
Paeoniflorin alleviates depression by inhibiting the activation of NLRP3 inflammasome via promoting mitochondrial autophagy

Lili SU, Pengli GUO, Xiangjuan GUO, Zhongmei HE, Yan ZHAO, Ying ZONG, Jianming LI, Weijia CHEN, Rui DU

Citation: Lili SU, Pengli GUO, Xiangjuan GUO, Zhongmei HE, Yan ZHAO, Ying ZONG, Jianming LI, Weijia CHEN, Rui DU,
Paeoniflorin alleviates depression by inhibiting the activation of NLRP3 inflammasome via promoting mitochondrial autophagy,
Chinese Journal of Natural Medicines, 2024, 22(6), 515-529. doi: 10.1016/S1875-5364(24)60654-0.

View online: https://doi.org/10.1016/S1875-5364(24)60654-0

Related articles that may interest you

10,11-Dehydrocurvularin attenuates inflammation by suppressing NLRP3 inflammasome activation

Chinese Journal of Natural Medicines. 2023, 21(3), 163-171   https://doi.org/10.1016/S1875-5364(23)60418-2

EGCG and ECG induce apoptosis and decrease autophagy via the AMPK/mTOR and PI3K/AKT/mTOR pathway in human melanoma
cells

Chinese Journal of Natural Medicines. 2022, 20(4), 290-300   https://doi.org/10.1016/S1875-5364(22)60166-3

Jinyinqingre Oral Liquid alleviates LPS-induced acute lung injury by inhibiting the NF-κB/NLRP3/GSDMD pathway

Chinese Journal of Natural Medicines. 2023, 21(6), 423-435   https://doi.org/10.1016/S1875-5364(23)60397-8

Mangiferin inhibited neuroinflammation through regulating microglial polarization and suppressing NF-κB, NLRP3 pathway

Chinese Journal of Natural Medicines. 2021, 19(2), 112-119   https://doi.org/10.1016/S1875-5364(21)60012-2

Protective effect of paeoniflorin on H2O2 induced Schwann cells injury based on network pharmacology and experimental validation

Chinese Journal of Natural Medicines. 2021, 19(2), 90-99   https://doi.org/10.1016/S1875-5364(21)60010-9

Hepatic metabolomics combined with network pharmacology to reveal the correlation between the anti-depression effect and
nourishing blood effect of Angelicae Sinensis Radix

Chinese Journal of Natural Medicines. 2023, 21(3), 197-213   https://doi.org/10.1016/S1875-5364(23)60421-2

Wechat

http://www.cjnmcpu.com/
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60654-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60654-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60418-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60418-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60166-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60166-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60166-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60166-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60166-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60397-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60397-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60012-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60012-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60012-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60010-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60010-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60010-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60010-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60010-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60421-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60421-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60421-2


Paeoniflorin alleviates depression by inhibiting the activation of
NLRP3 inflammasome via promoting mitochondrial autophagy

SU Lili1, GUO Pengli1, GUO Xiangjuan1, HE Zhongmei1, ZHAO Yan1, ZONG Ying1,
LI Jianming1, CHEN Weijia1*, DU Rui1, 2, 3*

1 College of Chinese Medicinal Materials, Jilin Agricultural University, Changchun 130118, China;
2 Jilin  Provincial  Engineering  Research  Center  for  Efficient  Breeding  and  Product  Development  of  Sika  Deer,  Changchun
130118, China;
3 Key Laboratory of Animal Production and Product Quality and Security, Ministry of Education, Ministry of National Education,
Changchun 130118, China

Available online 20 Jun., 2024

[ABSTRACT] Depression ranks among the most common neuropsychiatric disorders globally. Current studies examining the roles of
inflammation and mitochondrial autophagy in the antidepressant efficacy of paeoniflorin (PF) are sparse. This study aimed to elucidate
PF’s antidepressant mechanism by promoting autophagy and inhibiting NLRP3 inflammasome activation using chronic unpredictable
mild  stimulation  (CUMS)-induced  C57BL/6  mouse  models in  vivo and  corticosterone  (CORT)-induced  HT22  cell  models in  vitro.
Results demonstrated that PF enhanced the viability of HT22 cells following CORT exposure, restored mitochondrial membrane poten-
tial (MMP),  reduced  reactive  oxygen  species  accumulation,  increased  LC3 fluorescence  intensity,  and  suppressed  inflammatory  cy-
tokine  secretion  and  inflammation  activation.  Additionally,  PF  ameliorated  depressive  behaviors  induced  by  CUMS  and  improved
damage in hippocampal neurons. It also reduced the expression of NLRP3, ASC, Caspase-1, IL-1β, and the assembly of the NLRP3 in-
flammasome. Moreover, PF upregulated the expression of autophagy-related proteins in the hippocampus, facilitating the clearance of
damaged mitochondria and enhancing autophagy. The role of autophagy in PF’s antidepressant effects was further confirmed through
the use of the autophagy inhibitor 3-methyladenine (3-MA), which reduced the efficacy of PF. In conclusion, PF effectively improved
depressive behaviors in CUMS-induced mice and reduced NLRP3-mediated inflammation both in vivo and in vitro, likely via the in-
duction of autophagy.
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 Introduction

Depression is a chronic mental and emotional disorder [1].
Its primary clinical symptoms include anhedonia, pessimism,
emotional instability, cognitive and motor slowing, and sleep
disturbances [2]. Depression  has  been  linked  to  several  dis-
eases, such as diabetes [3], Parkinson’s disease [4], and various
cancers [5],  and it  is  projected to become a major contributor
to the global disease burden by 2030  [6].

Paeoniflorin  (PF;  C23H28O11) is  a  glycoside  monoter-

pene  noted  for  its  hepatoprotective  [7],  anti-inflammatory [8],
antitumor [9],  immunomodulatory [10],  and  anti-Parkinson-
ian [11] effects,  as  well  as  its  ability  to  ameliorate  cerebral
ischemia [12]. Pharmacological studies have demonstrated that
the neuroprotective and antidepressant  actions of PF involve
the regulation of monoamine neurotransmitters [13], the hypo-
thalamic-pituitary-adrenal (HPA) axis [14], oxidative stress [15],
and neuron health [16]. However, research into how PF modu-
lates the interaction between autophagy and inflammation to
mitigate depression remains scarce.

Autophagy, including mitochondrial autophagy, is a pro-
tective  intracellular  degradation  process  intricately  linked  to
inflammation [17]. Upon activation, autophagy isolates defect-
ive proteins, damaged organelles, and other cellular compon-
ents in  autophagosomes,  which  are  then  transferred  to  lyso-
somes  for  degradation [18].  Autophagosomes  can  also  engulf
inflammasome components,  such as the apoptosis-associated
speck-like protein (ASC), thereby preventing their activation
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and  reducing  inflammation.  Additionally,  several  studies
have  reported  dysregulated  autophagy  in  animal  models  of
depression [19].

The  NLRP3  inflammasome  is  composed  of  NLRP3,
ASC, and  Caspase-1.  Activation  of  the  NLRP3  inflamma-
some  triggers  the  cleavage  of  Caspase-1  and  Interleukin-1β
(IL-1β), initiating an inflammatory response [20]. Recent stud-
ies  have  demonstrated  significant  increases  in  inflammatory
reactions within the brains of depressed animals, with an ob-
served overexpression of the NLRP3 inflammasome compon-
ents in such cases [21, 22].

Interestingly, inhibition of autophagy often results in the
substantial  accumulation  of  damaged  mitochondria,  which
promotes  the  production  of  mitochondrial  reactive  oxygen
species (ROS)  and  subsequent  activation  of  the  NLRP3  in-
flammasome [23]. Therefore,  autophagy  represents  a  prom-
ising therapeutic  target  for  diseases  mediated by the NLRP3
inflammasome.  Studies  have  shown  that  increases  in  LC3
protein levels, reductions in p62 protein levels, and enhanced
autophagy activity  can  inhibit  the  activation  of  NLRP3  in-
flammasome complexes,  which  decreases  the  expressions  of
NLRP3, ASC,  Caspase-1,  and  IL-1β,  thereby alleviating  de-
pression-like behaviors [24, 25]. Thus, promoting autophagy can
suppress the  activation  of  the  NLRP3  inflammasome,  im-
proving  inflammatory  responses  in  neurological  disorders
such  as  depression,  Alzheimer’s  disease,  and  Parkinson’s
syndrome  [26].

In this context, the current study utilized CUMS-induced
mouse models  and  CORT-induced  HT22  cell  models  to  in-
vestigate the antidepressant effects of PF through the modula-
tion  of  mitochondrial  autophagy  and  its  interaction  with  the
NLRP3 inflammasome.

 Materials and Methods

 Materials
Paeoniflorin  (PF),  fluoxetine  hydrochloride  (FLU),  and

corticosterone  (CORT)  were  sourced  from  Yuanye  (Shang-
hai,  China).  The  autophagy  inhibitor  3-methyladenine  (3-
MA) was obtained from MCE (China). DMEM medium and
fetal  bovine serum (FBS) were purchased from Gibco (Aus-
tralia).  The  Mitochondrial  Membrane  Potential  Assay  Kit
with JC-1  (JC-1)  was  supplied  by  Solarbio  (China).  The  re-
agents 2, 7-dichlorofluorescein diacetate (DCFH-DA) and the
BCA  kit,  along  with  the  Caspase-1  kit,  were  provided  by
Beyotime  (China).  Enzyme-linked  immunosorbent  assay
(ELISA) kits for IL-1β, IL-18, IL-6, and brain-derived neuro-
trophic factor  (BDNF)  were  acquired  from Enzyme Immun-
oassay (Jiangsu, China). Additional ELISA kits for serotonin
(5-HT)  and  CORT  were  purchased  from  Fantejin  (China).
Polyvinylidene difluoride (PVDF) membranes were obtained
from  Merck  Millipore  (Germany).  Antibodies  used  in  this
study  included  anti-LC3,  anti-NLRP3,  anti-Caspase-1,  and
anti-ASC, all sourced from Proteintech (Wuhan, China). Anti-
P62,  anti-Beclin1,  anti-Parkin,  and  anti-GAPDH  antibodies,
as  well  as  HRP  Goat  Anti-Rabbit  IgG,  were  supplied  by
Wanlei (China). DAPI staining solution and Alexa Fluor 488-

conjugated goat anti-rabbit antibodies were provided by Ser-
vicebio  (Wuhan,  China).  The  Enhanced  Chemiluminescence
(ECL) kit was obtained from Biosharp (China).
 Cell culture and cell viability assay

HT22 cells were cultured in the DMEM medium supple-
mented  with  10% FBS  and  1% penicillin-streptomycin  and
maintained  at  37  °C in  a  5% CO2 atmosphere.  Only  cells  in
the exponential growth phase were used for all experiments.

For the experiments, 5 × 104 cells were seeded into each
well of a 96-well plate and incubated at 37 °C. To determine
the safe  concentration  of  PF,  100 μL of  PF solution  at  vari-
ous concentrations (0, 1, 10, 50, 100, 200, 300, 400, and 500
μmol·L−1) was administered to each well for 24 h. In a simil-
ar setup, wells were treated with 100 μL of CORT solution at
concentrations  ranging  from 0  to  300  μmol·L−1 (0,  1,  5,  10,
20, 50, 100, 200, and 300 μmol·L−1) for 24 h. Following the
CORT treatment,  cells  were  exposed  to  different  concentra-
tions of PF solution (0, 1, 10, 20, 50, 100, and 200 μmol·L−1)
for  an  additional  24  h.  Cell  viability  was  assessed  using  a
CCK-8 assay. Briefly, 10 μL of CCK-8 solution was added to
each well, and the absorbance was measured at a wavelength
of 450 nm using an Epoch2 microplate reader (BioTek Instru-
ments, Inc., USA) after 2 h of incubation at 37 °C. Cell viab-
ility (%) was calculated using the following formula: (Adrug−
Ablank)/(Acontrol − Ablank) × 100%.
 Detection of mitochondrial reactive oxygen species (ROS)

Intracellular ROS levels were assessed using the fluores-
cent probe DCFH-DA. Initially, cells (1 × 105) were cultured
in a 12-well plate and pretreated with 100 μmol·L−1 of CORT
solution.  This  was  followed  by  exposure  to  PF  solution  at
concentrations  of  50,  100,  and 200 μmol·L−1 for  24 h.  After
treatment, the cells were washed twice with PBS and then in-
cubated  with  10  μmol·L−1 DCFH-DA  for  30  min  at  37  °C.
Following the incubation, cells were washed three times with
PBS to  remove any residual  probe.  The fluorescence intens-
ity  of  ROS was  subsequently  observed  using  a  fluorescence
microscope from Thermo Fisher Scientific.
 Measurement of mitochondrial membrane potential (MMP)

Mitochondrial membrane potential (MMP) in HT22 cells
was assessed using the fluorescent probe JC-1, a cationic dye
that penetrates cell membranes and accumulates in mitochon-
drial  aggregates  in  response  to  changes  in  MMP.  Initially,
HT22 cells were cultured at a density of 1 × 105 cells/ml in 12-
well plates for 24 h. Following this incubation, the cells were
washed once with PBS. JC-1 staining media was then added,
and the cells were incubated at 37 °C for 20 min. After incub-
ation, the cells were washed twice with JC-1 staining buffer,
which was then discarded.  A suitable  amount  of  cell  culture
medium was  added  to  each  well,  and  the  cells  were  sub-
sequently observed under a fluorescence microscope (Thermo
Fisher Scientific) to evaluate the MMP changes.
 Detection of  IL-6,  IL-1β,  IL-18 levels  and caspase-1 activity
in cells

To evaluate the anti-inflammatory effects of PF in HT22
cells,  we measured the  levels  of  inflammatory cytokines  IL-
1β,  IL-18,  and  IL-6  in  the  HT22  cell  culture  medium  using
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enzyme-linked immunosorbent  assay  (ELISA)  kits,  follow-
ing the manufacturer’s instructions.  Additionally,  we quanti-
fied the content of Caspase-1 in the cell lysates using a Cas-
pase-1 detection kit.
 Animals

Adult  male  C57/BL6  mice  weighing  18–23 g  were  ob-
tained from Changchun Yisi Laboratory Animal Technology
Co., Ltd..  The  mice  were  housed  under  standardized  condi-
tions,  maintained  at  23  ±  2  °C  and  a  relative  humidity  of
55% ± 5%. Throughout the experiment, the mice had free ac-
cess to drinking water and a standard diet. After a week-long
acclimatization period,  the mice were randomly divided into
seven groups (n = 8/group): Control,  CUMS, CUMS + FLU
(10 mg·kg−1 ) [27], CUMS + PF (20 mg·kg−1 ), CUMS + PF (40
mg·kg−1 ),  CUMS +  PF  (80  mg·kg−1 ),  and  CUMS +  PF  (80
mg·kg−1 ) + 3-MA (10 mg·kg−1 ) [19]. All experimental proced-
ures adhered to the animal experimentation guidelines of Jilin
Agricultural University.
 Animal experimental design

The CUMS  treatment  was  conducted  as  previously  de-
scribed [28], with minor modifications to ensure the unpredict-
ability  of  the  stress  protocol.  The  various  stress  modalities
were randomly arranged, and no single stressor was repeated
over  three  consecutive  days.  Stressors  included  (1)  cage  tilt
(45˚) for 12 h, (2) fasting for 12 h, (3) water fasting for 12 h,
(4)  ice  water  swimming  (4  °C)  for  5  min,  (5)  warm  water
swimming  (28  °C)  for  20  min  (6)  shaking  the  cage  for
10 min, (7) reversing the light-dark cycle (overnight lighting,
12 h), (8) moist bedding for 12 h, (9) foreign body exposure
for  12  h,  (10)  white  noise  for  6  h,  (11)  tail  suspension  for
10 min, and (12) heat stress for 5 min.

Mice not subjected to CUMS were housed in a separate
room  to  prevent  any  interaction  with  the  CUMS-exposed
mice  throughout  the  experiment.  The  animals  underwent
CUMS  for  7  weeks.  Starting  from  the  fourth  week,  PF  or
FLU  was  administered via oral  gavage  daily.  In  addition,
mice in  the  CUMS  +  PF  +  3-MA  group  received  daily  in-
traperitoneal  injections  of  3-MA  for  seven  consecutive  days
until the  end  of  the  experiment.  Behavioral  tests  were  con-
ducted, and blood and brain tissues were collected for analys-
is  after  the  experimental  period.  The  experimental  design  is
illustrated in Fig. 3A.
 Behavioral testing
 Sucrose preference test (SPT)

As previously  noted,  the  SPT  is  used  to  assess  anhedo-
nia,  a  hallmark  of  depression,  which  manifests  as  a  lack  of
pleasure  [29].  To  acclimate  the  mice  to  the  taste  of  sucrose,
two  bottles  containing  1% sucrose  solution  were  introduced
before the test. All animals underwent 24 h of fasting and wa-
ter deprivation prior to the SPT. For the test, we prepared two
pre-weighed  bottles:  one  containing  a  1% sucrose  solution
and the other containing sterile water. To minimize any posi-
tional bias, the location of each bottle was alternated every 2
h. After 4 h, the consumption from both the sucrose solution
and  the  sterile  water  was  recorded.  Sucrose  preference
(100%) =  sugar  water  consumption  (sugar  water  consump-
tion + pure water consumption) × 100%.

 Tail suspension test (TST)
The  degree  of  depression  in  mice  was  evaluated  using

the TST, which measures the immobility time as an indicator
of depressive-like behavior. For the test, each mouse was sus-
pended by the tail  50 cm above the floor.  The total  duration
of the test was 6 min, with the first 2 min allocated for accli-
matization, during which the mouse could adapt to the envir-
onment. The  cumulative  immobility  time  during  the  sub-
sequent  4  min  was  then  recorded.  A  mouse  was  considered
immobile  when  it  ceased  showing  movement  while  being
passively suspended.  All  sessions were directly recorded us-
ing  a  camera  to  ensure  accurate  measurement  of  immobility
times.
 Forced swimming test (FST)

The FST  was  conducted  to  evaluate  depressive-like  be-
havior  in  mice.  Each  mouse  was  placed  in  a  glass  cylinder
measuring 40 cm in height and 18 cm in diameter, filled with
water to a height of 30 cm, and maintained at 23 ± 2 °C. The
test lasted for 6 min, during which the first 2 min allowed for
adaptation,  and  the  immobility  times  were  recorded  during
the  subsequent  4  min.  A  mouse  was  considered  immobile
when  it  passively  floated,  making  only  minimal  movements
necessary to keep its head above water. All sessions were dir-
ectly recorded  with  a  camera  to  ensure  precise  documenta-
tion of the behavior.
 Open field test (OFT)

The  OFT  is  commonly  employed  to  assess  anxiety-like
behaviors in mice  [30]. The apparatus comprises an open-field
reaction  box  and  a  camera  connected  to  an  analysis  system.
The reaction  box,  uncovered  with  black  inner  walls,  meas-
ures 80 cm in length, width, and height. The floor of the box
is divided into nine distinct active areas. During the test, two
key  behaviors  were  measured:  the  immobility  time  and  the
number of times a mouse crossed the center area, both recor-
ded  over  a  5-minute  period.  The  experiment  was  performed
in  a  controlled,  quiet  environment.  After  each  test,  alcohol
was  used  to  clean  the  box  thoroughly  to  remove  feces  and
odors, preventing their effects on the results.
 Elevated plus maze (EPM)

The EPM is commonly used to assess the effects  of  de-
pression models  and the efficacy of  antidepressants.  Prior  to
the experiment, the active area within the maze was defined.
The  behavior  of  the  mice  was  recorded  using  cameras.  For
the  test,  each  mouse  was  placed  in  the  central  area  of  the
maze and allowed to move freely for 5 min. During this peri-
od,  both  the  duration  and  trajectories  within  the  open  arms
were recorded. The experiment was conducted in a quiet en-
vironment to minimize stress on the animals. To ensure con-
sistency and cleanliness between sessions, continuous experi-
ments were  performed  with  different  mice.  After  each  ses-
sion, feces were removed, and alcohol was used to clean the
apparatus,  eliminating  odors  that  could  potentially  influence
the experimental results.
 Detection of IL-1β and CORT levels in serum and 5-HT and
BDNF levels in the hippocampus

After  the behavioral  tests,  blood samples were collected
and centrifuged at  10  000 r·min−1 for 10  min  at  4  °C to  ob-
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tain serum. Similarly, hippocampal tissue homogenates were
centrifuged at 12 000 r·min−1 for 10 min at 4 °C to collect the
supernatant. The levels of IL-1β and CORT in the serum and
5-HT  and  BDNF  in  the  hippocampal  tissue  were  measured
using  ELISA  kits  according  to  the  manufacturer’s instruc-
tions.
 Hematoxylin-eosin (HE) staining

The  pathological  morphology  of  the  hippocampus  was
evaluated  using  HE  staining.  Mouse  hippocampal  tissues
were first fixed with 4% paraformaldehyde at room temperat-
ure. After fixation, the tissues were dehydrated in a series of
alcohol  solutions,  embedded  in  paraffin,  and  then  sectioned
into 5 μm slices. The sections underwent HE staining, where
they were initially stained with hematoxylin, rinsed, and then
sequentially  dehydrated  in  70% and  90% alcohol  solutions.
Subsequently, the  sections  were  stained  with  an  eosin  solu-
tion in  alcohol.  After  staining,  the  sections  were  further  de-
hydrated  in  absolute  alcohol  and  cleared  with  xylene.  An
Olympus  BX51  optical  microscope  was  utilized  to  observe
and capture images of the stained sections.
 Transmission electron microscopy (TEM) analysis

The hippocampal  tissues  from mice  in  each  group  were
sliced into sections (1–3 mm thick) and fixed by incubation in
a solution of 2.5% glutaraldehyde and 2% paraformaldehyde
at  4  °C  for  2  h.  After  this  initial  fixation,  the  sections  were
further  fixed  with  1% osmium  tetroxide.  They  were  then
treated  with  aqueous  uranyl  acetate,  dehydrated  through  a
graded series of alcohols, and embedded in epoxy resin. The
sections were  subsequently  stained  with  lead  citrate  for  en-
hanced contrast. Images of these prepared sections were cap-
tured using a transmission electron microscope (TEM, HITA-
CHI HT7800, Japan).
 Immunohistochemistry

After  fixation,  embedding,  slicing,  and  dewaxing  of  the
brain tissue, antigen retrieval was performed on the sections,
which  were  then  blocked  to  prevent  non-specific  binding.
The  sections  were  treated  with  5% bovine  serum  albumin
(BSA)  for  one  hour.  Following  this,  they  were  incubated
overnight  at  4  °C with  primary antibodies  targeting NLRP3,
Caspase-1, and IL-1β. The sections were then incubated with
the corresponding  secondary  antibodies.  Staining  was  con-
ducted using  diaminobenzidine  (DAB)  to  visualize  the  anti-
gens. The stained sections were observed under an optical mi-
croscope  and  the  density  was  quantitatively  analyzed  using
Image-Pro Plus software.
 Immunofluorescence

HT22 cells,  seeded at a density of 1 × 105 cells/mL in a
12-well plate,  underwent  drug  treatment  before  further  pro-
cessing.  The  cells  were  washed  twice  with  PBS,  fixed  with
4% paraformaldehyde,  permeabilized  with  0.01% Triton  X-
100,  and  subsequently  treated  with  5% BSA  to  block  non-
specific binding. They were then incubated overnight with an
anti-LC3 antibody, followed by a 1-hour incubation with Al-
exa  Fluor  488-conjugated  goat  anti-rabbit  antibody.  DAPI
staining was used for nuclear visualization.

Similarly, hippocampal sections were permeabilized with

0.5% Triton  X-100  at  room  temperature  for  20  min  and
blocked with normal goat serum for 30 min at room temperat-
ure. The sections were incubated overnight at 4 °C with anti-
LC3 or anti-P62 antibodies, followed by a 1-hour incubation
with  Alexa  Fluor  488-conjugated  goat  anti-rabbit  antibody.
DAPI was also used for nuclear re-staining in these sections.
The images were captured using a BX53 fluorescence micro-
scope, and the results were quantified using ImageJ software.
 Western blotting analysis

Brain tissues and HT22 cells were lysed using RIPA buf-
fer on ice for 30 min. The lysates were then centrifuged at 12
000 g for 10 min at 4 °C to separate the supernatants. Protein
concentrations  in  the  supernatants  were  determined  using  a
BCA protein assay kit. Proteins were separated on a 12% so-
dium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis
(SDS-PAGE) and  subsequently  transferred  to  PVDF  mem-
branes.  These  membranes  were  blocked  with  5% skim  milk
in TBST for 1 hour at room temperature, then incubated with
the  appropriate  primary  antibodies  overnight  at  4  °C.  After
washing, the membranes were incubated with secondary anti-
bodies for  1  hour.  Protein  bands  were  visualized  using  en-
hanced chemiluminescence  with  a  Chemiluminescence  Im-
ager (Analytik Jena). Quantitative analysis of the protein ex-
pression was performed using ImageJ software.
 Graphing and statistical analysis

All  data  were  presented  as  mean  ±  standard  deviation.
Statistical analyses were conducted using one-way analysis of
variance (ANOVA), with Tukey’s test employed for compar-
isons between multiple groups. Values of P < 0.05 were con-
sidered  statistically  significant.  The  statistical  analyses  were
performed  using  SPSS  software  version  20.0,  and  graphs
were generated with GraphPad Prism 8 (GraphPad Software,
Inc., La Jolla, CA, USA).

 Results

 Effect of PF on the viability of CORT-induced HT22 cells
As depicted in Fig. 1B, cell viability began to increase at

a PF concentration of 10 μmol·L−1 and remained non-cytotox-
ic across a range of 1–500 μmol·L−1, peaking at a PF concen-
tration of 200 μmol·L−1. In contrast, as shown in Fig. 1C, cell
viability  decreased  in  a  dose-dependent  manner  following
CORT induction. Notably, cell viability approached 50% at a
CORT  concentration  of  100  μmol·L−1,  which  was  therefore
selected for further experiments. In the CORT-induced HT22
cell  model,  various  concentrations  of  PF  were  evaluated  for
their  therapeutic  effects. Fig.  1D illustrates  that  the  highest
cell  viability  was  observed  at  a  PF  concentration  of  200
μmol·L−1.  Consequently,  concentrations  of  50,  100,  and  200
μmol·L−1 were chosen for subsequent experiments.
 Effects of PF on ROS production and mitochondrial function
in CORT-induced HT22 cells

Mitochondrial  damage  can  lead  to  increased  expression
of  reactive  oxygen species  (ROS),  which serve as  indicators
of such damage. Intracellular ROS levels were measured us-
ing the non-fluorescent probe DCFH-DA, which, when oxid-
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ized, becomes the fluorescent DCF. Fig. 1E and Fig. 1F illus-
trate that CORT-treated cells exhibited stronger DCF fluores-
cence  compared  to  the  control  group.  Following  treatment
with  PF,  the  fluorescence  intensity  decreased  in  a  dose-de-
pendent manner, indicating that PF effectively inhibits CORT-
induced ROS production.

Mitochondrial membrane potential (MMP) was assessed
using fluorescence microscopy to evaluate the extent of mito-
chondrial  damage.  This  was  monitored  using  JC-1  staining,
where red-fluorescent  JC-1 aggregates indicate highly polar-
ized membranes and green fluorescent monomeric forms sig-

nal membrane depolarization. A higher integrity of the mito-
chondrial  membrane  is  reflected  by  a  greater  ratio  of  red  to
green  fluorescence.  As  shown  in Fig.  1G, PF  treatment  re-
stored  MMP and mitochondrial  membrane  integrity,  thereby
mitigating CORT-induced mitochondrial damage.
 Effects  of  PF  on  the  expression  of  Inflammatory  cytokine,
NLRP3 and LC3, in HT22 cells

To  evaluate  the  effects  of  PF in  vitro,  we  analyzed  the
levels  of  inflammatory  cytokines  secreted  by  cell  cultures.
Results  shown  in Figs.  2A–2C indicate  that  CORT  induced
the release of IL-6, IL-1β, and IL-18 compared to the control
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Fig.  1     Effect  of  PF  on  HT22  cell  viability,  ROS  production,  and  mitochondrial  function.  (A)  The  chemical  structure  of  PF.
(B–D) Cytotoxic effects of PF and CORT at different concentrations on HT22 cells and that of PF on CORT-induced cells using
the CCK-8 assay. (E, F) The expression of ROS in HT22 cells after staining with HDCF-DA (10 μmol·L−1) was captured under a
fluorescence microscope. (G) The JC-1 fluorescence of cells was observed by fluorescence microscopy to assess the MMP of cells.
The values were represented as the mean ± SD, n = 8. #P < 0.05, ##P < 0.01, ###P < 0.001 vs the control group; *P < 0.05, **P < 0.01
vs the CORT group.
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group.  Conversely,  PF  treatment  significantly  reduced  the
CORT-induced  levels  of  these  cytokines  in  HT22  cells  in  a
dose-dependent manner. Further analysis focused on the role
of PF in  modulating  NLRP3 inflammasome activity;  we ex-
amined  the  expression  of  NLRP3  and  caspase-1  in  cells
treated with the autophagy inhibitor  3-MA for additional val-
idation [27]. Fig.  2D illustrates that  PF  treatment  notably  re-
stored  the  expression  of  caspase-1  in  cell  lysates  relative  to
the  CORT  group.  Western  blot  analysis  revealed  that  PF
treatment  increased  the  protein  expression  level  of  LC3  and

decreased  the  expression  of  NLRP3  compared  to  the  model
group. However, these effects were partially reversed follow-
ing  treatment  with  the  3-MA  inhibitor,  as  evidenced  in
Figs. 2E–2G. Furthermore, we assessed the expression levels
of  the  autophagy  marker  LC3  using  immunofluorescence
staining. Fig. 2H demonstrates that the fluorescence intensity
of LC3 was significantly lower in the model group than in the
control group,  whereas  PF  treatment  enhanced  LC3  fluores-
cence  in  CORT-induced  HT22 cells.  These  findings  suggest
that  PF  mitigates  the  release  of  inflammatory  cytokines  and
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Fig. 2    Effect of PF on the expression of Inflammatory cytokine, NLRP3 and LC3 in HT22 cells. (A–C) The levels of IL-6, IL-1β,
and IL-18 in HT22 cells. (D) The expression of Caspase-1 in cell lysates. (E–G) The protein expression levels of LC3 and NLRP3.
(H) The fluorescence intensity of LC3 (green) in HT22 cells was observed by LC3/DAPI staining. All data are expressed as mean
± S.D, n = 8. ##P < 0.01 vs the control group. *P < 0.05, **P < 0.01 vs the CUMS group.
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the  expression  of  NLRP3,  and  it  restores  LC3 expression  in
CORT-treated  HT22  cells.  This  protective  effect  of  PF  may
be attributed to its anti-inflammatory and mitochondrial auto-
phagy-enhancing properties.
 Effect  of  PF  on  depression-like  behavior  in  CUMS  model
mice

FLU,  a  widely  recognized  selective  serotonin  reuptake
inhibitor, is  commonly  used  in  the  clinical  treatment  of  de-
pression [31].  In this study, a mouse model of depression was
established using chronic unpredictable mild stress (CUMS),
followed  by  treatment  with  PF  at  doses  of 20,  40,  and  80
mg·kg−1·d−1 or  FLU  at  a  dose  of  20  mg·kg−1·d−1, admin-
istered  intragastrically  for  four  weeks  (Fig.  3A).  After  three
weeks,  there  was a  significant  decrease in  both body weight
and sucrose  preference  in  the  CUMS-exposed  mice  com-
pared to the control group. However, both PF and FLU treat-
ment gradually  reversed  these  effects,  with  significant  in-
creases in body weight and sucrose consumption observed at
the end of the 6th and 7th weeks of treatment (Figs. 3B, 3C).
Additionally, PF administration significantly reduced the im-
mobility  time  in  the  FST  and  the  TST  in  a  dose-dependent
manner, indicating an antidepressant effect (Figs. 3D, 3E).

The OFT and EPM also demonstrated the efficacy of PF
and FLU treatments.  Both treatments significantly decreased
immobility  time  in  the  OFT and  increased  the  time  spent  in
the central area (Figs. 3F, 3G). Similarly, thermographic ana-
lysis  showed  improved  behavior  in  the  PF-  or  FLU-treated
mice compared to the CUMS group, indicating a reduction in
depressive-like  behaviors  (Fig.  3J).  In  the  EPM,  the  CUMS
group showed significantly  less  time spent  in  the  open arms
and  fewer  entries  into  these  arms  compared  to  the  control
group. Treatment with FLU and PF markedly increased both
the time spent  and the number of  entries  into the open arms
compared to the CUMS group (Figs. 3H, 3I), further substan-
tiating their antidepressant effects. Overall, these results con-
firm that  both PF and FLU effectively reduce the symptoms
of depression in CUMS-induced mice (Fig. 3K).
 Levels of BDNF, 5-HT, CORT and IL-1β in CUMS mice

BDNF is a crucial neurotrophic protein abundantly found
in brain tissue. It plays a vital role in neuronal growth, differ-
entiation,  and  synaptic  activity  and  is  acknowledged  for  its
involvement in  various  psychiatric  disorders,  including  ma-
jor  depression [32]. Depression  is  often  linked  with  imbal-
ances  in  key  monoamine  neurotransmitters  such  as  5-HT  in
the brain [33]. Following treatment with PF, both BDNF and 5-
HT levels in the hippocampus were observed to increase in a
dose-dependent manner when compared to the CUMS group.
CORT,  a  glucocorticoid  produced  by  the  adrenal  cortex,
plays a  pivotal  role  in  regulating  the  HPA  axis  and  is  fre-
quently studied in clinical  research on depression.  Emerging
evidence suggests  a  significant  association  between  depres-
sion and  inflammation,  highlighting  their  potential  interac-
tions [34].  Fig.  4A demonstrates that  both  CORT and the  in-
flammatory  cytokine  interleukin-1β  (IL-1β)  were  markedly
elevated  in  the  model  group  compared  to  the  control  group.
Importantly, these levels significantly decreased in a dose-de-
pendent manner  following  administration  of  PF,  underscor-

ing  its  potential  anti-inflammatory  and  therapeutic  effects  in
the context of depression.
 Analysis of histopathological examination

HE staining  revealed  that  in  the  control  group,  hippo-
campal neuronal cells were neatly and closely arranged with
normal intercellular  gaps  and  intact  morphology  and  struc-
ture. In contrast, the hippocampal neuronal cells in the model
group  showed  significant  deficiencies,  characterized  by
sparse and disorganized cell arrangement, vacuolated cytosol,
deeply stained  nuclei,  and  pronounced  changes  in  cell  mor-
phology  and  structure.  Notably,  these  signs  of  hippocampal
damage in  the  model  mice  were  alleviated  following  treat-
ment with  PF,  with  the  most  substantial  improvements  ob-
served at higher doses (Fig. 4B).
 Effect  of  PF on mitochondrial  damage and autophagosomes
production in CUMS mice

To investigate the ultrastructure of the hippocampus and
the activation of autophagy, we utilized TEM to observe the
morphology  of  mitochondria  in  the  hippocampal  cells  of
mice. The TEM analysis revealed that compared with that in
the control group, the mitochondria in the CUMS group were
significantly  damaged.  This  damage  was  characterized  by
morphological and structural changes, including swelling, va-
cuolation, and  shortening  of  mitochondrial  cristae,  as  indic-
ated by yellow arrows.  Conversely,  treatment  with FLU and
PF at doses of 40 and 80 mg·kg−1 effectively cleared the dam-
aged  mitochondria  and  restored  their  normal  morphology.
Additionally,  TEM  analysis  showed  that,  compared  to  the
control group, there was no significant accumulation of auto-
phagosomes in the model group. Most notably, several auto-
phagosomes,  marked  by  red  arrows,  were  observed  in  the
cytoplasm of cells treated with PF and FLU. This finding in-
dicates that PF treatment can promote the fusion of cytoplas-
mic components  with  lysosomes,  thereby  activating  auto-
phagy  and  leading  to  the  formation  of  autophagosomes
(Fig. 4C).
 Effect of PF on the activation of NLRP3 pathway in the hip-
pocampus

To explore the role of  the NLRP3 inflammasome in the
antidepressant mechanism  of  PF,  we  analyzed  the  expres-
sions of NLRP3, ASC, Caspase-1, and IL-1β. The results in-
dicated that,  compared  to  the  control  group,  the  protein  ex-
pressions of NLRP3, ASC, Caspase-1, and IL-1β were signi-
ficantly upregulated  in  the  CUMS  group,  demonstrating  ac-
tivation of the NLRP3 inflammasome. However, both PF and
FLU  treatment  significantly  decreased  the  expressions  of
these  proteins  in  the  hippocampus  of  CUMS-induced  mice
(Figs.  5A, 5B).  Additionally,  immunohistochemical  staining
was employed to specifically assess NLRP3 expression in the
hippocampus. This  analysis  revealed  that  CUMS  signific-
antly increased the positive signal intensity of NLRP3 in the
hippocampus. In  contrast,  PF  administration  notably  inhib-
ited the activation of NLRP3, further substantiating its poten-
tial role in mitigating depressive behaviors by modulating in-
flammatory pathways (Figs. 5C, 5D).
 Effect of PF on autophagy activation in the hippocampus

We further investigated the antidepressant mechanism of
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Fig. 3    Effect of PF on depression-like behavior in CUMS model mice. (A) The program of CUMS model preparation and drug
administration in the present study. (B, C) The effects of PF on body weight and sucrose consumption of CUMS-induced depres-
sion mice. (D, E) The effects of PF on the immobility time of mice in TST and FST. (F, G) The effect of PF on immobility time and
time crossed the central  square in OFT. (H,  I)  The effect  of  PF on open arms and the number of  entries  into the open arm in
EPM. (J) The activity thermograms of mice in OFT. (K) The activity thermograms of mice in EPM. The values were represented
as the mean ± SD, n = 8. ##P < 0.01 vs the control group. *P < 0.05, **P < 0.01 vs the CUMS group.
 

SU Lili, et al. / Chin J Nat Med, 2024, 22(6): 515-529

– 522 –



PF  by  examining  the  expression  levels  of  autophagy-related
proteins. Western blot analysis revealed significant abnormal-
ities in autophagy in the CUMS group compared to the con-
trol  group.  Specifically,  there  was  a  decrease  in  the  ratio  of
the autophagy marker  LC3II  to  LC3I,  an  increase  in  the  ex-
pression level of the autophagy substrate P62, and decreased
expression  levels  of  the  autophagy-related  proteins  Beclin1
and Parkin.  However,  treatment with PF or FLU normalized
these protein expression levels,  bringing them close to those
observed  in  the  control  group  (Fig.  6A, 6B).  Additionally,

LC3/DAPI staining of the hippocampus further confirmed the
abnormal expression of LC3 in the hippocampus of the mod-
el  group.  This  abnormal  expression  was  corrected  following
treatment  with PF or  FLU (Fig.  6C).  These findings suggest
that  the  therapeutic  effects  of  PF  may  be  mediated  through
the activation of autophagy pathways.
 PF inhibits  NLRP3 synthesis  by  promoting  the  activation  of
mitochondrial autophagy in the hippocampus

To confirm the neuroprotective effects of PF by promot-
ing mitochondrial autophagy in the hippocampus, we admin-
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Fig. 4    Effects of PF on BDNF, 5-HT, CORT, and IL-1β levels,  histopathological examination, and mitochondrial morphology
and autophagosomes in CUMS mice. (A) The levels of IL-1β and CORT in serum and the levels of 5-HT and BDNF in hippocam-
pal neurons were assessed by ELISA. (B) The pathological damage of hippocampal neurons was evaluated by HE staining. (C)
Images of damaged mitochondria (yellow arrow) and autophagosomes (red arrows) were observed by transmission electron mi-
croscopy. The values were represented as the mean ± SD, n = 8. ##P < 0.01 vs the control group. *P < 0.05, **P < 0.01 vs the CUMS
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istered  3-MA,  an  autophagy  inhibitor,  intraperitoneally  to
mice in the CUMS + PF + 3-MA group for one week before
the  end  of  the  experiment.  In  hippocampal  slices  from  the
CUMS group, mitochondria (indicated by yellow arrows) ap-
peared damaged.  This  damage  was  alleviated  after  PF  treat-
ment. Notably, we observed several autophagosomes (marked
by red  arrows)  located  near  the  mitochondria  in  the  cyto-
plasm of  the  CUMS + PF group.  However,  in  the  CUMS +
PF  +  3-MA  group,  the  damaged  mitochondria  were  not
cleared, and no obvious autophagosomes were observed, sug-
gesting that the autophagy activated by PF was inhibited by 3-
MA  (Fig.  7A).  Western  blotting  results  further  supported
these  findings,  showing  that  PF  decreased  the  expression  of
P62  and  enhanced  the  expression  of  LC3,  Parkin,  and
Beclin1. However, these effects of PF were attenuated by 3-
MA treatment (Figs. 7B and 7C). Immunofluorescence stain-

ing results corroborated these observations, indicating that the
relative fluorescence intensity of LC3, an autophagy marker,
was increased  after  PF  treatment,  while  the  fluorescence  in-
tensity of  P62,  an  autophagy  substrate,  was  decreased  com-
pared to  the  CUMS group.  This  effect  was  reversed  follow-
ing  3-MA  treatment  (Figs.  7D and 7E). These  results  high-
light the role of autophagy in the neuroprotective mechanism
of PF in treating depression-induced hippocampal damage.

The results  from both Western blotting and immunohis-
tochemistry (IHC)  staining  substantiated  our  initial  hypo-
theses. The autophagy inhibitor 3-MA effectively negated the
suppressive impact of PF on the expression of NLRP3, Cas-
pase-1,  ASC,  and  IL-1β  within  the  hippocampus  (Figs.  8A
and 8B).  Similarly,  the  reduction  in  positive  signal  intensity
of NLRP3,  Caspase-1,  and  IL-1β,  facilitated  by  PF,  was  re-
versed  upon  treatment  with  3-MA (Figs.  8C–8F). These  ob-
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Fig. 5    The effect of PF on the activation of the NLRP3 pathway in the hippocampus. (A, B) The protein expressions of NLRP3,
Caspase-1, ASC, and IL-1β in the hippocampus were determined by Western blot analysis. Quantitative analysis was performed
by densitometry. (C, D) The expression NLRP3 in the hippocampus was observed by IHC staining. The values were represented
as the mean ± SD, n = 8. ##P < 0.01 vs the control group. *P < 0.05, **P < 0.01 vs the CUMS group.
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servations indicate that PF can confer neuroprotective and an-
tidepressant effects by inhibiting the activation of the NLRP3
inflammasome  in  a  CUMS-induced  depression  model  in
mice. This effect is likely mediated through the activation of
autophagy within the hippocampus.

 Discussion

PF  is  a  naturally  occurring  monoterpene  glycoside  that
has garnered attention for its neuroprotective properties, abil-
ity to  promote  autophagy,  and  potential  to  mitigate  neuroin-
flammation. Despite these attributes, the linkage between PF’
s  antidepressant  effects  and  its  influence  on  the  interaction
between  autophagy  and  the  NLRP3  inflammasome  remains
underexplored. This  study  aims  to  elucidate  the  antidepress-
ant  mechanisms of  PF,  specifically through the activation of
autophagy  and  the  inhibition  of  inflammation  induced  by
CORT  in  HT22  cells in  vitro and  in  CUMS  model  mice in
vivo.

CORT,  a  corticosteroid  produced  by  the  adrenal  cortex,
has  been  shown  to  impair  the  morphology  and  function  of
hippocampal neurons when elevated. To model these effects,
we established  a  CORT-induced  HT22  cell  model  to  simu-
late neuroinflammation and hippocampal neuronal damage in
vitro.  Accumulation of ROS can trigger the activation of the
NLRP3  inflammasome,  leading  to  an  inflammatory  respon-
se [35].  Our findings indicate that CORT exposure suppresses

HT22 cell proliferation, elevates ROS expression, diminishes
mitochondrial function, and decreases LC3 expression levels.
Additionally,  CORT  was  observed  to  increase  the  secretion
of inflammatory cytokines IL-6, IL-1β, and IL-18, and to en-
hance the expression of NLRP3 and Caspase-1. As hypothes-
ized, these adverse effects were ameliorated by high concen-
trations of PF. This reversal was further substantiated through
the application of the autophagy inhibitor 3-MA, confirming
the critical role of autophagy in the therapeutic action of PF.

The etiology and pathophysiological mechanisms under-
lying CUMS  are  analogous  to  those  observed  in  human  de-
pression. In mice subjected to CUMS, PF ameliorated depres-
sion-like  behaviors,  as  evidenced  by  improvements  in  the
SPT,  FST,  TST,  OFT,  and  EPM.  These  results  underscore
PF's  potential  efficacy in treating depression.  The study also
sought to elucidate whether PF influences autophagy regula-
tion and  NLRP3  inflammasome  synthesis.  Emerging  evid-
ence indicates that multiple inflammatory cytokines play sig-
nificant  roles  in  the  pathogenesis  of  depression [36],  steering
new  research  directions  toward  anti-inflammatory  therapies
for its prevention and treatment [37]. Recent studies corrobor-
ate  that  inflammatory  responses  are  markedly  heightened  in
both depressed patients and animal models  [38].  In alignment
with these observations, our study revealed significant reduc-
tions in BDNF and 5-HT levels in the hippocampus of CUMS
mice, alongside increased IL-1β expression in the serum. HE
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Fig. 6    Effect of PF on the expression of autophagy marker LC3 in the hippocampus. (A, B) The expressions of Beclin1, Parkin,
P62, and LC3 in the hippocampus were determined by Western blot analysis.  Quantitative analysis was performed by densito-
metry. (C) Fluorescence intensity of LC3 (green) in the hippocampus was observed by LC3/DAPI staining. The values were rep-
resented as the mean ± SD, n = 8. ##P < 0.01 vs the control group. *P < 0.05, **P < 0.01 vs the CUMS group.
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Fig. 7    Effect of 3-MA on the promotion of mitochondrial autophagy by PF. (A) Images of damaged mitochondria (yellow ar-
rows) and autophagosomes (red arrows) were observed by transmission electron microscopy. (B, C) The protein expressions of
Beclin1, Parkin,  P62,  and  LC3  in  the  hippocampus  were  determined  by  Western  blot  analysis.  Quantitative  analysis  was  per-
formed by densitometry. (D, E) Fluorescence intensity of LC3, and P62 (green) in the hippocampus observed by immunofluores-
cence staining. The values were represented as the mean ± SD, n = 8. ##P < 0.01 vs the control group. *P < 0.05, **P < 0.01 vs the
CUMS group. $P < 0.05, $$P < 0.01 vs the PF group.
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staining also highlighted inflammation within the hippocam-
pus of CUMS mice, with these adverse effects being substan-
tially mitigated  following  PF  treatment.  These  findings  sug-
gest that PF’s antidepressant action may be partially due to its
capacity to inhibit inflammation, potentially through the mod-
ulation of the NLRP3 inflammasome.

When exposed  to  external  stimuli,  an  inflammatory  re-
sponse is  triggered,  and  defective,  unwanted,  or  aged  mito-
chondria  produce  toxic  byproducts,  particularly  ROS,  which
pose a  threat  to  themselves,  adjacent  mitochondria,  and host
cells. Autophagy serves as  a  cellular  mechanism for  degrad-
ing  organelles  and  invading  pathogens.  During  this  process,
autophagosomes and lysosomes fuse to form autophagic lyso-
somes, releasing  lysosomal  hydrolases  that  degrade  the  en-
capsulated mitochondria and facilitate the formation of auto-
phagosomes.  Subsequently,  damaged  mitochondria  are
cleared through mitochondrial autophagy. Transmission elec-

tron  microscopy  has  revealed  significant  alterations  in  the
morphology of mitochondria in the hippocampi of mice sub-
jected to  CUMS,  indicating  mitochondrial  damage.  Treat-
ment with varying doses of PF has demonstrated the capabil-
ity  to  either  remove  or  repair  these  damaged  mitochondria.
Notably, after treatment with PF, a small number of autopha-
gosomes were observed, with the highest levels present in the
high-dose group.  The  autophagy  inhibitor  3-MA  counterac-
ted this effect by inhibiting the autophagy-promoting actions
of PF.  Therefore,  PF  can  effectively  remove  damaged  mito-
chondria from the hippocampus of CUMS-induced mice,  re-
pair mitochondrial dysfunction, and promote the formation of
autophagosomes. This suggests that PF may provide a thera-
peutic approach to mitigating mitochondrial  damage and en-
hancing cellular resilience in the context of stress-induced de-
pressive states.

Research has indicated that promoting autophagy can in-
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Fig. 8    Effect of 3-MA on the inhibitory effect of PF on the activation of the NLRP3 inflammasome. (A, B) The protein expres-
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hibit NLRP3 inflammasome activation and subsequently mit-
igate inflammatory responses [39]. To further elucidate the an-
tidepressant mechanisms of PF, this study investigated its ef-
fects  on  NLRP3  inflammasome  activity in  vivo.  Results
demonstrated  that  PF  significantly  reduced  the  expression
levels  of  NLRP3  in  the  hippocampus  of  mice  subjected  to
CUMS. Additionally, Western blot analysis revealed that PF
attenuated the  activation  of  the  inflammasome  in  the  hippo-
campus by decreasing the expression of key components, in-
cluding NLRP3, ASC, Caspase-1, and IL-1β. Combined with
findings  from in  vitro studies,  our  data  suggest  that  PF may
exert anti-inflammatory and neuroprotective effects by inhib-
iting ROS  production  and  suppressing  NLRP3  inflamma-
some  activation.  These  mechanisms  underscore  PF’s poten-
tial  therapeutic  efficacy  in  treating  depression,  highlighting
its significance for further clinical investigations.

When mitochondria are exposed to external stimuli, such
as oxidative stress, PINK1 accumulates on the mitochondrial
outer membrane  via  the  outer  membrane  translocation  en-
zyme, activating and recruiting Parkin. Parkin then ubiquitin-
ates  proteins  on  the  mitochondrial  outer  membrane,  which
initiates  mitochondrial  autophagy.  Following  ubiquitination,
receptor proteins including p62 accumulate on the outer mito-
chondrial membrane, facilitating the recruitment of ubiquitin-
ated products to the autophagosome by binding to LC3. Ma-
ture  autophagosomes  subsequently  fuse  with  lysosomes,
forming autolysosomes that degrade their contents. Beclin1, a
key protein in autophagy regulation, has recently been identi-
fied as instrumental in this process. Our findings demonstrate
that PF  enhanced  the  fluorescence  intensity  of  LC3  and  re-
duced  that  of  P62  in  the  hippocampi  of  mice  subjected  to
CUMS. Western  blot  analysis  also  indicated  that  PF  in-
creased  the  expression  levels  of  Beclin1,  Parkin,  and  the

LC3II/LC3I  ratio  while  decreasing  the  expression  of  P62  in
the hippocampus of CUMS-induced mice. These effects were
reversed following intervention with  the  autophagy inhibitor
3-MA,  which  interestingly  increased  the  expression  and
fluorescence intensity  of  NLRP3  and  related  proteins,  con-
trasting with PF's effects. These results suggest that PF inhib-
its the activation of the NLRP3 inflammasome and its associ-
ated inflammatory response by activating autophagy.

Taken together,  the  mitochondrial  damage  and  activa-
tion  of  the  NLRP3  inflammasome  induced  by  external
stimuli  led  us  to  hypothesize  that  promoting  autophagy  and
clearing damaged mitochondria could inhibit the activation of
the NLRP3  inflammasome.  We  provided  compelling  evid-
ence that  PF  exerts  neuroprotective  and  antidepressant  ef-
fects by  inhibiting  NLRP3 inflammasome activation  and  re-
ducing ROS  production  through  the  induction  of  mitochon-
drial  autophagy (Fig.  9). Investigating the  potential  mechan-
isms underlying the inhibitory effects of PF on external stress-
induced inflammatory responses  may offer  new insights  and
strategies for promoting PF as a therapeutic agent for depres-
sion.

 Conclusion

In  conclusion,  PF  has  been  shown  to  effectively  inhibit
inflammatory  reactions  both in  vivo and  in vitro, with  these
effects seemingly mediated by PF-induced autophagy. There-
fore,  the  enhancement  of  autophagy  alongside  the  inhibition
of NLRP3-mediated inflammation likely constitutes  the core
mechanisms  underlying  the  antidepressant  effects  of  PF.
These findings  propose  that  a  dual-targeted  therapeutic  ap-
proach—promoting mitochondrial autophagy while simultan-
eously  suppressing  inflammation —may  be  more  effective
than strategies targeting a single molecular pathway.
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Fig. 9    PF alleviates depression by inhibiting the activation of NLRP3 inflammasome via promoting mitochondrial autophagy.
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