosides from paeonies are considered to have neuroprotective effects. In this study, twelve potential

endogenous biomarkers in rat serum and brain were monitored to investigate the protective effect of

total glycosides from the paeony against strychnos alkaloids-induced neurotoxicity. A sensitive liquid

chromatography-tandem mass spectrometry method was developed and validated to monitor eight

neurotransmitters including glutamate, g-aminobutyric acid, acetylcholine serotonin, dopamine,

norepinephrine, tryptophan and tyrosine. An enzyme-linked immunosorbent assay method was selected

for determination of four neuroendocrine hormones including thyrotrophin-releasing hormone,

corticotrophin-releasing hormone, antidiuretic hormone and prolactin. Results showed that continuous

administration of strychnos alkaloids for 15 days caused significant changed levels of the biomarkers

(especially the four neuroendocrine hormones). Meanwhile, total glycosides from paeony pretreated rats

(administrated with total glycosides from the paeony for 15 days before exposure to strychnos alkaloids)

showed recovered levels of these biomarkers. The results suggested that the neurotransmitters and

neuroendocrine hormones in serum and brain might play potential roles as biomarkers. This study

provides the possibility of alleviating the Semen Strychni-induced neurotoxicity in clinic by pre-

protection with total glycosides from paeonies.
1. Introduction

The nervous system is one of the systems with high probability
of adverse reactions caused by traditional Chinese medicines.1–3

It has been widely reported that neurotoxicity is responsible for
some neurodegenerative diseases and brain injuries.4,5 It is very
meaningful to nd a comprehensive and effective strategy to
indicate herb-induced neurotoxicity. When central or periph-
eral nervous system injuries occur, levels of some endogenous
substances in body uids or tissues are liable to alter, and can
therefore be used as potential biomarkers.6,7
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Neurotransmitters are widely distributed in organisms, and
play important roles in the nervous system's function.8

Abnormal alteration of neurotransmitters has been found to be
closely associated with many neurological diseases including
Parkinson's, Alzheimer's disease, depression and epilepsy.9

High level of glutamate (Glu), an excitatory amino acid, has
been shown to cause damage of many cell components leading
to neuronal death.10,11 In contrast, g-aminobutyric acid (GABA)
is an inhibitory amino acid which can control the excitability
and responsiveness of neurons.12 Acetylcholine (Ach) is
supposed to activate the neuronal nicotinic acetylcholine
receptors which could stimulate the voltage gated calcium
channels, then causes accumulation of cytosolic calcium and
triggers seizures.13,14 Monoamine neurotransmitters including
serotonin (5-HT), dopamine (DA) and norepinephrine (NE) are
also found to be actively involved in the pathophysiology of
drug-induced neurotoxicity.15–19 Tyrosine (Tyr) is the precursor
of NE and DA, while tryptophan (Trp) is the precursor of 5-HT.
Hence, the levels of these two amino acids could also reect
This journal is © The Royal Society of Chemistry 2018
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changes of monoamine neurotransmitters. As reported in some
literature recently, the varied concentrations of neurotrans-
mitters or their precursors may be the hallmark of nervous
system abnormalities.20,21

Neuroendocrine hormones are associated with the nervous
system function as well. Thyrotrophin-releasing hormone (TRH),
corticotrophin-releasing hormone (CRH) and antidiuretic
hormone (ADH) are peptide hormones which are rstly secreted
by the neurosecretory cells of the hypothalamus and then
drained via the pituitary portal system to their target cells.22 Some
xenobiotics can damage the neurosecretory cells, leading to
reduced synthesis and secretion of these hormones.23 It has been
found that the concentrations of hypothalamic hormones had
declined in some neurodegenerative diseases.24,25 Moreover,
dysregulation of the hypothalamic–pituitary–adrenal axis is
considered to be one of the major pathogenesis of depression.26

Prolactin (PRL), a protein hormone mainly synthesised and
secreted by the lactogenic cells of the adenohypophysis, has
multiple biological actions.27 Especially, it was indicated that PRL
is involved in the brain recovery from hypoxic-ischemic injury.28

Based on these evidences it could be speculated that when herb-
induced neurotoxicity happens, the metabolic equilibrium of
hormones may have been disrupted, and levels of these
hormones in serum and brain may alter.

As a common-used traditional medicine, Semen Strychni
exhibits anti-tumor, analgesic, immune regulation, anti-
inammatory angiogenesis and other therapeutic effects.29

However, for a long time, it was limited to use due to its fatal
neurotoxicity. Alkaloids (e.g. strychnine and brucine), the main
pharmacodynamic constituents of Semen Strychni, are the toxic
constituents as well.30,31 Low doses of strychnos alkaloids
increase the activity of certain functions in the central nervous
system, while high doses will result in tonic convulsions and
nally death through respiratory paralysis or cardiac arrest.32 In
addition, the therapeutic dose of strychnos alkaloids is close to
the toxic dose.33 For these reasons, it is urgent to alleviate the
neurotoxicity caused by Semen Strychni and improve the appli-
cation of Semen Strychni in clinic.

Total glycosides from paeony (TGP), mainly consist of paeoni-
orin and albiorin, are the extract of traditional Chinese medi-
cine Radix Paeoniae Alba. According to literature, decocting
together with Radix Paeoniae Alba simultaneously increased the
therapeutic effects and the LD50 of Semen Strychni.34,35 Paeoniorin
and albiorin have comprehensive pharmacological effects on
nervous system, with a signicant improvement in neurological
diseases such as Alzheimer's, Parkinson's and cerebral ischemic
injury.36–38 They are reported to have benets like improving
learning and memory, analgesia, conscious-sedation and anti-
oxidation.39,40 It has been demonstrated that TGP might exert its
neuroprotective effect based on activating adenosine A1 receptor,
regulating ion channel homeostasis, ameliorating the function of
the cholinergic nerve, retarding oxidative stress and apoptosis of
neurons and promoting nerve growth.41 In our previous study, we
have found that TGP could improve the brain energy metabolism
and rebuilds the homeostasis against strychnos alkaloids-induced
neurotoxicity.42 Thus, we conjectured TGP to be a satisfactory
protective drug against strychnos alkaloids-induced neurotoxicity.
This journal is © The Royal Society of Chemistry 2018
In this study, eight neurotransmitters or their precursors (Glu,
GABA, Ach, 5-HT, DA, NE, Trp and Tyr) in rat serum and brain
were quantied simultaneously based on a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
method. Besides, enzyme-linked immunosorbent assay (ELISA)
was selected for determination of four neuroendocrine hormones
(TRH, CRH, ADH and PRL). The newly developed method was
applied to investigate the neuroprotective effect of TGP against
strychnos alkaloids-induced neurotoxicity. We not only aim to
improve the clinical security of Semen Strychni, but also kindly
expect our research will be helpful in monitoring the neurotox-
icity caused by Semen Strychni or other herbs in early stages.
2. Experimental
2.1 Materials and reagents

Semen Strychni, Paeoniae Radix Alba and Datura stramonium
(positive control herb) were obtained from Anguo Lengbei Co. Ltd
(Baoding, Hebei, China). The herbs were authenticated by
Professor Ying Jia (Pharmacognosy Department, Shenyang Phar-
maceutical University). The reference standards of Glu, GABA, Ach,
5-HT, NE, DA, Trp, Tyr and tinidazole (IS) were purchased from
Shanghai Yuanye Biological Technology Co., Ltd (Shanghai, China)
(Fig. 1). The purities of the reference standards were all above 98%.
Acetonitrile and methanol (HPLC grade) were obtained from
Fisher Scientic (Pittsburgh, USA). Formic acid was provided by
Kermel Chemical Reagent Co., Ltd (Tianjin, China). Elisa kits of
TRH, CRH, ADH and PRL were purchased from Shanghai Meilian
Biological Technology Co., Ltd (Shanghai, China).
2.2 Preparation of herbs

The raw Semen Strychni was pulverized and extracted by reuxing
with 50% ethanol (1 : 10, w/v) for three times and 1 h for each
time. The solutions were combined together, ltrated, and
concentrated in vacuum to get the crude sample. Then it was
suspended into water and regulated to pH ¼ 2 with HCl. The
mixed solution was extracted with methylene chloride for four
times. The aqueous layer was subsequently collected and alkal-
ized to pH¼ 10 withNaOH, then extracted with dichloromethane
for another four times. The dichloromethane layer was concen-
trated by rotary evaporation then dried on water-bath. The
resultant residue was the strychnos alkaloids extract (SAE).

Sliced Paeoniae Radix Alba was extracted three times with
70% ethanol (1 : 8, w/v) for two hours each time. The extracts
were obtained by concentrating the ltrates and drying under
vacuum. Then the crude sample was suspended in water and
chromatographed on macroporous resins with 70% ethanol.
The eluate was collected and evaporated to dryness under
reduced pressure, which yielded a dry powder of TGP.

Datura metel L. (mainly consists of scopolamine) was selected
as positive control herb for its proved excited neurotoxicity.42–44

The raw Datura metel L. was pulverized and extracted by reuxing
with 75% ethanol (1 : 10, w/v) for three times and 1 h for each
time. The extract was obtained by concentrating the ltrates.
Finally, all the extracts were dissolved with 0.5% carboxymethyl
cellulose sodium (CMC-Na) for oral administration.
RSC Adv., 2018, 8, 29210–29219 | 29211
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Fig. 1 Chemical structures of analytes and IS by LC-MS/MS.
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2.3 Animal treatment

A total of 96 male Sprague-Dawley rats (250 � 20 g) were kindly
provided by the Experimental Animal Central of Shenyang
Pharmaceutical University. All animal experiments were strictly
in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and were approved by
the Institutional Ethical Committee (IEC) of Shenyang Phar-
maceutical University. Animals were housed in laboratory
conditions and acclimatized to 7 days before experiments.

In our previous studies, the following strategy to develop the
neurotoxicity model was established and conrmed by behav-
ioral tests and biochemical assay.45 Rats were randomly divided
into four groups:

Blank group: rats were orally administrated with the vehicle
(0.5% CMC-Na solution) every day for 30 days.

Positive control group: rats were orally administrated with
the vehicle (0.5% CMC-Na solution) every day for 15 days, from
16th day were given Datura metel L. extract (equivalent to 14.78 g
kg�1 calculated by raw herb) every day for 15 days.

Strychnos alkaloids extract (SAE) group: rats were orally
administrated with the vehicle (0.5% CMC-Na solution) every
day for 15 days, from 16th day were given SAE (12 mg kg�1) for
15 days.

Total glycosides from paeony (TGP) group: rats were orally
administrated with TGP (250 mg kg�1) every day for 15 days,
and from 16th day were given SAE (12 mg kg�1) for 15 days.

2.4 Bio-sample collection

Blood samples were collected 0.5 h aer oral administration on
the 15th, 16th (the rst day of orally administrating SAE and
Datura metel L.), 18th, 23rd, 30th day, and serum was obtained
by centrifugation of blood (3000 rpm for 8 min). Rats (n ¼ 6 for
each group) were separately sacriced on the 16th, 18th, 23rd,
29212 | RSC Adv., 2018, 8, 29210–29219
30th day then the brain tissues were excised. All the samples
were stored at �80 �C until analysis.

On the 30th day aer administration, brain samples for
histopathology were collected and xed in 10% formalin-saline
for 48 h, then embedded in paraffin.

2.5 Histopathology

Brain samples were sliced to 3 mm wax sections, and the tissue
sections were stained with hematoxylin and eosin (H&E) for
microscopic examinations aer gradual rehydration in a series
of graded alcohols.

2.6 LC-MS/MS assay of neurotransmitters and their
precursors

2.6.1 Instrument and conditions. An AB SCIEX Instru-
ments 5500 triple quadrupole (Applied Biosystems, Foster City,
CA) interfaced online with an Agilent 1260 Series Rapid Reso-
lution LC system (Agilent Technologies, Santa Clara, CA) was
applied in the assay. The chromatographic separation was
achieved on a Shiseido CAPCELL PAK C18 MG column (4.6 mm
� 150 mm, 5 mm). A water (containing 0.1% formic acid, solvent
A)/acetonitrile (solvent B) system was used as the mobile phase.
Separation was completed using the following gradient
program at a ow rate of 0.8 mL min�1 for 15 min: 0–1 min, 5%
B; 1–10 min, 5–95% B; 10–11 min, 95% B; 11–12 min, 95–5% B;
12–15 min, 5% B. The column temperature was set at 30 �C.

An electrospray ionisation (ESI) interface and triple
quadruple mass analyser was used in this method. The analytes
and IS were analyzed by multiple-reaction monitoring (MRM)
scanning in a positive ion mode. The optimized mass spectro-
metric instrument parameters obtained aer tuning were as
follows: ion source temperature was at 650 �C; curtain gas, gas 1
and gas 2 were 35, 50 and 50 psi; ion spray voltage and entrance
This journal is © The Royal Society of Chemistry 2018
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potential were 5500 and 10 V, respectively. The characteristics of
ion pairs (corresponding to declustering potential DP, collision
energy CE, collision cell exit potential CXP) were m/z 148.2 /

84.1 (40, 24, 16) for glutamate, m/z 104.2 / 87.1 (24, 15, 18) for
g-aminobutyric acid, m/z 146.2 / 87.2 (49, 20, 5) for acetyl-
choline, m/z 177.1 / 160.2 (41, 15, 11) for serotonin, m/z 154.1
/ 137.2 (38, 14, 8) for dopamine, m/z 170.1 / 152.2 (32, 11, 8)
for norepinephrine, m/z 182.0 / 136.1 (50, 16, 8) for tyrosine,
m/z 205.2 / 188.0 (41, 15, 11) for tryptophan and m/z 248.1 /

121.2 (72, 24, 25) for tinidazole (IS).
2.6.2 Preparation of calibration standard and quality

control (QC) samples. The standard stock solutions (1.0 mg
mL�1) of Glu, GABA, Ach, 5-HT, NE, DA, Trp, and IS were
separately prepared in methanol–water (70 : 30, v/v). Tyr was
prepared inmethanol–water (10 : 90, v/v) containing 0.5% 0.5 M
hydrochloric acid. The stock solutions were further diluted with
methanol to make a series of mixed working solutions.

Calibration standards of analytes were prepared by spiking
blank serum or brain homogenate (100 mL) into working stan-
dards (100 mL) at different concentrations which were evapo-
rated to dryness at 30 �C under a stream of nitrogen before
sample preparation. The calibration ranges of analytes are
shown in Tables S1 and S2.† The QC samples were prepared in
the same way at low, middle and high concentrations for serum
and brain homogenate as shown in Tables S3–S6.†

2.6.3 Sample preparation. All frozen samples were thawed
at room temperature prior to analysis. An aliquot of 100 mL
serum was spiked with 10 mL IS (0.5 mg mL�1) and vortex-mixed
for 30 s, then deproteinized with 300 mL acetonitrile by vortexing
for 5 min. Aer centrifugation (13 000 rpm, 5 min), 100 mL of
supernatants were diluted to 500 mL with acetonitrile. An
aliquot of 10 mL of the solution was injected into the LC-MS/MS
system for analysis.
Fig. 2 Representative histopathological photographs of rat cerebral cor
group, (D) TGP group. Arrow: neuronophagia.

This journal is © The Royal Society of Chemistry 2018
The brain tissue samples were homogenized in acetonitrile
(1 : 10, w/v) containing 0.1% formic acid. Every 100 mL of
homogenate was spiked with 10 mL IS (1 mg mL�1) and vortex-
mixed for 30 s, then the mixtures were extracted by protein
precipitation using 890 mL acetonitrile. Aer vortexing for 5 min
and centrifugation at 13 000 rpm for 5 min at 4 �C, 10 mL of the
supernatants were injected for analysis.

2.6.4 Method validation. The method was validated
according to the US Food and Drug Administration bio-
analytical method validation guidances with respect to lower
limit of quantication (LLOQ), linearity, precision, accuracy,
absolute recovery, matrix effect and stability.46 Because of the
inherent existence of these endogenous substances in the
serum and brain, blank value of each analyte should be sub-
tracted from each calibration point.
2.7 ELISA assay of neuroendocrine hormones

CRH, TRH, ADH and PRL were determined using ELISA kits in
conformity with the directions of the manufacturer in 96-well
plates. The brain tissue samples were homogenized in ten-fold
volume of phosphate buffer solution (pH ¼ 7.4) then cen-
trifugated (3000 rpm, 20 min). The supernatants were collected
for determination. The serum samples were used directly. Aer
the enzyme reaction, the absorbance was determined at 450 nm
using microplate reader F039003 (TECAN, Austria), and the
concentrations were calculated according to the standard curve,
which were in the ranges of 0.5–8 mIUmL�1 for TRH, 5–80 ng L�1

for CRH, 5–80 ng L�1 for ADH and 50–800 ng L�1 for PRL.
2.8 Data analysis and statistics

Statistical data were processed using SPSS (version 19.0).
Differences between different groups were evaluated by one-way
tex (40�). (A) The blank group, (B) the positive control group, (C) SAE

RSC Adv., 2018, 8, 29210–29219 | 29213
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analysis of variance (ANOVA) followed by LSD multiple
comparison tests. Statistical signicance was considered when
the value of p less than 0.05 or 0.01.
3. Results and discussion
3.1 Histopathology

As shown in Fig. 2, the brain tissue specimen in the blank group
showed normal appearances. In the positive control group and
SAE group, the specimens showed severe neuronophagia at
cerebral cortex, indicating the necrosis of neurons. The spec-
imen in TGP group showed normal appearances compared with
the SAE group, except for mild hyperplasia of the microglia.
3.2 Method validation of LC-MS/MS

The retention times of Glu, GABA, Ach, 5-HT, DA, NE, Trp, Tyr
and IS in samples were 1.92, 1.87, 2.01, 5.54, 3.10, 1.93, 6.40,
3.69 and 7.62 min respectively (Fig. 3), which were in accor-
dance with those of standard solutions. The calibration curves
of analytes were constructed by weighted (1/x2) least square
linear regression. LLOQ was dened as the lowest concentration
of the calibration curve with acceptable accuracy and precision.
Good linearities with r > 0.9904 and LLOQ in serum and brain
Fig. 3 Representative chromatograms of profiles of analytes by LC-MS/

29214 | RSC Adv., 2018, 8, 29210–29219
are showed in Tables S1 and S2.† The precision and accuracy of
the method were evaluated by six replicates at each QC level per
day for three days. The intra-day and inter-day precision (RSD,
%) were less than 13.9% and the accuracy (RE, %) ranged from
�4.6% to 5.6%. The mean recovery was more than 73.2% at
each concentration and the matrix effects ranged from 91.0% to
110.0%. The stability of these analytes at room temperature for
4 h, �80 �C for 1 month, freeze–thaw cycles, and 4 �C in the
auto-sampler for 12 h were all within the acceptable range.
(Tables S3–S6†). These results indicated that the developed
method was reliable and reproducible for quantitative
determination.
3.3 Neurotoxicity biomarkers assays

The column chart of the levels of neurotransmitters in serum is
shown in Fig. 4. When compared with the blank group, the level
of Ach in rat serum of positive control and SAE group showed
a signicant elevation since the 18th day (p < 0.05); the levels of
5-HT and Trp in serum statistically increased from the 23rd day
(p < 0.05); the concentrations of DA, NE and Tyr showed
signicant reduction since the 23rd day (p < 0.05); the level of
Glu increased slightly and the level of GABA decreased slightly.
While, the levels of analytes almost returned to normal levels in
MS.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Results of levels of Glu, GABA, Ach, 5-HT, DA, NE, Trp and Tyr in serum of four groups on different days by LC-MS/MS (n ¼ 6). **p < 0.01
and *p < 0.05 (compared with blank group rats); ##p < 0.01 and #p < 0.05 (compared with SAE group rats).
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the TGP group when comparing to the SAE group (p < 0.05). The
levels of neurotransmitters in brain are shown in Fig. 5, the
concentration trends of these biomarkers in brain were gener-
ally in agreement with those in serum.

As to neuroendocrine hormones, compared with the
concentrations in the blank group, levels of TRH, CRH, ADH
and PRL in the positive control and SAE group showed an
obvious decreasing trend in serum since the 16th day (p < 0.05),
as shown in Fig. 6. The TGP group showed a signicant recovery
towards normal levels when compared with the SAE group.
Fig. 7 shows the levels of neuroendocrine hormones in brain
samples. Similar as the serum samples, the concentrations in
the positive control and SAE group decreased signicantly since
the 16th day (p < 0.05), except for TRH (the 23rd day). Mean-
while, the TGP group showed a signicant difference when
compared with the SAE group. The above results showed that
these neurotransmitters and hormones metabolic pathways
might be disturbed aer administration of SAE, and TGP could
recover them signicantly.
This journal is © The Royal Society of Chemistry 2018
3.4 Biochemical interpretation

The doses (12 mg kg�1 for SAE, 14.78 g kg�1 for Datura metel L.
and 250 mg kg�1 for TGP) were selected based on our previous
study, to achieve the most appropriate toxic and pre-protect
effects.45 In this study, histopathological results revealed
a high dose of SAE might cause brain injury by successive
administration for 15 days. Moreover, pretreatment of TGP for
15 days could attenuate this damage. Levels of twelve analytes
changed signicantly aer successive administration of
strychnos alkaloids, in accordance with alterations in the
positive control group, indicating their potential roles of
neurotoxicity biomarkers.

Strychnine and brucine take up more than 70% among the
strychnos alkaloids.47 Although strychnine and brucine are
difficult to cross the blood-brain barrier, powerful central
nervous excitement effect could be exhibited.48 Firstly, strychnine
blocks or antagonizes the inhibitory glycine receptor (GlyR),
a ligand-gated chloride channel in the spinal cord.49 The
RSC Adv., 2018, 8, 29210–29219 | 29215
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Fig. 5 Results of levels of Glu, GABA, Ach, 5-HT, DA, NE, Trp and Tyr in brain tissue of four groups on different days by LC-MS/MS (n ¼ 6). **p <
0.01 and *p < 0.05 (compared with blank group rats); ##p < 0.01 and #p < 0.05 (compared with SAE group rats).
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excitatory synapses can then exert their action unrestrainedly,
which might cause an increase in spinal reex.32 At the same
time, whole central nervous system including the medullary
respiratory center, vascular motor center and the cerebral cortex
sensory center might be irritated.47,50,51 Thus, a high dose of
strychnine can induce central or peripheric excitatory reactions
like hyperactivity of sensory, dyspnoea, tonic convulsions and
nally death through respiratory or spinal paralysis or by cardiac
arrest. Toxicity of brucine is similar to that of strychnine, but the
toxic dose of brucine is much higher than strychnine.32

The balance between excitation and inhibition in the
nervous system is related to multiple neurotransmitters. As an
example, glutamate, acetylcholine and serotonin are excitatory
neurotransmitter, while dopamine and GABA belong to inhib-
itory neurotransmitter.52 Serotonergic, noradrenergic, dopami-
nergic, cholinergic GABAergic and glutamatergic neural
circuitry interact with each other to maintain the normal
activity of the nervous system.53 Exposure to neurotoxicants can
alter the synthesis, store and release of some neurotransmitters,
which might cause many abnormal physiological states. Based
29216 | RSC Adv., 2018, 8, 29210–29219
on results in this study, a speculation could be established that
the strychnos alkaloids do not directly damage the brain, but
lead lesion through the over-excitement of CNS which could be
reected by the disordered neurotransmission.

Neuroendocrine hormones have comprehensive regulatory
effect on CNS. Feedback regulation exists between neurotrans-
mitters and neuroendocrine hormones, which might be impli-
cated in some neurodegenerative diseases or cerebral
trauma.54–56 This study demonstrated that the neurotoxicity
induced by strychnos alkaloids could cause the decrease of
TRH, CRH, ADH and PRL in serum and brain. It could be
inferred that excessive excitement by strychnos alkaloids could
induce degeneration or death of hypothalamic and pituitary
neurosecretory cells then damage the hypothalamic–pituitary–
gland axis, causing decreased secretion of hormones.57

Pre-administration of TGP signicantly recovered the
changed biomarkers induced by strychnos alkaloids in this
study. Strychnine and brucine are substrates of CYPs.58 It was
reported that paeoniorin and albiorin (main compounds of
TGP) could regulate the activity of CYP3A4 and CYP2D6.59
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Results of levels of TRH, CRH, ADH and PRL in serum of four groups on different days by ELISA (n¼ 6). **p < 0.01 and *p < 0.05 (compared
with blank group rats); ##p < 0.01 and #p < 0.05 (compared with SAE group rats).
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Previous toxicokinetics study suggested that TGP delayed the
absorption and accelerated the metabolism of strychnine and
brucine, thus reduced the neurotoxicity.60 That might interpret
the normalization of biomarkers in the TGP group in some
ways. For another hand, paeoniorin and albiorin have
comprehensive neuroprotective effects on nervous system.
These effects have been attributed to the involvement of
multiple modulatory pathways, mainly anti-oxidative stress,
regulating calcium ion homeostasis, anti-inammatory and
inhibiting cell apoptosis.61 TGP was reported to possess the
ability to penetrate the blood-brain barrier, indicating the
possibility that TGP can directly act on the CNS.62 Paeoniorin
could exert neuroprotective effects by activating adenosine A1
receptor, which was widely distributed in the central nervous
system.63 Adenosine A1 receptor may have mediating effects on
neurotransmitters release, such as Ach and DA, to regulate the
excitation–inhibition balance.64 Paeoniorin and albiorin also
Fig. 7 Results of levels of TRH, CRH, ADH and PRL in brain tissue of fou
(compared with blank group rats); ##p < 0.01 and #p < 0.05 (compared

This journal is © The Royal Society of Chemistry 2018
have the potential to promote neuron growth and prevent
neuron damage.65 From the results, TGP could restore the
secretory dysfunction of neurosecretory cells caused by strych-
nos alkaloids. The accumulation of neuroprotective effects
could antagonize cellular damage and imbalance of central
nervous system induced by strychnos alkaloids, which could be
reected by the concentrations of neurotransmitters and
hormones. However, further studies are required to elucidate
the underlying molecular mechanisms.

According to the results, the neurotransmitters and
hormones are able to be regarded as biomarkers of strychnos
alkaloids-induced neurotoxicity. The results of this study
showed that TGP could signicantly alleviate the neurotoxic
effect of strychnos alkaloids. This study, together with previous
studies, provided the evidences for the interventional effects of
TGP against strychnos alkaloids-induced neurotoxicity and
possibility of clinical pretreatment.
r groups on different days by ELISA (n ¼ 6). **p < 0.01 and *p < 0.05
with SAE group rats).
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4. Conclusions

In the present study, the protective effect of TGP against
neurotoxicity induced by strychnos alkaloids was evaluated
through monitoring the levels of neurotransmitters and
neuroendocrine hormones comprehensively. The results indi-
cated that pretreatment with TGP could recover the levels of
these biomarkers, regulate homeostasis, and thus exert neuro-
protective effect against neurotoxicity induced by strychnos
alkaloids. This investigation may not only be applied to diag-
nose neurotoxicity induced by strychnos alkaloids or other
herbs, but also valuable for alleviating the Semen Strychni-
induced neurotoxicity in clinic by pre-protection with TGP.
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Glu
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Glutamate

GABA
 g-Aminobutyric acid

Ach
 Acetylcholine

5-HT
 Serotonin

DA
 Dopamine

NE
 Norepinephrine

Tyr
 Tyrosine

Trp
 Tryptophan

TRH
 Thyrotrophin-releasing hormone

CRH
 Corticotrophin-releasing hormone

ADH
 Antidiuretic hormone

PRL
 Prolactin

TGP
 Total glycosides from paeony

LC-MS/
MS
Liquid chromatography-tandem mass spectrometry
ELISA
 Enzyme-linked immunosorbent assay

IS
 Internal standard

SAE
 Strychnos alkaloids extract

CNS
 Central nervous system
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