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Postpartum depression (PPD) is the most common type of puerperal mental syndrome and affects maternal physical and mental
health and even the growth and development of infants. Paeoniflorin exerts a potential antidepressive effect; however, the
functional roles and potential mechanisms of paeoniflorin in PPD are still largely unknown. PPD rat models were prepared by
withdrawing hormone-simulated pregnancy (HSP), and subjects were treated with paeoniflorin and fluoxetine or plasmids. The
sucrose preference test (SPT), forced swimming test (FST) and tail suspension test (TST) were used to monitor depression-like
behavior in rats. A radioimmunoassay was utilized for estradiol (E,) and progesterone (P) measurements. ELISA was performed
to detect serum corticosterone (Cor), hippocampal allopregnanolone (Allo), IL-18 and TNF-a levels. Expression of the E, receptors
ERa and ERP was detected by qPCR. Western blotting was used to detect TSPO, BDNF and mTOR phosphorylation. Paeoniflorin
drastically increased the sucrose preference of rats while decreasing the immobility time in the FST and TST in PPD models.
Moreover, paeoniflorin intervention upregulated serum E,, hippocampal Allo, ERa, and ERP levels but degraded P, serum Cor,
IL-1B, TNF-a and ERa/ERP levels. Mechanistically, paeoniflorin promoted TSPO and BDNF-mTOR pathway activation in PPD rats.
Furthermore, suppression of TSPO or the BDNF-mTOR pathway partially reversed the effects of paeoniflorin on depression-like
behaviors, hormone levels, and inflammatory cytokine release. Paeoniflorin may improve symptoms of PPD by regulating the
TSPO and BDNF-mTOR pathways, indicating that paeoniflorin may be an effective anti-PPD and antidepressant drug, providing
evidence for the future treatment of PPD.
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INTRODUCTION

Postpartum depression (PPD) is the most common
type of mental syndrome in the puerperium and is
usually accompanied by extreme sadness and despair,
which can lead to a lack of energy, anxiety, irritability
and even suicide and infanticide (0’Hara and McCabe,
2013; Kiryanova et al., 2017). Approximately 13-19% of
new mothers have experienced PPD, and the incidence
continues to increase annually (Xia et al., 2016). In ad-
dition, PPD may also have an unfavorable effect on the
baby’s behavior, emotion and cognitive development,
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which can cause adverse consequences for family and
society (Halligan et al., 2007; Feldman et al., 2009). At
present, the exact biological pathogenesis of PPD is
unclear, making its prevention and treatment difficult,
and no effective treatment has been found thus far.
Therefore, conducting in-depth research on the etiol-
ogy and pathogenesis of PPD is of important practical
significance for a deeper understanding of the occur-
rence, development, outcome and design of new ther-
apeutic drugs.

BDNF is a well-known neurotrophic factor, the im-
balance of which is closely related to affective disor-
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ders, and its role in depression has also attracted much
attention (Erickson et al., 2012; Haile et al., 2014). In
past research on the role of BDNF in depression, BDNF
and the mammalian target of rapamycin (mTOR) sig-
naling pathway were found to be important for the an-
tidepressant effect of ketamine. It was also found that
BDNF could regulate the activation of mTOR, while the
fast-acting antidepressant effect of ketamine could be
blocked by BDNF knockdown and the selective mTOR
protein antagonist rapamycin (Li et al., 2010; Autry et
al., 2011). This finding suggested that activation of the
BDNF-mTOR signaling pathway may be one way that
antidepressants exert pharmacological effects. Previ-
ous studies found that BDNF was notably reduced in
the serum of PPD patients (Tan et al., 2018), although
its specific function remains unclear.

Transporter protein (TSPO) is an 18 kDa protein
mainly distributed in the outer mitochondrial mem-
brane of steroid-synthesizing cells in the central and
peripheral nervous systems (Culty et al., 1999), the li-
gand of which has antianxiety and antidepressant ef-
fects without the conspicuous side effects of tradition-
al benzodiazepines (Rupprecht et al., 2009; Costa et al.,
2012). Related studies have found that the antianxiety
and antidepressant activity of the TSPO ligand com-
pound YL-IPA08 has important value in PPD treatment
(Ren et al., 2020), suggesting that TSPO may become
a new target for PPD treatment.

Paeoniflorin, an amorphous glucoside, is the main
active component of total glycosides in the roots of Pae-
onia lactiflora Pallas plants (Li et al., 2017). Past studies
have shown that paeoniflorin exhibits potential neu-
roprotective, anti-ischemic, antioxidant and anti-in-
flammatory effects and can alleviate depression-related
behaviors (Li and Li, 2015; Hu et al., 2019). However, re-
search on PPD has not yet been reported, and whether it
is related to the regulation of the TSPO and BDNF-mTOR
pathways needs further exploration. In summary, we
hypothesize that paeoniflorin could improve PPD by
modulating the TSPO and BDNF-mTOR pathways.

METHODS
Animal model

Female Sprague-Dawley (SD) rats (220-250 g) were
purchased from the Animal Research Center of Wuhan
University (Wuhan, China) and kept in an incubator
with a temperature of 25°C and a relative humidity
of 65% under a light-dark cycle of 12 h. All rats could
drink and eat ad libitum. All animal treatments were
carried out in strict accordance with the guidelines for
the care and use of laboratory animals of the National

Acta Neurobiol Exp 2022, 82: 347-357

Institutes of Health. This study was also approved by
the animal ethics committee.

PPD models were established in rats after withdraw-
ing hormone simulation pregnancy (HSP). Two days be-
fore the experiment, rats in each group were subjected
to the open field test in turn, and rats with depression
tendency were excluded. Then, bilateral ovaries of rats
were resected and ligated. Vaginal cytology smears
were performed 2-5 days after the operation to deter-
mine the changes in the estrous cycle, and unquali-
fied rats were excluded. One week after ovariectomy,
the rats were injected subcutaneously with 0.1 mL E,
(2.5 pg) and 0.2 mL P (4 mg) every day for 16 days fol-
lowed by 0.1 mL E, (50 ug) per day for one week to sim-
ulate hormone secretion levels during pregnancy. The
animals in the sham operation group were injected
subcutaneously with 0.3 mL of sesame oil every day for
the first 16 days and 0.1 mL of sesame oil every day for
the next 7 days. The injection was stopped on the 24t
day. No treatment was performed in the control group.
After the model was established, the animals received
paeoniflorin (Solaibao Biotechnology, Beijing, China)
20 mg/kg dose and fluoxetine 3.0 mg/kg (Changzhou
Lilly Biotechnology Co., Ltd.) once a day by oral gavage
for 2 weeks. The behavioral test was performed 1 h af-
ter the last dose or model establishment, and subjects
were dissected immediately after the behavioral test.
Six mice in each group participated in the experiment.

Construction and injection of
shRNA lentiviral plasmids

Lentivirus containing the green fluorescent protein
gene was commercially obtained, which was a package
containing four BDNF-targeted or TSPO-targeted shR-
NAs and a nontargeting vector as a negative control
(vehicle) (Hu6-MCS-CMV-EGFP, GV115, GENECHEM,
China). BDNF- or TSPO-targeting shRNA lentiviruses
were transfected into primary cultured neurons ac-
cording to the manufacturer’s instructions. The trans-
fection efficacy of shRNAs was determined by fluores-
cence microscopy. Mice were then anesthetized with
5% chloral hydrate and fixed on a stereotaxic frame,
A lentiviral suspension containing 1 x 10° TU/mL was
injected bilaterally into the hippocampus at a rate of
0.2 uL/min (total volume 2 uL).

Sucrose preference test (SPT)
Before the test, rats were given sugar water training

to measure the baseline level of the syrup bias of each
group of rats. After fasting for 24 h, subjects were giv-
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en two preloaded and quantified bottles of water: one
contained 2% sucrose solution, and the other contained
tap water. After 12 h of free drinking, consumption was
calculated by weighing the drinking bottles. Sucrose
preference was calculated by the following formula:
(sucrose preference rate)=((sucrose intake)/(sucrose
intake + water intake)) x100.

Forced swimming test (FST)

In short, rats were individually placed in a glass
cylinder (diameter 20 cm, height 40 cm) containing
25 cm deep water at a temperature of approximately
28°C, guided to preswim for 15 min, and then forced
to swim again after 24 h under the same experimental
conditions, during which the immobility time of rats
in the tank within 5 min was recorded. Immobility was
defined as the time the rat floated in the water without
struggling or the time required to keep its head only
above the water. Conventional antidepressants reduced
the immobility time in this test.

Tail suspension test (TST)

Subjects were suspended separately from the tail
15 cm above the floor by adhesive tape (2 cm from the
end). Then, a video camera was used to record each rat,
and the immobility time in the last 4 min of the 6 min
test was calculated and reported in seconds. The rats
were defined as not moving when they were passively
suspended and completely at rest. Conventional anti-
depressants reduced immobility time in this test.

Radioimmunoassay for the detection of E, and P

After the behavioral test, the rats were anesthe-
tized with 10% chloral hydrate (30 mg/kg), and blood
samples were taken from the abdominal aorta and then
centrifuged at 1500 xg at 4°C for 15 min. Serum was col-
lected and stored at -20°C for E, and P level detection in
each group of rats. The kits were provided by the China
Institute of Atomic Energy Science, and the instrument
was a Maglumi automatic chemiluminescence tester.
The operation process was in accordance with the in-
structions of the kits.

ELISA

After the mice were anesthetized, blood was collect-
ed from the eyeballs of the mice, left standing at room
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temperature for 2 h, refrigerated at 4°C. The next day,
the blood was centrifuged at 1500 xg for 15 min at a low
temperature, and the serum was collected and refriger-
ated at 4°C for later use. Mice were then sacrificed by
cervical dislocation, and the hippocampal fraction was
dissected and frozen in liquid nitrogen. Subsequently,
it was weighed and cut into pieces (1-3 mm) and pre-
pared into a 10% homogenate with an ultrasonic cell
crusher (Shanghai Billion Instrument Co., Ltd., Shang-
hai, China). Later, the homogenate was centrifuged at
1500 =g at 4°C for 15 min and tested with supernatant.
ELISA kits were utilized to detect serum Cor (Elab-
science, Wuhan, China), hippocampal Allo (Raybiotech,
Norcross, GA, USA), IL-1p (Shanghai Yanjin Biotechnol-
ogy Co., Ltd., Shanghai, China), and TNF-a (R&D Sys-
tems, Minneapolis, MN, USA) levels. In brief, the dilu-
tion and sample addition of the standard products were
carried out in strict accordance with the instructions
of ELISA kits, and the processes of incubation, washing,
enzyme addition, color development, and termination
of the reaction were conducted in sequence. After ze-
ro-setting of the microplate reader, the OD values of
serum Cor and Allo, IL-1f and TNF-a in the hippocam-
pus of mice in each group were measured sequentially
at a wavelength of 450 nm. The concentration of each
factor in the sample was then calculated from the stan-
dard curve.

Quantitative real-time polymerase chain reaction
(qPCR) detection

Hippocampal tissue fragments were digested with
trypsin and washed with PBS, and TRIzol reagent (Invi-
trogen, CA, USA) was added to extract RNA, which was
reverse-transcribed into cDNA with the iScript™ cDNA
synthesis kit (Bio-Rad, CA, US). After transcription,
the synthesized cDNA was subjected to qPCR analysis
using an UltraSYBR Mixture kit (CWBio, Beijing, Chi-
na) on an Applied Biosystems 7500 qPCR System (Life
Technologies). The qPCR conditions were as follows:
95°C for 10 min, 95°C for 10 s, 56°C for 30 s, and 72°C
for 32 s, for a total of 40 cycles. GAPDH served as an
internal reference. The relative expression level of
target genes was calculated using the relative quan-
tification 22 method to determine fold-change. All
samples were run in triplicate. The primers used were
as follows:

ERa forward: 5’-AGCAACAGCATCGCCGTCTG-3’,

Era reverse: 5’-AGCATCTCCAGCAGCAGGTCAT-3;

ERP forward: 5’-ATCTCCTCCCAGCAGCAGTCAG-3’,

ERP reverse: 5’-AGCATCTCCAGCAGCAGGTCAT-3;

GAPDH forward: 5-GCAAGTTCAACGGCACAG-3’,

GAPDH reverse: 5-GCCAGTAGACTCCACGACAT-3’.
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Western blot

RIPA buffer (Beyotime, Shanghai, China) was utilized
to extract the total protein from hippocampal brain
tissue from each group, and protease and phosphatase
inhibitors were added. After grinding with liquid nitro-
gen and centrifuging at 12,000 rpm for 30 min at 4°C,
the supernatant protein was collected and stored at
-80°C. The concentration of the sample was determined
with a BCA kit (KeyGEN, Nanjing, China) and was uni-
formly 2 ug/pL. Then, 20 L of protein was separated
by 10% SDS-PAGE electrophoresis and transferred to
a polyvinylidene fluoride (PVDF) membrane. After 1 h
of blocking with 5% BSA, the following antibodies were
applied: TSPO (Abcam, ab108489, 1:500), BDNF (Abcam,
ab108319, 1:5000), p-mTOR/mTOR (Cell Signaling Tech-
nology, #5536, #2983, 1:1000) and GAPDH (Cell Signal-
ing Technology, #5174, 1:1000). After incubation with
the antibody overnight at 4°C, the blots were incubated
with the horseradish peroxidase-conjugated secondary
antibody for 1 h. The immunoreactive bands were visu-
alized using an ECL kit (KeyGEN) on a Bio-Rad Chemi-
Doc MP system (Bio-Rad). Image] software was used to
quantify the immunoblots.

Statistical analysis

The data are presented as the means * standard
deviation (SD). All statistical analyses were conduct-
ed using SPSS Statistics 23 software, and graphs were
drawn with GraphPad 8 software. Group comparisons
were performed with Student’s t test (for comparisons
between two groups) or one-way analysis of variance
(ANOVA) with the Tukey post hoc test (for comparisons
between multiple groups) after the confirmation of
normal distribution using the Shapiro-Wilk normality
test and equal variances via the Brown-Forsythe test.
Differences were considered statistically significant
when p<0.05.

RESULTS

Hormone withdrawal after HSP-induced PPD
in rats

After establishing a rat PPD model, several compar-
isons were conducted on different indicators. The re-
sults of depression-related behaviors included that the
sucrose preference rate of the model group was signifi-
cantly lessened (Fig. 1A; F,,5=8.25, p<0.001), while TST
(F(15=18.70, p<0.001) and FST (F(,,5=13.33, p<0.001) im-
mobility time were increased (Fig. 1B, C). The detection
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of E, and P by radioimmunoassay showed that the serum
E, level (F(,,5=10.75, p<0.001) was drastically decreased,
and the P level (F,,5=12.55, p<0.001) was significantly
increased in PPD rats (Fig. 1D, E). ELISA showed that
the serum Cor level (F,,5=18.17, p<0.001) of the model
group was markedly increased compared with the con-
trol group and sham group. The level of Allo (F,,5=9.53,
p<0.001) was lessened in the hippocampal fraction,
while that of IL-1B (F(;;5=10.72, p<0.001) and TNF-a
(F(15=16.47, p<0.001) was upregulated (Fig. 1F-I). Fur-
thermore, the expression of ERa (F,,5=11.84, p<0.001)
and ERP (F,,5=12.38) in the hippocampus of the mod-
el group was drastically reduced, while the ratio of
ERa/ERP (F(;15=8.68, p<0.001) increased significantly
(Fig. 1J-L). Collectively, hormone withdrawal after HSP
successfully induced PPD in the rat models.

The effect of PPD on the activation of
the TSPO and BDNF-mTOR pathways

To analyze the effect of PPD on the activation of the
TSPO and BDNF-mTOR pathways, western blotting was
used to detect the protein levels of TSPO, BDNF, and
p-mTOR in the hippocampus. The results of the above
proteins showed that the TSPO (F(,,5=13.06, p<0.001),
BDNF (F(,,5=13.25, p<0.001) protein and p-mTOR/mTOR
(F15=17.42, p<0.001) levels in the hippocampus of PPD
rats were drastically downregulated compared with
those in the control or sham group (Fig. 2A-D). The
above results indicated that the TSPO and BDNF-mTOR
pathways were inactivated in PPD rats.

The improvement effect of paeoniflorin on PPD
in rats

To analyze the improvement effect of paeoniflorin
on PPD, PPD rats were treated with paeoniflorin and
fluoxetine. After the intervention, paeoniflorin dra-
matically ameliorated the depression symptoms of
PPD rats, as evidenced by the SPT (Fig. 3A; F,,5=12.00,
p<0.001), TST (Fig. 3B; F(,5=13.21, p<0.001) and FST
(Fig. 3C; F(4,5=13.57, p<0.001). In addition, paeoniflorin
or fluoxetine treatment clearly upregulated serum E,
levels (F(,,5=14.06, p<0.001) but significantly decreased
P levels (F, ,5=18.45, p<0.001) (Fig. 3D and E). Serum Cor
(Flaz5=15.42, p<0.001), IL-1B (F(,,5=8.95, p<0.001) and
TNF-a (F(,,5=16.32, p<0.001) levels were markedly de-
creased, and the level of hippocampal Allo (F,,;=14.70,
p<0.001) was notably increased in PPD rats by paeoni-
florin or fluoxetine treatment (Fig. 3F-I). Moreover,
qPCR assays showed that paeoniflorin drastically in-
creased the hippocampal ER« (F, ,5=11.59, p<0.001) and
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ERP (F(,,5=19.54, p<0.001) expression levels but reduced
the ERa/ERP ratio (F(,,5=13.84, p<0.001) (Fig. 3J-L). Tak-
en together, paeoniflorin relieved PPD in rats.

The effect of paeoniflorin on the activation of the
TSPO and BDNF-mTOR pathways in rats with PPD

To analyze the effect of paeoniflorin on the activa-
tion of the TSPO and BDNF-mTOR pathways in PPD rats,
western blotting was performed to detect the protein
levels of TSPO, BDNF, and p-mTOR in the hippocampus.
The results showed that TSPO (F,,;=10.04, p<0.001),
BDNF (F(,,5=17.06, p<0.001) proteins and p-mTOR/
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mTOR (F,,5=12.49, p<0.001) levels were drastically up-
regulated by paeoniflorin or fluoxetine in comparison
with the model group (Fig. 4A-D). These results demon-
strated that paeoniflorin could activate the TSPO and
BDNF-mTOR pathways in PPD rats.

Inhibition of TSPO or BDNF partially reverses
the effect of paeoniflorin on PPD

To determine whether paeoniflorin could improve
PPD by activating the TSPO and BDNF-mTOR pathways,
TSPO or BDNF was inhibited in PPD rats. The results
of the SPT, FST and TST showed that the inhibition
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Fig. 1. Hormone withdrawal after HSP-induced PPD in rats. (A-C) SPT, TST and FST assessed depression-like behaviors in rats; (D-E) Radioimmunoassay
detected serum E, and P levels; (F-1) ELISA was performed to measure serum Cor, hippocampal Allo, IL-13, and TNF-a levels in rats; (J-L) Hippocampal ERa,
ERB, ERa/ERP ratio was determined via qPCR. Comparisons were conducted using one-way ANOVA with post hoc analysis. n=6. *p<0.05; **p<0.01.
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of TSPO or BDNF upregulated the immobility time in
the TST (F;0=10.73, p<0.001) and FST (F(40=13.92,
p<0.001), which was reduced by paeoniflorin, and
downregulated the elevated sucrose preference rate
(F5.30=13.28, p<0.001) (Fig. 5A-C). Moreover, inhibition
of TSPO or BDNF downregulated the elevated serum E,
level (F(540=11.01, p<0.001) and upregulated the P lev-
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el (F(40=17.43, p<0.001) in paeoniflorin-treated PPD
rats (Fig. 5D and E). ELISA showed that inhibition of
TSPO or BDNF upregulated paeoniflorin-reduced se-
rum Cor levels (F,,=18.74, p<0.001), reduced hippo-
campal Allo levels (Fs4,=15.95, p<0.001), and increased
IL-1p (F(53=19.40, p<0.001) and TNF-a (F4,=19.83,
p<0.001) levels (Fig. 5F-1). Furthermore, TSPO or BDNF

Fig. 2. The effect of PPD on the activation of TSPO and BDNF-mTOR pathways in rats. (A) Western blot was used to detect the expression of TSPO, BDNF,
mTOR, and p-mTOR proteins in the hippocampus of PPD rats; (B) Quantification analysis of TSPO protein; (C) Quantification analysis of BDNF protein;
(D) Quantification analysis of p-mTOR protein. Comparisons were conducted using one-way ANOVA with post hoc analysis. n=6. *p<0.05; **p<0.01.
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suppression decreased the elevated hippocampal ERa
(F(5.30=16.82, p<0.001) and ERP (F(40=19.51, p<0.001)
expression induced by paeoniflorin and significant-
ly increased the ERa/ERP ratio (F=17.44, p<0.001)
(Fig. 5]-L). Together, paeoniflorin may improve PPD in
rats by activating the TSPO and BDNF-mTOR pathways.

DISCUSSION

PPD is a serious mental illness and the most com-
mon complication of childbirth, which has negative
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impacts on mothers who have just given birth. Sui-
cides caused by PPD account for approximately 20%
of postpartum deaths (Lindahl et al., 2005). However,
the pathogenesis of PPD is very complicated and has
not been fully elucidated. In this study, a PPD model
was established to evaluate the effect of paeoniflorin
on PPD. Rats treated with HSP mimicked the high lev-
els of E, and P in the third trimester of pregnancy,
and these levels dropped rapidly after delivery. The
decline in circulating ovarian steroids caused sub-
jects to develop symptoms of PPD (Stoffel and Craft,
2004; Furuta et al., 2013). In this study, the antide-
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Fig. 3. The improvement effect of paeoniflorin on PPD in rats. (A-C) SPT, TST and FST assessed depression-like behaviors of PPD rats after paeoniflorin
intervention; (D-E) Radioimmunoassay detection of serum E, and P levels in PPD rats treated with paeoniflorin; (F-I) Serum Cor, hippocampal Allo, IL-1j3,
and TNF-a levels were assessed via ELISA; (J-L) gPCR was used to measure hippocampal ERa, ERB expression, and ERa/ERB ratio. Comparisons were
conducted using one-way ANOVA with post hoc analysis. n=6. *p<0.05; **p<0.01.
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pressant activity and mechanism of paeoniflorin in
PPD rat models were evaluated by detecting depres-
sive-like behavior, hormone levels, cytokine release,
and TSPO and BDNF-mTOR pathway activation. The
results showed that paeoniflorin plays a positive role
in improving depression in PPD rats, the mechanism
of which may be achieved by TSPO and BDNF-mTOR
pathway activation.
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Fluoxetine, an antidepressant, was used as a pos-
itive control for paeoniflorin drug administration in
this study (Volz and Laux, 2000). Current studies have
found that fluoxetine can also relieve many symptoms
of premenstrual dysphoria, which is closely related to
ovarian hormones, including P (Su et al., 1997). Paeoni-
florin is the main biologically active ingredient in Pae-
onia lactiflora Pallas (Zhou et al., 2020). Previous stud-

Fig. 4. The effect of paeoniflorin on the activation of TSPO and BDNF-mTOR pathways in PPD rats. (A) Western blot to detect the expression of TSPO,
BDNF, mTOR, and p-mTOR proteins in the hippocampus of rats; (B) Quantification analysis of TSPO protein; (C) Quantification analysis of BDNF protein;
(D) Quantification analysis of p-mTOR protein. Comparisons were conducted using one-way ANOVA with post hoc analysis. n=6. *p<0.05; **p<0.01.
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ies have found that paeoniflorin can improve central
nervous system diseases, such as depression (Bai et al.,
2021). Additionally, paeoniflorin can inhibit the activa-
tion of spinal microglia and exert anti-inflammatory
effects (Hu et al., 2018). Previous studies have found
that paeoniflorin can improve chronic stress-induced
depression-like behavior in a mouse model by affect-
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ing the ERK1/2 pathway (Tang et al., 2021). However,
whether paeoniflorin can improve PPD has not yet been
reported. The SPT, FST and TST are well-established
models for evaluating depression in animal models
(Wang et al., 2008). After establishing PPD rat models,
we observed that the sucrose preference of PPD rats
was drastically reduced, and the immobility time of
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Fig. 5. Inhibition of TSPO or BDNF partially reverses the improvement effect of paeoniflorin on PPD. (A-C) SPT, TST and FST were performed to evaluate
depression-like behaviors of rats; (D-E) Radioimmunoassay was used to detect serum E, and P levels in rats; (F-1) ELISA detection of serum Cor, hippocampal
Allo, IL-1B, and TNF-a levels; (J-L) gPCR detection of hippocampal ERa, ERB expression, ERA/ERP ratio. Comparisons between groups were performed using

one-way ANOVA with post hoc analysis. n=6. *p<0.05; **p<0.01.
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the FST and TST increased notably. In these behavior-
al tests, paeoniflorin enhanced the sucrose preference
and reduced the immobility time of PPD rats. In addi-
tion, paeoniflorin showed comparable results to fluox-
etine treatment, indicating that paeoniflorin can func-
tion as an effective PPD antidepressant. E, exerted an
antidepressant effect by regulating transmitter release
and nerve excitability and could inhibit the reuptake of
5-HT in the postsynaptic membrane by promoting the
synthesis of 5-HT (Li et al., 2020). Moreover, E, acted
on the autonomic nervous system and the ascending
reticular activation system, which regulated the excit-
ability of the central nervous system and mental and
psychological activities (Li et al., 2019). Some studies
have suggested that the cause of PPD is a sharp decline
in the release of hormones from the fetus and placenta
in mothers after childbirth. The decrease in maternal
adrenal hormones leads to a decline in maternal sex
hormones and then causes maternal neurotransmitter
secretion abnormalities, resulting in abnormal excite-
ment and inhibition of the maternal brain, ultimately
leading to PPD (Hu et al., 2019). In our study, when the
PPD model was established, the E,level in the serum of
rats was drastically reduced, while the P level was sig-
nificantly increased, indicating that paeoniflorin could
effectively improve PPD. ERa and ERp are E, receptors
that can mediate the genotypic effects of E, and exert
gene regulatory effects by regulating the transcription
of specific target genes (Weyant et al., 2001). We also
found that after establishment of the PPD model, the
expression levels of ERa and ERp in the hippocampus
of rats were notably decreased, while after paeoniflo-
rin intervention, the levels were significantly restored.
Previous studies have shown that E, can produce two
different physiological effects through ERa and ERP
(Jacobson et al., 2015), thus indicating that changes in
ERa and ERP can target E,, thereby affecting PPD.

TSPO is related to neurodegenerative and psychi-
atric diseases. Decreased expression of TSPO was ob-
served in patients with comorbid anxiety and depres-
sion or bipolar disorder (Abelli et al., 2010; Arbo et al.,
2015). Our data showed that TSPO levels were down-
regulated in PPD rat models, which suggested that PPD
may also cause a decrease in TSPO levels. In addition,
we found that paeoniflorin could restore the level of
TSPO in PPD rats, and inhibiting the level of TSPO could
reverse the effect of paeoniflorin on improving PPD.
This suggested that TSPO may be a mechanism by which
paeoniflorin relieves PPD. BDNF, a neurotrophic factor,
is essential for placental development during pregnan-
cy and is associated with major depression (Nagahara
and Tuszynski, 2011; Christian et al., 2016). Studies
have shown that BDNF is reduced during pregnancy
and postpartum with depressive symptoms (Fung et
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al., 2015). Decreased BDNF levels are considered to be
the underlying pathological mechanism of impaired
neurogenesis in depression (Jiang et al., 2012). It was
reported that BDNF and another mammalian target of
rapamycin (mTOR) play an important role in the devel-
opment of certain mental diseases (such as depression)
(Autry et al., 2011; Kim et al., 2012). mTOR exists in the
synaptic area in neurons, where it regulates the syn-
thesis of locally translated proteins and is essential for
different forms of synaptic plasticity (Ni et al., 2020).
We found that BDNF was downregulated in the PPD
models, and the activation of mTOR was also drasti-
cally inhibited. In addition, we found that paeoniflorin
reversed the downregulation of BDNF and the inhibi-
tion of mTOR phosphorylation in PPD rats, indicating
that paeoniflorin may improve PPD by regulating the
BDNF-mTOR pathway. Considering previous research
results, paeoniflorin could ameliorate depression-like
behavior by inhibiting the pyroptosis CASP-11/GSDMD
pathway or the inflammatory TLR4/NF-kB signaling
pathway (Bai et al., 2021; Tian et al., 2021). Whether the
same functional pathways exist in PPD is a topic of our
future research directions.

CONCLUSIONS

In summary, we studied the effect of paeoniflorin on
the treatment of PPD and its molecular mechanism. The
findings proved that paeoniflorin may improve symp-
toms of PPD by activating the TSPO and BDNF-mTOR
pathways.

ACKNOWLEDGMENTS

This work was supported by the Natural Science
Foundation of Hunan Province (2020]J5292) and Re-
search Project of 2020 Scientific Research Plan of Hu-
nan Provincial Health Commission (2020057; 20200831).

REFERENCES

Abelli M, Chelli B, Costa B, Lari L, Cardini A, Gesi C, et al. (2010) Reductions
in platelet 18-kDa translocator protein density are associated with adult
separation anxiety in patients with bipolar disorder. Neuropsychobiol-
ogy 62: 98-103.

Arbo BD, Benetti F, Garcia-Segura LM, Ribeiro MF (2015) Therapeutic ac-
tions of translocator protein (18 kDa) ligands in experimental models
of psychiatric disorders and neurodegenerative diseases. | Steroid Bio-
chem Mol Biol 154: 68-74.

Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng PF, et al. (2011)
NMDA receptor blockade at rest triggers rapid behavioural antidepres-
sant responses. Nature 475: 91-95.



Acta Neurobiol Exp 2022, 82: 347-357

Bai H, ChenS, Yuan T, Xu D, Cui S, Li X (2021) Paeoniflorin ameliorates neu-
ropathic pain-induced depression-like behaviors in mice by inhibiting
hippocampal neuroinflammation activated via TLR4/NF-kappaB path-
way. Korean J Physiol Pharmacol 25: 217-225.

Christian LM, Mitchell AM, Gillespie SL, Palettas M (2016) Serum brain-de-
rived neurotrophic factor (BDNF) across pregnancy and postpartum:
Associations with race, depressive symptoms, and low birth weight. Psy-
choneuroendocrinology 74: 69-76.

Costa B, Da Pozzo E, Martini C (2012) Translocator protein as a promising
target for novel anxiolytics. Curr Top Med Chem 12: 270-285.

Culty M, Li H, Boujrad N, Amri H, Vidic B, Bernassau JM, et al. (1999) In vitro
studies on the role of the peripheral-type benzodiazepine receptor in
steroidogenesis. | Steroid Biochem Mol Biol 69: 123-130.

Erickson KI, Miller DL, Roecklein KA (2012) The aging hippocampus: interac-
tions between exercise, depression, and BDNF. Neuroscientist 18: 82-97.

Feldman R, Granat A, Pariente C, Kanety H, Kuint J, Gilboa-Schechtman E
(2009) Maternal depression and anxiety across the postpartum year
and infant social engagement, fear regulation, and stress reactivity. ] Am
Acad Child Adolesc Psychiatry 48: 919-927.

Fung J, Gelaye B, Zhong QY, Rondon MB, Sanchez SE, Barrios YV, et al.
(2015) Association of decreased serum brain-derived neurotrophic fac-
tor (BDNF) concentrations in early pregnancy with antepartum depres-
sion. BMC Psychiatry 15: 43.

Furuta M, Numakawa T, Chiba S, Ninomiya M, Kajiyama Y, Adachi N, et al.
(2013) Estrogen, predominantly via estrogen receptor alpha, attenuates
postpartum-induced anxiety- and depression-like behaviors in female
rats. Endocrinology 154: 3807-3816.

Haile CN, Murrough JW, losifescu DV, Chang LC, Al Jurdi RK, Foulkes A, et al.
(2014) Plasma brain derived neurotrophic factor (BDNF) and response
to ketamine in treatment-resistant depression. Int | Neuropsychophar-
macol 17: 331-336.

Halligan SL, Murray L, Martins C, Cooper PJ (2007) Maternal depression
and psychiatric outcomes in adolescent offspring: a 13-year longitudinal
study. J Affect Disord 97: 145-154.

Hu B, Xu G, Zhang X, Xu L, Zhou H, Ma Z, et al. (2018) Paeoniflorin at-
tenuates inflammatory pain by inhibiting microglial activation and
akt-nf-kappab signaling in the central nervous system. Cell Physiol Bio-
chem 47: 842-850.

HuJ, Zhou B, Li Y, Deng Y, He Q, Ye J, et al. (2019) The interaction between
estradiol change and the serotonin transporter gene (5-HTTLPR) poly-
morphism is associated with postpartum depressive symptoms. Psychi-
atr Genet 29: 97-102.

Hu MZ, Wang AR, Zhao ZY, Chen XY, Li YB, Liu B (2019) Antidepressant-like
effects of paeoniflorin on post-stroke depression in a rat model. Neurol
Res 41: 446-455.

Jacobson GA, Yee KC, Wood-Baker R, Walters EH (2015) SULT 1A3 single-nu-
cleotide polymorphism and the single dose pharmacokinetics of inhaled
salbutamol enantiomers: are some athletes at risk of higher urine lev-
els? Drug Test Anal 7: 109-113.

Jiang B, Xiong Z, Yang J, Wang W, Wang Y, Hu ZL, et al. (2012) Antidepres-
sant-like effects of ginsenoside Rg1 are due to activation of the BDNF
signalling pathway and neurogenesis in the hippocampus. Br ] Pharma-
col 166: 1872-1887.

Kim CS, Chang PY, Johnston D (2012) Enhancement of dorsal hippocampal
activity by knockdown of HCN1 channels leads to anxiolytic- and antide-
pressant-like behaviors. Neuron 75: 503-516.

Kiryanova V, Meunier SJ, Dyck RH (2017) Behavioural outcomes of adult
female offspring following maternal stress and perinatal fluoxetine ex-
posure. Behav Brain Res 331: 84-91.

Li D, Li Y, Chen Y, Li H, She Y, Zhang X, et al. (2019) Neuroprotection of
reduced thyroid hormone with increased estrogen and progestogen in
postpartum depression. Biosci Rep 39: BSR20182382.

Paeoniflorin exhibits antidepressive activity in PPD 357

Li H), Martinez PE, Li X, Schenkel LA, Nieman LK, Rubinow DR, et al. (2020)
Transdermal estradiol for postpartum depression: results from a pilot
randomized, double-blind, placebo-controlled study. Arch Womens
Ment Health 23: 401-412.

Li J, Huang S, Huang W, Wang W, Wen G, Gao L, et al. (2017) Paeoniflorin
ameliorates interferon-alpha-induced neuroinflammation and depres-
sive-like behaviors in mice. Oncotarget 8: 8264-8282.

Li N, Lee B, Liu R}, Banasr M, Dwyer JM, Iwata M, et al. (2010) mTOR-depen-
dent synapse formation underlies the rapid antidepressant effects of
NMDA antagonists. Science 329: 959-964.

Li P, Li Z (2015) Neuroprotective effect of paeoniflorin on H202-induced
apoptosis in PC12 cells by modulation of reactive oxygen species and
the inflammatory response. Exp Ther Med 9: 1768-1772.

Lindahl V, Pearson JL, Colpe L (2005) Prevalence of suicidality during preg-
nancy and the postpartum. Arch Womens Ment Health 8: 77-87.

Nagahara AH, Tuszynski MH (2011) Potential therapeutic uses of BDNF
in neurological and psychiatric disorders. Nat Rev Drug Discov 10:
209-219.

Ni L, XuY, Dong S, Kong Y, Wang H, Lu G, et al. (2020) The potential role of
the HCN1 ion channel and BDNF-mTOR signaling pathways and synaptic
transmission in the alleviation of PTSD. Trans| Psychiatry 10: 101.

O'Hara MW, McCabe JE (2013) Postpartum depression: current status and
future directions. Annu Rev Clin Psychol 9: 379-407.

Ren P, Ma L, Wang JY, Guo H, Sun L, Gao ML, et al. (2020) Anxiolytic and
Anti-depressive like effects of translocator protein (18 kDa) ligand
YL-IPAO8 in a rat model of postpartum depression. Neurochem Res 45:
1746-1757.

Rupprecht R, Rammes G, Eser D, Baghai TC, Schule C, Nothdurfter C, et al.
(2009) Translocator protein (18 kD) as target for anxiolytics without ben-
zodiazepine-like side effects. Science 325: 490-493.

Stoffel EC, Craft RM (2004) Ovarian hormone withdrawal-induced “depres-
sion” in female rats. Physiol Behav 83: 505-513.

Su TP, Schmidt P), Danaceau MA, Tobin MB, Rosenstein DL, Murphy DL,
et al. (1997) Fluoxetine in the treatment of premenstrual dysphoria.
Neuropsychopharmacology 16: 346-356.

Tan X, Du X, Jiang Y, Botchway BOA, Hu Z, Fang M (2018) Inhibition of auto-
phagy in microglia alters depressive-like behavior via BDNF pathway in
postpartum depression. Front Psychiatry 9: 434.

Tang M, Chen M, Li Q (2021) Paeoniflorin ameliorates chronic stress-in-
duced depression-like behavior in mice model by affecting ERK1/2 path-
way. Bioengineered 12: 11329-11341.

Tian DD, Wang M, Liu A, Gao MR, Qiu C, Yu W, et al. (2021) Antidepressant
Effect of Paeoniflorin Is Through Inhibiting Pyroptosis CASP-11/GSDMD
Pathway. Mol Neurobiol 58: 761-776.

Volz HP, Laux P (2000) Potential treatment for subthreshold and mild de-
pression: a comparison of St. John's wort extracts and fluoxetine. Compr
Psychiatry 41: 133-137.

Wang W, Hu X, Zhao Z, Liu P, Hu Y, Zhou J, et al. (2008) Antidepressant-like
effects of liquiritin and isoliquiritin from Glycyrrhiza uralensis in the
forced swimming test and tail suspension test in mice. Prog Neuropsy-
chopharmacol Biol Psychiatry 32: 1179-1184.

Weyant MJ, Carothers AM, Mahmoud NN, Bradlow HL, Remotti H,
Bilinski RT, et al. (2001) Reciprocal expression of ERalpha and ERbeta is
associated with estrogen-mediated modulation of intestinal tumorigen-
esis. Cancer Res 61: 2547-2551.

Xia B, Chen C, Zhang H, Xue W, Tang J, Tao W, et al. (2016) Chronic stress
prior to pregnancy potentiated long-lasting postpartum depressive-like
behavior, regulated by Akt-mTOR signaling in the hippocampus. Sci Rep
6:35042.

Zhou YX, Gong XH, Zhang H, Peng C (2020) A review on the pharmacokinet-
ics of paeoniflorin and its anti-inflammatory and immunomodulatory
effects. Biomed Pharmacother 130: 110505.



	OLE_LINK1
	OLE_LINK2

