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Abstract 
Objective: Anshen Dingzhi prescription (ADP) is an effective remedy for treating post-traumatic stress disorder (PTSD); however, 
the mechanism underlying its beneficial effects is unclear. This study explores the roles of the neuroinflammation regulated by 
the FKBP prolyl isomerase 5 (FKBP5)-IκB kinase alpha (IKKα)-nuclear factor kappa-B (NF-κB)-NOD-like receptor thermal protein 
domain-associated protein 3 (NLRP3) signaling pathway in PTSD.

Methods: The primary components of ADP, including ginsenosides Rg1 and Rb1, were quantified using ultra-performance liquid 
chromatography. Twelve C57BL/6 mice were allocated to control (D0) and experimental groups on days one, seven, and 14 of 
single prolonged stress (SPS). Eighteen C57BL/6 mice were allocated to control, SPS, and MCC950, an NLRP3 inhibitor (5 mg/
kg) groups. Finally, 24 C57BL/6 mice were allocated to control, SPS, paroxetine hydrochloride (PRX), or ADP (18.4 and 36.8 mg/
kg) groups. Mice were administered MCC950, PRX, or ADP for 14 days. The open field test and elevated plus maze were used to 
evaluate anxiety-like behaviors, whereas fear memory extinction was evaluated using the fear memory test. Western blotting was 
employed to evaluate the expression levels of the FKBP5-IKKα-NF-κB-NLRP3 signaling pathway, tumor necrosis factor-α (TNF-α), 
interleukin (IL)-6, and IL-1β. The expression of FKBP5 and NLRP3 was further confirmed by immunofluorescence staining.

Results: The amounts of ginsenosides Rg1 and Rb1 in ADP were (96.85 ± 1.14) and (9.04 ± 0.22) µg/g, respectively. Compared 
with the D0 group, the levels of the inflammatory cytokine proteins, TNF-α, IL-6, and IL-1β were elevated 1.33- to 1.51-fold and 
those of FKBP5-IKKα-NF-κB-NLRP3 signaling pathway were increased 1.16- to 1.41-fold in the hippocampus of the D14 group 
(P < 0.05); the fluorescence intensity of FKBP5 and NLRP3 was also markedly increased (1.33–1.79-fold) in the hippocampus of 
the D14 group (P < 0.5). Notably, injection of MCC950 (5 mg/kg) reduced the levels of FKBP5-IKKα-NF-κB-NLRP3 (0.80–0.88-fold) 
and inflammatory cytokines (0.74–0.83-fold), thereby improving the PTSD-like behaviors induced by SPS (P < 0.05). In addition, 
ADP (36.8 g/kg) significantly improved PTSD-like behaviors and reduced levels of hippocampal inflammatory cytokines (0.70–0.79-
fold) and FKBP5-IKKα-NF-κB-NLRP3 (0.50–0.79-fold) (P < 0.05) in SPS mice.

Conclusion: The results suggest a potential therapeutic benefit of ADP in PTSD due to the inhibition of the FKBP5-IKKα-NF-κB-
NLRP3 signaling pathway.

Keywords: Anshen Dingzhi prescription, FKBP5-IKKα-NF-κB-NLRP3 signaling pathway, Neuroinflammation, Post-traumatic stress 
disorder

Introduction

Post-traumatic stress disorder (PTSD) is a psychologi-
cal condition caused by exposure to a major traumatic 
event[1]. Notable clinical features of PTSD include trau-
matic re-experiencing, traumatic stimulus avoidance and 
numbing, and increased alertness. The quality of life of 
patients with PTSD is severely reduced, and patients 

have an increased probability of developing psychiatric 
disorders, such as depression and anxiety, and some indi-
viduals are potentially at risk of suicide[2]. The incidence 
of PTSD is increasing annually owing to the increasing 
global frequency of catastrophic and traumatic events. 
Data from the World Mental Health Survey revealed that 
the occurrence rate of PTSD following various disasters 
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is as high as 32.15%, whereas the prevalence of PTSD 
over a lifetime is approximately 5%[3]. Owing to the 
complexity of its pathogenesis, no medication has been 
formally approved to treat PTSD.

The Anshen Dingzhi prescription (ADP), which con-
sists of Ginseng Radix et Rhizoma (Panax ginseng C. 
A. Mey. [Araliaceae]), Poria (Poria cocos [Schw.] Wolf 
[Polyporaceae]), Polygalae Radix (Polygala tenuifolia 
Willd. [Polygalaceae]), Poria cum Radix Pini (Poria cocos 
[Schw.] [Polyporaceae]), Acori Tatarinowii Rhizome 
(Acorus tatarinowii Schott [Araceae]), and dragon 
tooth (Dens Draconis [mammalian Rhinocertidae 
Chilotherium]), is a classic traditional Chinese medicine 
(TCM) prescription used to treat emotional disorders, 
as documented in Yixue Xinwu. ADP is known for its 
ability to tranquilize the spirit and mind and to enhance 
qi. Modern pharmacological research has shown that 
ADP can effectively treat neurological diseases, including 
anxiety, depression, and memory impairment[4]. We have 
also demonstrated the beneficial effect of ADP in mice 
subjected to a single prolonged stress (SPS)[5–7]; however, 
the underlying mechanisms require further investigation.

The pathogenesis of PTSD is strongly associated 
with increased inflammation, increased release of neu-
roendocrine factors, and impaired brain structure and 
function[8–9]. We previously reported functional damage 
in the hippocampus of mice with PTSD[6], and found 
that neuroinflammation could be a potential mecha-
nism for PTSD[10–11]. The NOD-like receptor thermal 
protein domain-associated protein 3 (NLRP3) plays 
a key role in regulating neuroinflammation and has 
been implicated in the development and progression of 
inflammatory responses and neurological diseases[12–13]. 
Therefore, NLRP3 is expected to be an important tar-
get for preventing neuroinflammation in PTSD[14]. FKBP 
prolyl isomerase 5 (FKBP5) regulates nuclear factor 
kappa-B (NF-κB) through its complex with IκB kinase 
alpha (IKKα) and participates in NLRP3 activation, 
thus regulating neuroinflammation[15]. Using a network 
pharmacology approach, our team has discovered, that 
inflammatory factors such as tumor necrosis factor-α 
(TNF-α) and interleukin 6 (IL-6) may represent potential 
targets of ADP for treating PTSD[7]. Interestingly, ADP 
has been shown to decrease levels of TNF-α, IL-6, and 
other inflammatory factors, and improve motor behav-
ior in rats with chronic fatigue syndrome[16]. However, 
whether ADP targets neuroinflammation to prevent 
PTSD has not been evaluated.

We used the SPS mouse model[17] to determine whether 
ADP could improve PTSD-like behavior by interacting 
with the FKBP5-IKKα-NF-κB-NLRP3 signaling path-
way in hippocampus. Our findings provide experimental 
support for the clinical use of ADP in the treatment of 
PTSD.

Materials and methods

Chemicals and reagents

The various components of ADP, including Ginseng 
Radix et Rhizoma, Polygalae Radix, Poria, Acori 
Tatarinowii Rhizome, Poria cum Radix Pini, and dragon 
tooth were obtained from the First Affiliated Hospital of 

Anhui University of Chinese Medicine in October 2022, 
and were authenticated by Dr. Yongfu Zhu, a physician 
from the First Affiliated Hospital of Anhui University 
of Chinese Medicine (Hefei, China). Ginsenoside Rg1 
(purity ≥98%, Z18S9L70220) and Ginsenoside Rb1 
(purity ≥98%, J19IB217937) were purchased from 
Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, 
China). MCC950 (S8930) was purchased from Selleck 
Biotechnology, Ltd. (Houston, TX, USA). Paroxetine 
hydrochloride (PRX, H10950043) was purchased from 
Tianjin Smith Kline & French Laboratories, Ltd. FKBP5 
(14155-1-AP) antibody was purchased from Proteintech 
Group, Inc. (Wuhan, China), and the antibodies against 
IKKα (R381289), NF-κB (222013), NLRP3 (R381207), 
IL-6 (MS20021UC), TNF-α (MS20028UC), and β- 
actin (8F10-G10) were purchased from Zen-Bioscience 
(Chengdu, China); Interleukin 1β (IL-1β) (Bioss, 
bs-0812R) was purchased from Beijing Biosynthesis 
Biotechnology (Beijing, China). Horseradish peroxidase-
labeled anti-rabbit IgG (ZB-2301) and anti-mouse IgG 
(ZB-2305) antibodies were purchased from ZSGB-BIO 
(Beijing, China).

Detection of the main components of ADP using ultra-
performance liquid chromatography (UPLC)

The ADP solution was prepared as previously 
described[6]. According to Yixue Xinwu, ginseng is the 
sovereign drug of ADP. Thus, we quantified the levels of 
the main ginsenosides Rg1 and Rb1 using UPLC. The 
ADP solution was separated on an ACQUITY UPLC® 
HSS T3 (2.1 mm × 100 mm, 1.8 μm) column using a 
mobile phase of water (A)-acetonitrile (B) at a flow rate 
of 0.2 mL/min under gradient elution: 0 to 4 min for 
18% B, 4 to 7 min for 18% to 29% B, 7 to 12 min for 
29% B, 12 to 15 min for 29% B to 60% B, 15 to 25 
min for 60% B, 25 to 25.1 min for 60% to 82%, 25 to 
30 min for 82% B. The column temperature was 30°C, 
the detection wavelength 203 nm, and the injection vol-
ume 10 μL. ADP without ginseng was used as a nega-
tive control. Standard working solutions of ginsenosides 
Rg1 and Rb1 were prepared, and standard curves were 
plotted to calculate the contents of ginsenosides Rg1 and 
Rb1 in ADP.

Animals

Fifty-four 8-week-old healthy male C57BL/6 mice 
(weighing 20–25 g) were purchased from Hangzhou 
Ziyuan Laboratory Animal Technology Co. (Animal 
certificate number: SCXK[Zhe] 2019-0004). Mice were 
habituated to (22 ± 2)°C temperature conditions and 
45% to 65% humidity levels for 7 days, with a 12-hour 
light-dark cycle.

Implementation of the SPS model and drug administration

The SPS mouse model has been shown to mimic specific 
neuroendocrine and behavioral changes associated with 
PTSD[5–6,17–19]. Therefore, 7 days after adaptation to their 
environment, mice were subjected to SPS. Briefly, mice 
were restrained within a centrifuge tube for 2 h, during 
which a small aperture in the tail facilitated ventilation. 
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Subsequently, mice were released from the tube and 
transferred to a water-filled container maintained at a 
temperature of 20°C to 22°C for forced swimming for 
20 min. Mice were rested for 15 min and were placed 
following drying of the fur in an anesthesia chamber 
containing 3% isoflurane until they became unconscious. 
When mice recovered and could move freely, they were 
transferred to a chamber with an electric grid where they 
received a single 2 mA, 2-second shock. Mice were then 
placed back into their home cage after stimulation. After 
completion of the behavioral tests, mice were anesthe-
tized with isoflurane, decapitated, and the brain tissues 
were collected. We referred to the ARRIVE guidelines to 
justify the humane endpoint by maintaining 2% isoflu-
rane anesthesia in mice[20]. All animal experiments were 
approved by the Animal Ethics Committee of Anhui 
University of Chinese Medicine (Approval No. AHUCM-
mouse-2022014). To minimize animal numbers the 
G*power 3.1 software was used with the parameters α 
set at 0.05 and power (1 − β) set at 0.8 to calculate sam-
ple size based on data from our previous study[5].

Twelve mice were randomly divided into four groups 
for experiment 1 (n = 3): control (D0), day one (D1), 
day seven (D7), and day 14 (D14) after SPS. A schematic 
representation of the experimental protocol is shown in 
Figure 1A.

In experiment 2, mice were randomly divided into three 
groups (n = 6 each): control, SPS, and SPS + MCC950 
(CP-456773, CRID3). MCC950 (NLRP3 inhibitor, 
5 mg/kg in PBS) was injected intraperitoneally (ip)[21] 24 
h after SPS, and equal volumes of saline were adminis-
tered to the control and SPS groups for 14 days. After the 
final day, mice behaviors were evaluated using the open 
field and the elevated plus maze tests (Figure 1B).

In experiment 3, mice were randomly divided into 
five groups (n = 8 each): control, SPS, SPS + PRX, and 
SPS + ADP (SPS + ADP-H and SPS + ADP-L) groups. 

The ADP doses of 18.4 mg/kg/day (L) and 36.8 mg/kg/
day (H) were selected based on our previous publica-
tion[6]. Therefore, the SPS + ADP groups were treated with 
18.4 or 36.8 mg/kg/day of ADP by gavage 24 h after SPS 
treatment, respectively. The positive drug group received 
10 mg/kg/day of PXR by gavage[22], and the control and 
SPS groups were administered an equal volume of saline. 
After 14 consecutive days of administration, open field, 
elevated plus maze, and fear memory tests were conducted 
(Figure 1C).

Open field test

Before the start of the experiment, mice were allowed 
to acclimatize for 20 min in the experimental environ-
ment. At the beginning of the test, each mouse was 
placed in the central area of the device and allowed to 
explore the box quietly and freely for 5 min. The open 
field was divided into 16 squares (4 × 4; 4 squares in the 
central area and 12 squares around the perimeter) using 
the SuperMaze software, and the trajectories of the mice 
were analyzed. After each experiment, the surfaces of the 
box were cleaned with alcohol.

Elevated plus maze test

The elevated plus maze was constructed as an X-shaped 
apparatus measuring 25 cm × 5 cm × 5 cm. It featured 
two opposing open arms, each 25 cm × 5 cm in size, two 
opposing closed arms, and a central platform measur-
ing 5 cm × 5 cm. The height of the entire structure was 
50 cm. Each mouse was placed in an open area facing 
the cross arms, and a 5-minute random exploration time 
was set on the elevated platform. The SuperMaze System 
recorded movements and calculated the percentage of 
time spent on open-arm exploration relative to the total 
time. After each trial, the interior and floor of the plat-
form were disinfected with alcohol.

Figure 1.  Schematic diagram of experimental protocols (A) experiment 1, (B) experiment 2, and (C) experiment 3. ADP: Anshen Dingzhi prescrip-
tion; MCC950: CP-456773, CRID3; SPS: Single prolonged stress.
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Fear memory test

The fear memory test consisted of adaptation, training, 
re-exposure, and extinction phases. The adaptation phase 
occurred on the first day, during which each mouse was 
acclimatized to the fear chamber for 5 min. The training 
period was on the second day. Mice were subjected to three 
electric shocks (1.0 mA, 2 seconds each, with 73–74-second 
intervals) after being placed in the box for 5 min. The re-
exposure period was on day 3. Mice were repositioned in 
the box for 15 min without electric shocks. The freezing 
time of each mouse was recorded for 15 min, and mice 
behavior was analyzed every 3 min. The extinction period 
was on day 4. Mice were repositioned in the box for 5 min 
without shocks, and freezing behavior was recorded during 
the initial 3 min. The box was cleaned with 75% ethanol 
to eliminate odors left by the previous experimental mouse.

Western blotting

Brains were immediately placed on ice after decapita-
tion. The hippocampus was rapidly separated on ice and 
homogenized in radio immunoprecipitation assay lysate 
and phenylmethanesulfonyl fluoride under ice-cold con-
ditions. Homogenates were centrifuged at 12,000 rpm/
min for 5 min at 4°C, and the supernatant was col-
lected. The collected supernatant was divided and added 
to loading buffer in a 1:1 ratio and heat-denatured at 
100°C for 10 min. Equal amounts of proteins were sep-
arated using sodium dodecyl sulfate -polyacrylamide gel 
electrophoresis and transferred onto a polyvinylidene 
fluoride membrane. After blocking with 5% skim milk 
for 2 h, membranes were incubated with the various anti-
bodies against TNF-α (1:1,000), IL-6 (1:1,000), IL-1β 
(1:1,000), FKBP5 (1:1,000), IKKα (1:1,000), NF-κB 
(1:1,000), NLRP3 (1:1,000), and β-actin (1:1,000) for 
14 to 16 hours at 4°C. Membranes were washed three 
times for 10 min using PBS with Tween-20 and incubated 
with a peroxidase-labeled secondary antibody for 2 h at 
room temperature (20°C–25°C). Finally, protein bands 
were visualized using enhanced chemiluminescence and 
analyzed using the ImageJ software.

Immunofluorescence

Briefly, mouse brains were immersed in 4% paraformal-
dehyde for fixation, followed by dehydration in 30% 

sucrose solution. Frozen, fixed brains were sectioned (20 
µm thick), and brain slices were subjected to immunoflu-
orescence staining. Sections were incubated with primary 
antibodies against FKBP5 (1:200) or NLRP3 (1:200) for 
16 h. Sections were then washed three times with PBS for 
15 min each, and incubated with the secondary antibody 
for another 2 h. Images were captured using an Olympus 
confocal microscope (F3000; Olympus, Tokyo, Japan). 
Mean fluorescence intensity for FKBP5 and NLRP3 
staining in CA1 and dentate gyrus (DG) was quantified.

Statistical analysis

All data analysis was performed using the GraphPad 
Prism 8.0 statistical software and data are expressed as 
means ± standard error of the mean (SEM). An unpaired 
two-tailed Student t test was used to compare two inde-
pendent experimental groups. One-way analysis of 
variance (ANOVA) followed by the Tukey test was per-
formed to compare the differences among three or more 
groups. Statistical significance was set at P < 0.05.

Results

Content analysis of the main components in ADP

The levels of ginsenosides Rg1 and Rb1 in ADP were deter-
mined using UPLC. As shown in Figure 2A, ginsenosides 
Rg1 and Rb1 were well separated with UPLC. The stan-
dard curves for ginsenoside Rg1 (y = 7,064.6x + 25,672; 
R2 = 0.9999; linear range: 25–500 µg/mL) and Rb1 
(y = 5,912x + 33,171; R2 = 0.9997; linear range: 25–500 
µg/mL) were generated by plotting peak area as a func-
tion of concentration (Figure 2B–C). These data indicate 
that the specificity and linearity of the method satis-
fied the analytical requirements. The contents of ginse-
nosides Rg1 and Rb1 in ADP were (96.85 ± 1.14) and 
(9.04 ± 0.22) µg/g, respectively (means ± SEM of three 
experiments).

Increased expression of the FKBP5-IKKα-NF-κB-NLRP3 
signaling pathway in hippocampus of SPS mice

Using network pharmacology, we proposed that 
inflammatory factors could be potential targets in 
PTSD[7]. Western blot analysis was performed to eval-
uate the expression of inflammation-related proteins in 

Figure 2.  Quantifications of the major components in ADP by UPLC. (A) Representation chromatograms of ADP (1), Rg1 (2), Rb1 (3), ADP without 
ginseng (4), and blank solvent (5). (B–C) linear ranges of Ginsenosides Rg1 and Rb1. ADP: Anshen Dingzhi prescription; UPLC: Ultra performance 
liquid chromatography.
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hippocampus at various time points. On days one, seven, 
and 14 after SPS, the relative levels of IL-6 [(1.08 ± 0.10), 
(1.23 ± 0.08), and (1.41 ± 0.08), respectively], TNF-α 
[(1.20 ± 0.08), (1.26 ± 0.11), and (1.33 ± 0.04), respec-
tively], and IL-1β [(1.09 ± 0.05), (1.13 ± 0.04), and 
(1.51 ± 0.07), respectively] were increased, and signifi-
cant differences were observed for IL-6 (P < 0.05; F[3, 
16] = 5.62), TNF-α (P < 0.05; F[3, 16] = 4.49), and 
IL-1β (P < 0.05, F[3, 8] = 22.30) in the D14 group, as 
compared with that in the D0 group (Figure 3A–D). 
These results point to IL-6, TNF-α, and IL-1β as poten-
tial contributors to the development of PTSD.

The FKBP5-IKKα-NF-κB-NLRP3 signaling path-
way regulates neuroinflammation[15], and in this study, 
the protein expression of FKBP5-IKKα-NF-κB-NLRP3 
signaling pathway after SPS was further explored by 
western blotting. Compared to the D0 group, the rel-
ative levels of FKBP5 [(1.04 ± 0.05), (1.17 ± 0.03), 
and (1.21 ± 0.04), respectively], IKKα [(1.01 ± 0.01), 
(1.10 ± 0.03), and (1.16 ± 0.02), respectively], NF-κB 
[(1.02 ± 0.09), (1.16 ± 0.09), and (1.41 ± 0.13), respec-
tively], and NLRP3 [(1.18 ± 0.11), (1.17 ± 0.13), and 
(1.37 ± 0.02), respectively] gradually increased in the 
hippocampus of SPS mice, and significant differences 
were observed for FKBP5 (P < 0.05; F[3, 12] = 7.57), 
IKKα (P < 0.05, F[3, 12] = 14.21), NF-κB (P < 0.05; F[3, 
12] = 4.33), and NLRP3 (P < 0.05, F[3, 12] = 3.20) in the 
D14 group, as compared to the D0 group (Figure 3E–I). 
Immunofluorescence analysis revealed a marked eleva-
tion in FKBP5 in CA1 (P < 0.01, t value = 10) and DG 
(P < 0.01, t value = 17) as well as in NLRP3 in CA1 
(P < 0.05, t value = 3) and DG (P < 0.05, t value = 4.58) 
in the SPS group on day 14 relative to the control group. 
This result was consistent with the western blot results 
(Figure 3J–Q). These results suggest that the FKBP5-
IKKα-NF-κB-NLRP3 signaling pathway may participate 
in the development of PTSD by regulating inflammatory 
factors.

Prevention of PTSD-like behavior in SPS mice by NLRP3 
inhibition

NLRP3 is a key target of FKBP5-IKKα-NF-κB-NLRP3 
signaling pathway and directly regulates inflammatory 
factors[14]. We used the NLRP3 inhibitor MCC950 (ip 
injection, 5 mg/kg) to reduce FKBP5-IKKα-NF-κB-
NLRP3 signaling pathway. As the results of experiment 1 
revealed significant changes in inflammatory factors and 
FKBP5-IKKα-NF-κB-NLRP3 signaling pathway after 14 
days of SPS, we tested the effects of MCC950 at 14 days 
after SPS. Compared with the SPS alone group, mice in 
the SPS + MCC950 group showed significant increases 
in the open field test in movement distance in the cen-
tral area [SPS + MCC950 (3,889 ± 648.8) mm vs. SPS 
(1,401 ± 210.6); P < 0.05; F[2, 15] = 7.42] and time spent 
in the central region [SPS + MCC950 (28.50 ± 2.72) 
seconds vs. SPS (19.67 ± 1.94) seconds; P < 0.05; F[2, 
15] = 7.60]; however, no significant differences were 
observed (vs. SPS; P > 0.05; F[2, 15] = 0.97) in total dis-
tance between the SPS + MCC950 (31,308 ± 3,292) mm 
and the SPS groups (25,591 ± 2,527) mm (Figure 4A–C). 
The elevated plus maze test results demonstrated that the 
time to enter the open arm was significantly elevated in 
the SPS + MCC950 (5 mg/kg) group (86.67 ± 9.32 sec-
onds) as compared to the SPS group (43.50 ± 7.43 sec-
onds) (vs. SPS; P < 0.05; F[2, 15] = 14.97) (Figure 4D–E). 
These findings indicate that NLRP3 inhibition improves 
PTSD-like behavior in SPS mice.

The results revealed that MCC950 (5 mg/kg) not only 
reduced the level of inflammatory cytokines, including 
IL-6 (vs. SPS; P < 0.05; F[2, 15] = 9.98; relative expres-
sion decreased from 1.20 ± 0.04 to 0.89 ± 0.08), TNF-α 
(vs. SPS; P < 0.05; F[2, 6] = 15.03; relative expression 
decreased from 1.19 ± 0.03 to 0.96 ± 0.05), and IL-1β 
(vs. SPS; P < 0.05; F[2, 9] = 10.71; relative expression 
decreased from 1.36 ± 0.06 to 1.13 ± 0.08), but also 
inhibited protein expressions of several upstream mole-
cules, including FKBP5 (vs. SPS; P < 0.05; F[2, 6] = 18.01; 

Figure 3.  Aberrant expression of FKBP5-IKKα-NF-κB-NLRP3 signaling pathway was observable in the hippocampus of SPS mice. (A–D) The 
expression of inflammatory proteins IL-6, TNF-α, and IL-1β in the hippocampi was examined using western blotting. (E–I) The expression of FKBP5, 
IKKα, NF-κB, and NLRP3 proteins in the hippocampi was examined using western blotting. The expression of (J–M) FKBP5 and (N–Q) NLRP3 
in the CA1 and DG regions of the hippocampi in control and D14 groups using immunofluorescence (shown by the orange arrows). Data are 
presented as mean ± SEM (n = 3). *P < 0.05 and **P < 0.01 indicates significant differences. CA1: Cornu ammonis 1; DG: Dentate gyrus; FKBP5-
IKKα-NF-κB-NLRP3: Prolyl isomerase 5-IκB kinase alpha-nuclear factor kappa-B-NOD-like receptor thermal protein domain-associated protein 3; 
IL: Interleukin; SEM: Standard error of the mean; SPS: Single prolonged stress; TNF-α: Tumor necrosis factor-α.
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Figure 3.  Continued

Figure 4.  Inhibition of NLRP3 prevented PTSD-like behavior. (A) The central distance in open field test. (B) The time spent in the central area. (C) The 
total distance in open field test. (D) The time to enter the open arm. (E) The representative movement traces in open field test. Data are presented 
as mean ± SEM (n = 6). *P < 0.05 indicates a significant difference. MCC950: CP-456773, CRID3; NLRP3: NOD-like receptor thermal protein 
domain-associated protein 3; PTSD: Post-traumatic stress disorder; SEM: Standard error of the mean; SPS: Single prolonged stress.
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relative expression decreased from [(1.25 ± 0.04) to 
(1.02 ± 0.05)], IKKα (vs. SPS; P < 0.05; F[2, 9] = 9.98; 
relative expression decreased from 1.20 ± 0.04 to 
1.06 ± 0.04), NF-κB (vs. SPS; P < 0.05; F[2, 12] = 5.54; 
relative expression decreased from [(1.21 ± 0.05) 
to (0.97 ± 0.08)], and NLRP3 (vs. SPS; P < 0.05; 
F[2, 9] = 8.67); relative expression decreased from 
[(1.20 ± 0.04) to (1.03 ± 0.05)] (Figure 5A–I). The above 
results indicate that inhibition of the FKBP5-IKKα-NF-
κB-NLRP3 signaling pathway effectively reduces inflam-
mation and prevents PTSD-like behavior.

Improved anxiety-like behavior and enhanced fear extinction 
in SPS mice by ADP

We used the open field and elevated plus maze tests to 
evaluate anxiety-like behaviors in mice. Compared to the 
control group, time spent in the central area by mice of 
the SPS group was significantly reduced [P < 0.05; F[2, 
21] = 7.08; (27.38 ± 1.71) seconds vs. (18.75 ± 1.87) sec-
onds], as was the distance traveled within the central region 
[P < 0.05; F[2, 21] = 7.52; (2,353.87 ± 201.80) mm vs. 
(1,349.92 ± 139.50) mm] (Figure 6A–B). Mice admin-
istered with ADP-H (36.8 mg/kg) exhibited significant 
increases in time spent in the central region [P < 0.05; 
F[2, 21] = 7.08; (18.75 ± 1.87) vs. to (25.25 ± 1.46) 
seconds] and distance traveled within the central area 
[P < 0.05; F[2, 21] = 7.52; (1,349.92 ± 139.50) mm vs. 
(2,022.02 ± 210.10) mm P < 0.05], as compared with 
mice in the SPS group; the PRX group was comparable 
to the ADP-H group while the ADP-L group was not sta-
tistically significant (Figure 5A–B). Notably, the total dis-
tance traveled by the mice in the open field test showed 
no significant difference across groups [SPS + ADP-H 
(13,872 ± 856.8) mm vs. SPS group (14,132 ± 958.3) 
mm; P > 0.05; F[2, 21] = 0.19] (Figure 6C–D), suggest-
ing that the anxiolytic effect of ADP (36.8 mg/kg) was 
not related to the spontaneous activity of the mice. In the 
elevated plus maze test the time to enter the open arm 

was reduced by 37% (123.57 ± 7.53) vs. (77.67 ± 9.06) 
seconds in SPS mice as compared with control mice, 
while the time to enter the open arm was significantly 
increased by 44% (77.67 ± 9.06) vs. (111.68 ± 7.48) 
seconds in the SPS + ADP-H; it was also significantly 
elevated in the SPS + PRX group, as compared to the 
SPS group (P < 0.05; F[2, 21] = 8.75) (Figure 6E). These 
results suggest that ADP improves anxiety-like behavior 
in SPS mice and is more effective at high doses than at 
low doses.

The fear memory test indicated that during the re-
exposure period, the freezing time of mice in each group 
gradually decreased with an increase in exposure time; 
however, no significant difference was observed between 
groups (Figure 6F). At day 1, the SPS group exhibited 
a prolonged freezing time (58.95 ± 7.75) seconds as 
compared to the control group (34.83 ± 3.89) seconds. 
Notably, the freezing time for mice in the SPS + ADP-H 
(36.8 mg/kg group) and the SPS + PRX (34.16 ± 5.08) 
seconds group were significantly reduced relative to the 
SPS group (SPS + ADP-H vs. SPS group; P < 0.05; F[2, 
21] = 5.93). However, the lower dose of ADP (ADP-L) did 
not result in a statistically significant effect (Figure 6G). 
These results indicated that ADP promoted fear memory 
extinction in SPS mice.

Downregulation of hippocampal inflammatory protein levels 
and FKBP5-IKKα-NF-κB-NLRP3 signaling pathway in SPS 
mice by ADP

Downregulation of inflammation may be one of the 
main mechanisms by which ADP could improve PTSD. 
We assessed the expression of inflammation-related pro-
teins in hippocampus using western blotting. ADP-H 
(36.8 mg/kg) significantly reversed the relative increase 
in IL-6 [(1.13 ± 0.03) to (0.89 ± 0.04); P < 0.05; F[2, 
9] = 17.63], TNF-α [(1.27 ± 0.04) to (0.89 ± 0.08); 
P < 0.05; F[2, 9] = 12.26], and IL-1β [(1.22 ± 0.07) to 
(0.96 ± 0.03); P < 0.05; F[2, 6] = 10.74] in hippocampus 

Figure 5.  Inhibition of NLRP3 reversed the aberrant expression of inflammatory proteins and FKBP5-IKKα-NF-κB-NLRP3 signaling pathway. (A–D) 
The expression of inflammatory proteins IL-6, TNF-α, and IL-1β in the hippocampi was examined using western blotting. (E–I) The expression of 
FKBP5, IKKα, NF-κB, and NLRP3 proteins in the hippocampi was examined using western blotting. Data are presented as mean ± SEM (n = 3). 
*P < 0.05 indicates a significant difference. FKBP5-IKKα-NF-κB-NLRP3: Prolyl isomerase 5-IκB kinase alpha-nuclear factor kappa-B-NOD-like 
receptor thermal protein domain-associated protein 3; IL: Interleukin; MCC950: CP-456773, CRID3; SEM: Standard error of the mean; SPS: Single 
prolonged stress; TNF-α: Tumor necrosis factor-α.
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of mice with PTSD (Figure 7A–D). These results indicate 
that ADP can downregulate the PTSD-induced increased 
expression of IL-6, TNF-α, and IL-1β in hippocampus, 
thereby resulting in reducing negative symptoms of 
PTSD.

We also analyzed by western blots the levels of pro-
teins in the FKBP5-IKKα-NF-κB-NLRP3 signaling 
pathway that regulates inflammation. Protein levels of 
the FKBP5-IKKα-NF-κB-NLRP3 signaling pathway 
were markedly increased in SPS mice as compared to 
the control group (Figure 7E–I). ADP-H significantly 
reversed the relative increase in FKBP5 [(1.15 ± 0.02) 
to (0.86 ± 0.04); P < 0.05; F[2, 6] = 34.05], IKKα 
[(1.19 ± 0.07) to (0.94 ± 0.03); P < 0.05; F[2, 9] = 8.82], 
NF-κB [(1.48 ± 0.15) to (0.74 ± 0.13); P < 0.05; F[2, 
12] = 10.34], and NLRP3 [(1.20 ± 0.02) to (0.94 ± 0.06); 
P < 0.05; F[2, 9] = 13.08] in the hippocampus. The above 
results indicate that ADP reverses SPS-induced increased 
expression of proteins of the FKBP5-IKKα-NF-κB-
NLRP3 signaling pathway, thereby reducing inflamma-
tory responses, and improving PTSD symptoms.

Discussion

This study investigated the changes in FKBP5-IKKα-
NF-κB-NLRP3 signaling pathway in hippocampus of 
SPS mice and tested the effects of ADP treatment. Our 
data indicate that ADP treatment reversed SPS-induced 
increased expression of FKBP5-IKKα-NF-κB-NLRP3 
signaling pathway and inflammation-related proteins 
and improved PTSD-like behaviors. Results of this study 
provide support for the use of ADP for PTSD treatment 
and its translational potential in clinical applications.

Neuroinflammation is an important mechanism under-
lying the development of PTSD. Pro-inflammatory mark-
ers increased after the trauma experienced by individual 
subjects, as levels of inflammatory biomarkers in the blood 
of patients with PTSD are significantly elevated compared 
with those in healthy participants[23–24]. In a previous study, 
we found that inflammatory factors were increased in the 
serum of SPS mice[11]. Additionally, levels of inflammatory 
factors are significantly increased across various brain 
regions in animals displaying PTSD-like behaviors[25]. Our 
prior research pinpointed several inflammatory factors 

Figure 6.  ADP improved anxiety-like behavior and promoted fear memory extinction in SPS mice. (A) The central distance in the open field test. (B) 
The movement time in the central region. (C) The total distance of movement in the open field test. (D) The representative movement traces in the 
open field test. (E) The time to enter the open arm. (F) The freezing time of 15 min of exposure. (G) The freezing time of 24 h after exposure. Data are 
presented as mean ± SEM (n = 8). *P < 0.05 indicates a significant difference. ADP: Anshen Dingzhi prescription; PRX: Paroxetine hydrochloride; 
SEM: Standard error of the mean; SPS: Single prolonged stress.
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that could serve as PTSD treatment targets, and our cur-
rent findings indicate significantly elevated hippocampal 
levels of IL-6, TNF-α, and IL-1β in SPS versus control mice. 
Notably, expression of IL-6, TNF-α, and IL-1β increased 
with time following SPS. We also found that the immunore-
activity of the pro-inflammatory marker (IL-1β) increased 
in hippocampus following SPS in a time-dependent man-
ner. Moreover, blocking IL-1β was previously found to 
be effective in improving stress-enhanced fear learning[26]. 
Previous studies have also shown that neuroinflammation 
was involved in the initiation and development of PTSD, 
and that pro-inflammatory activity signaling may play a 
key role in the development of PTSD.

NLRP3 is a potential target for regulating neuroinflam-
mation, and its inhibition has been shown to alleviate 
anxiety-like behavior in mice with PTSD[27–28]. Activation 
of NLRP3 promotes IL-1β maturation and release[29]. 
In addition, NLRP3 regulates the expression of IL-1β, 
TNFα, and IL-6[30], which are involved in neuroinflam-
mation onset and development. Furthermore, FKBP5 
inhibits the assembly of the IKKα complex and the acti-
vation of NF-κB, is involved in NLRP3 activation, and 
thus regulates the pro-inflammatory factors IL-1β, IL-6, 
and TNF-α[31–32]. The findings of the present study indi-
cate that NLRP3 protein levels progressively increased 
following SPS, and this is accompanied by an increase in 
protein expression in the FKBP5-IKKα-NF-κB signaling 
pathway. Treatment with MCC950, an NLRP3 inhibi-
tor, reduced hippocampal inflammatory protein levels 
and alleviated anxiety-like behaviors in mice, which is 
consistent with prior findings[14]. These results suggest 
that reducing the FKBP5-IKKα-NF-κB-NLRP3 signaling 
pathway can be effective for PTSD treatment.

Patients with PTSD are susceptible to stress, and 
FKBP5, an important stress-sensitive gene, is involved 
in the regulation of the stress process in patients with 
PTSD[33]. Notably, the FKBP5 protein complex is ele-
vated in blood of patients with PTSD, and disruption of 
the FKBP5 complex reverses behavioral and molecular 

changes induced by fear conditioning in mice[32]. This fits 
well with our recent results showing that FKBP5 expres-
sion continued to increase after SPS[34]. In addition, 
FKBP5 activates NF-κB by interacting with IKKα[32]. 
The increase in FKBP5 protein was accompanied by an 
increase in levels of IKKα and NF-κB. NF-κB, a key reg-
ulator of inflammation, further regulates the expression 
of NLRP3. Our results showed that MCC950 treatment 
could inhibit the expression of FKBP5, IKKα, and NF-κB, 
the upstream molecules of NLRP3. The mechanism by 
which regulating downstream NLRP3 affects upstream 
FKBP5 is not yet clear. However, chronic inhibition of 
downstream molecules may cause compensatory reac-
tions in upstream molecules. Similar results have been 
reported in previous studies. For example, NF-κB is a 
key transcription factor for the upregulation of NLRP3, 
yet there is a negative feedback regulation of NLRP3 
with NF-κB[35]. Nevertheless, the potential underlying 
mechanisms require further investigation.

ADP is a TCM used to treat emotional disorders, which 
exhibit PTSD-like symptoms, such as anxiety, depres-
sion, and insomnia. Therefore, ADP could be a promis-
ing therapeutic agent for the treatment of PTSD[36]. The 
hippocampus is critical for encoding and accessing fear 
memories[37]. Our previous study found that ADP at a 
dose of 36.8 mg/kg/day alleviated hippocampal damage 
and improved PTSD-like behavior in mice[6]. In the pres-
ent study, doses of 36.8 and 18.4 mg/kg/day of ADP were 
chosen to evaluate their impact on PTSD-like behaviors 
in SPS mice using the open field, elevated plus maze, 
and fear memory tests. The results demonstrated that 
ADP ameliorated PTSD-like behaviors in mice, with the 
36.8 mg/kg/day dose proving particularly effective. This 
finding is consistent with prior findings[6], thus support-
ing the notion that a 36.8 mg/kg/day dose of ADP signifi-
cantly improves PTSD-like behaviors in SPS mice.

ADP may also target hippocampal injury as a poten-
tial therapeutic approach for PTSD[6]. However, whether 
ADP modulates hippocampal inflammation to exert its 

Figure 7.  ADP suppressed expression of inflammatory proteins and FKBP5-IKKα-NF-κB-NLRP3 signaling pathway in the hippocampi of SPS mice. 
(A–D) The expression of inflammatory proteins IL-6, TNF-α, and IL-1β in the hippocampi was examined using western blotting. (E–I) The expres-
sion of FKBP5, IKKα, NF-κB, and NLRP3 proteins in the hippocampi was examined using western blotting. Data are presented as mean ± SEM 
(n = 3). *P < 0.05 indicates a significant difference. ADP: Anshen Dingzhi prescription; FKBP5-IKKα-NF-κB-NLRP3: Prolyl isomerase 5-IκB kinase 
alpha-nuclear factor kappa-B-NOD-like receptor thermal protein domain-associated protein 3; IL: Interleukin; SEM: Standard error of the mean; 
SPS: Single prolonged stress; TNF-α: Tumor necrosis factor-α.
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therapeutic effects in PTSD remains unclear. In the pres-
ent study, ADP inhibited SPS-induced increased expres-
sion of inflammatory factors IL-6, TNF-α, and IL-1β in 
hippocampus, which may be due to the action of ADP 
active ingredients in hippocampus. Various ADP com-
ponents, including tenuifolin, ginsenoside Rg1, poricoic 
acid B, ginsenoside Rb1, and α-asarone, were detected by 
UPLC-Q-TOF/MS in our previous study[6], and they all 
have anti-inflammatory activities. Ginsenosides Rg1 and 
Rb1, the major components of the main herb Ginseng 
Radix et Rhizoma in ADP, exert neuroprotective effects 
by suppressing inflammatory mediators in the stria-
tum[18,38]. In our study, levels of Rg1 and Rb1 were found 
to be (96.85 ± 1.14) and (9.04 ± 0.22) µg/g, respectively, 
by using UPLC, which is in accordance with a previous 
study[6] and demonstrates the stability and reliability of 
the ADP preparation. Tenuifolin, a natural neuropro-
tective compound extracted from Polygalae Radix, also 
inhibits inflammatory factors and is considered a poten-
tially effective neuroprotective agent[39]. Further studies 
are needed to explore the mechanism and material basis 
of ADP intervention in neuroinflammation.

The FKBP5-IKKα-NF-κB-NLRP3 signaling pathway 
has been found to regulate neuroinflammation in mice 
with PTSD, and investigating whether ADP inhibits neu-
roinflammation through FKBP5-IKKα-NF-κB-NLRP3 
signaling pathway is important. Our studies demonstrated 
that ADP inhibited protein expression in the FKBP5-
IKKα-NF-κB-NLRP3 signaling pathway. These results 
indicate that ADP inhibits the FKBP5-IKKα-NF-κB-
NLRP3 signaling pathway to exert an anti-inflammatory 
effect, thereby alleviating PTSD-like behaviors in mice. 
We propose that the FKBP5-IKKα-NF-κB-NLRP3 signal-
ing pathway is involved in PTSD, and that ADP, by acting 
on the FKBP5-IKKα-NF-κB-NLRP3 signaling pathway 
improves PTSD-like behaviors caused by SPS (Figure 8). 
In future studies, we will identify the exact components 
that may directly target this signaling pathway.

Nonetheless, this study had some limitations. First, this 
study only used male animals, because estrogen is known 
to affect behavior, and estrogen levels in female animals 
vary during the estrus cycle[40–41]. Thus, it remains unclear 

whether the mechanism we are proposing is applicable 
to female animals. Second, additional processes, includ-
ing neuronal cell death and synaptic function, are likely 
to be regulated by the FKBP5-IKKα-NF-κB-NLRP3 sig-
naling pathway, and therefore, the contribution of these 
processes in the beneficial effects of ADP needs to be fur-
ther explored.

Conclusion

Our study demonstrated that ADP improves SPS-
induced PTSD-like behaviors and suppresses neu-
roinflammation in mice through the regulation of the 
FKBP5-IKKα-NF-κB-NLRP3 signaling pathway. This 
study provides an important basis for the clinical treat-
ment of PTSD with ADP.
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