ZHAO Hongqing, et al. / Digital Chinese Medicine 7 (2024) 195-208 195

Contents lists available at ScienceDirect

Digital Chinese Medicine

journal homepage: http://www.keaipublishing.com/dcmed

Zuogui Jiangtang Jieyu Formula ameliorating hippocampal neuronal apoptosis in
diabetic rats with depression by inhibiting JNK signaling pathway

ZHAO Hongqing?, MOU Qingrui?, JIANG Jiaqi®, ZHU Xuan®, LIU Zhuo®, WANG Yuhong**

a. Science & Technology Innovation Center, Hunan University of Chinese Medicine, Changsha, Hunan 410208, China

b. School of Pharmacy, Hunan University of Chinese Medicine, Changsha, Hunan 410208, China

c. Office of Science & Technology, Hunan University of Chinese Medicine, Changsha, Hunan 410208, China

d. Department of Scientific Research, Affiliated Hospital of Hunan Academy of Chinese Medicine, Changsha, Hunan 410006, China

ARTICLE INFO

ABSTRACT

Article history

Received 11 January 2024
Accepted 09 April 2024
Available online 25 June 2024

Keywords

Zuogui Jiangtang Jieyu Formula (% )2 %
AEREAR Ty, Z]]F)

Depression

Diabetes mellitus

Neuronal apoptosis

JNK signaling pathway

Objective To investigate the effect of Zuogui Jiangtang Jieyu Formula (& )2 4 # 4% 75, ZJJF)
on hippocampal neuron apoptosis in diabetic rats with depression and to ascertain whether
its mechanism involves the regulation of JNK signaling pathway.

Methods (i) A total of 72 specific pathogen-free (SPF) grade male Sprague Dawley (SD) rats
were randomly divided into six groups, with 12 rats in each group: control, model, metformin
(Met, 0.18 g/kg) + fluoxetine (Flu, 1.8 mg/kg), and the high-, medium-, and low-ZJJF dosages
(ZJJE-H, 20.52 g/kg; ZJJF-M, 10.26 g/kg; ZJJF-L, 5.13 g/kg) groups. All groups except control
group were injected once via the tail vein with streptozotocin (STZ, 38 mg/kg) combined with
28 d of chronic unpredictable mild stress (CUMS) to establish diabetic rat models with de-
pression. During the CUMS modeling period, treatments were administered via gavage, with
control and model groups receiving an equivalent volume of distilled water for 28 d. The effi-
cacy of ZJJF in reducing blood sugar and alleviating depression was evaluated by measuring
fasting blood glucose, insulin, and glycated hemoglobin levels, along with behavioral assess-
ments, including the open field test (OFT), forced swim test (FST), and sucrose preference test
(SPT). Hippocampal tissue damage and neuronal apoptosis were evaluated using hema-
toxylin-eosin (HE) staining and terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) staining. Apoptosis-related proteins Bax, Bcl-2, caspase-3, and the ex-
pression levels of JNK/Elk-1/c-fos signaling pathway were detected using Western blot and
real-time quantitative polymerase chain reaction (RT-qPCR). (ii) To further elucidate the role
of JNK signaling pathway in hippocampal neuronal apoptosis and the pharmacological ef-
fects of ZJJF, an additional 50 SPF grade male SD rats were randomly divided into five groups,
with 10 rats in each group: control, model, SP600125 (SP6, a JNK antagonist, 10 mg/kg), ZJJF
(20.52 g/kg), and ZJJF (20.52 g/kg) + Anisomycin (Aniso, a JNK agonist, 15 mg/kg) groups. Ex-
cept for control group, all groups were established as diabetic rat models with depression, and
treatments were administered via gavage for ZJJF and intraperitoneal injection for SP6 and
Aniso for 28 d during the CUMS modeling period. Behavioral changes in rats were evaluated
through the OFT, FST, and SPT, and hippocampal neuron damage and apoptosis were ob-
served using HE staining, Nissl staining, TUNEL staining, and transmission electron mi-
croscopy (TEM). Changes in apoptosis-related proteins and JNK signaling pathway in the
hippocampal tissues of rats were also analyzed.

*Corresponding author: WANG Yuhong, E-mail: wyh107@hnucm.edu.cn. LIU Zhuo, E-mail: 330811844@qq.com.

Peer review under the responsibility of Hunan University of Chinese Medicine.

DOI: 10.1016/j.dcmed.2024.09.010

Citation: ZHAO HQ, MOU QR, JIANG JQ, et al. Zuogui Jiangtang Jieyu Formula ameliorating hippocampal neuronal apoptosis in diabetic rats with depression by inhibiting
JNK signaling pathway. Digital Chinese Medicine, 2024, 7(2): 195-208.

Copyright © 2024 The Authors. Production and hosting by Elsevier B.V. This is an open access article under the Creative Commons Attribution License, which permits unre-
stricted use and redistribution provided that the original author and source are credited.



196

ZHAO Hongging, et al. / Digital Chinese Medicine 7 (2024) 195-208

Results (i) ZJJF significantly reduced the high blood glucose, insulin, and glycated he-
moglobin levels in model rats (P < 0.01). It increased autonomous activity and decreased de-
spair-like behaviors (P < 0.01), improved the pathological damage of hippocampal neurons,
increased the number of neuronal nuclei (P < 0.01), and reduced the number of
mechanocytes, vacuolar cells, and apoptotic neurons (P < 0.05, P < 0.01, and P < 0.01, respec-
tively). ZJJF down-regulated the expression levels of pro-apoptotic proteins Bax and caspase-
3 (P <0.01), up-regulated the anti-apoptotic protein Bcl-2 (P < 0.01), and significantly inhibit-
ed the overexpression of phosphorylated JNK (p-JNK), Elk-1, and c-fos (P < 0.01). (ii) SP6 in-
creased autonomous activity and reduced despair time in model rats (P < 0.05), although it
had no significant effects on sucrose preference (P > 0.05). It increased the number of Nissl
bodies in hippocampal neurons (P < 0.01), reduced the protein expression levels of Bax (P <
0.01) and caspase-3 (P < 0.05), and decreased the number of apoptotic neurons (P < 0.05). SP6
also increased the expression level of Bcl-2 (P < 0.01), and inhibited the high expression levels
of p-JNK, Elk-1, and c-fos (P < 0.01, P < 0.01, and P < 0.05, respectively), suggesting that hip-
pocampal neuronal apoptosis in diabetic rats with depression is associated with abnormal ac-
tivation of JNK signaling pathway. Compared with ZJJF group, ZJJF + Aniso group showed a
decrease in sucrose preference (P < 0.05) and an increase in despair time (P < 0.01) with more
notable hippocampal neuronal damage. This group also exhibited a decrease in expression
level (P < 0.01) Bcl-2 and an increase in expression levels of Bax, caspase-3, p-JNK, Elk-1, and
c-fos (P < 0.01, P < 0.05, P < 0.05, P < 0.01, and P < 0.05, respectively), indicating that the
antidepressant effects of ZJJF, its improvement of neuronal apoptosis, and regulation of JNK
signaling molecules could all be reversed by a specific JNK agonist.

Conclusion ZJJF exerts a significant hypoglycemic effect and ameliorates the apoptosis of
hippocampal neurons by inhibiting the activation of JNK signaling pathway, which is a

promising formula for the treatment of diabetic depression in clinical settings.

1 Introduction

Diabetes mellitus (DM), a common metabolic disease, is
characterized by persistent hyperglycemia. Its preva-
lence is anticipated to increase to 10.2% (578 million) of
the global population by 2030 . Prolonged hypergly-
cemia can lead to various complications, including re-
tinopathy, diabetic nephropathy, and the increasingly
recognized condition of diabetes-induced depression. In
China, the incidence of depression among diabetic pa-
tients is reported to be 25.9% ©°. Clinical study has shown
that people with diabetes have a two- to three-fold higher
risk of experiencing depression compared to those with-
out Pl The coexistence of diabetes and depression can
lead to a vicious cycle, intensifying each condition and
significantly increasing the risks of self-harm and suicide
among patients Y, Furthermore, diabetic patients suffer-
ing from depression are more prone to develop macro-
vascular problems, making treatment more challenging
and less effective . Consequently, developing therapies
that are capable of treating both diabetes and depression
holds significant clinical importance.

In diabetic patients, persistent hyperglycemia and in-
sulin resistance lead to microvascular dysfunctions in the
brain, manifested as reduced cerebral blood flow . Neu-
roimaging studies have shown that the incidence of white
matter lesions and atrophy is relatively high in the hip-
pocampus and amygdala of diabetic patients [, The
hippocampus, which is crucial for learning and memory
storage, plays a key role in the pathology of depression .

It is believed that neuronal apoptosis in the hippocam-
pus is closely associated with the development of depres-
sion !, Research indicates that the hippocampus is par-
ticularly susceptible to prolonged hyperglycemic condi-
tions, causing reduced neuronal activity and apoptosis,
especially in its ventral region ['”),

JNK, a key component of the mammalian mitogen-
activated protein kinase (MAPK) superfamily, plays a cru-
cial role in mediating neuronal apoptosis . This sub-
class of serine/threonine protein kinases is activated by
various extracellular stimuli, leading to the phosphoryla-
tion of transcriptional activators such as Elk-1. As a tran-
scriptional activator, Elk-1 is activated through phospho-
rylation at the JNK Thr183 site. This activation influences
the expression of the early gene c-fos and ultimately leads
to hippocampal neuronal apoptosis "> '\, Study in diabet-
ic mice has demonstrated that increased JNK phosphory-
lation correlates with enhanced neuronal apoptosis, sug-
gesting that inhibition of the JNK pathway could mitigate
stress-induced neuronal damage "*. Importantly, JNK ac-
tivation influences the balance of the Bcl-2 protein fami-
ly, elevating pro-apoptotic proteins while reducing anti-
apoptotic proteins, thereby initiating the mitochondrial
apoptosis pathway in neurons, with caspase-3 serving as
a critical executor ['"> '%l, However, it remains unknown
whether the alterations in associated apoptotic proteins
in the hippocampus of diabetic depression are mediated
through the JNK signaling pathway.

Traditional Chinese medicine (TCM) approaches
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disease treatment holistically, engaging multiple path-
ways, channels, and targets to systematically regulate the
body. This methodology offers unique advantages in
managing complications. Zuogui Jiangtang Jieyu Formu-
la (/% )2 % ¥ % 4R 7 , ZJJF) consists of Huanggi (Astragali
Radix) 18 g, Shudihuang (Rehmanniae Radix Praeparata)
15 g, Guanyeliangiao (Forsythiae Fructus) 3 g, Shanzhuyu
(Corni Fructus) 12 g, Danshen (Salviae Miltiorrhizae
Radix et Rhizoma) 12 g, Gougqizi (Lycii Fructus) 12 g, Jiang-
huang (Curcumae Longae Rhizoma) 9 g, Tusizi (Cuscu-
tae Semen) 9 g Duzhong (Eucommiae Cortex) 9 g,
Huainiuxi (Achyranthis Bidentatae Radix) 9 g, and Mu-
danpi (Moutan Cortex) 6 g. This herbal prescription is
based on the famous traditional formula Zuogui Pill (£
)2 #), first recorded in the Jing Yue Quan Shu ( { & %4
4 ) ) from the Ming Dynasty, and commonly used in hy-
poglycemic therapy !'". Previous clinical studies have
demonstrated that ZJJF could effectively stabilize blood
glucose levels, reduce blood viscosity, and alleviate de-
pression, which could also protect hippocampal neurons
from damage caused by excessive glucose, glutamate,
and corticosterone in diabetic rats with depression * ',
This study aims to clarify that the antidepressant and hy-
poglycemic effects of ZJJF are related to the inhibition of
hippocampal neuronal apoptosis by regulating JNK sig-
naling pathway.

2 Materials and methods
2.1 Drugs and quality control

All the medicinal materials for ZJJF were sourced from
The First Hospital of Hunan University of Chinese Me-
dicine (Changsha, China) and were authenticated by Pro-
fessor WANG Yuhong. To ensure the quality and thereby
warrant the effectiveness, the chromatographic finger-
print of ZJJF was established and characterized using
high-performance liquid chromatography (HPLC). Chro-
matographic separation was achieved using an ACQUITY
UPLC” C18 column, with a mobile phase consisting of A
(water) and B (methanol). The gradient elution condi-
tions were as follows: 0 - 5 min, 25% B; 5 - 15 min, 35% B;
15 - 25 min, 42% B; 25 - 50 min, 45% B; 50 - 60 min, 80% B;
60 - 75 min, 90% B. Operating conditions were as follows:
detection wavelength, 354 nm; column temperature,
35 °C; flow rate, 1.0 mL/min; injection volume, 10 pL. The
qualitative analysis was carried out by HPLC with the
standards of verbascoside, hyperoside, paeonol, cryp-
totanshinone, and tanshinone IIA, which were the most
representative and easily detectable major components
in the ZJJF extracts. Metformin (Met) was purchased from
Xiangya Pharmaceutical Company, China, and fluoxe-
tine (Flu) was obtained from Patheon, France.

2.2 Reagents

Streptozotocin (STZ, Sigma-Aldrich, USA), SP600125
(SP6), Anisomycin (Aniso) (MedChemExpress, USA),
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insulin and HbAlc enzymatic kits (Elabscience, China),
radioimmunoprecipitation assay (RIPA) buffer, protease
inhibitor, hematoxylin and eosin (HE) staining kit, Nissl
staining kit, terminal deoxynucleotidyl transferase-medi-
ated dUTP nick-end labeling (TUNEL) staining kit (Ser-
vicebio, China), phosphorylated JNK (p-JNK) and JNK
antibody (Abcam, USA), primary antibodies against Elk-1,
c-fos, Bcl-2, Bax, and cleaved caspase-3 (Proteintech,
China), horseradish peroxidase-conjugated secondary
antibody (Boster, China), reverse transcription kit and
SYBR Green (TaKaRa, Japan), TRIzol (Invitrogen, USA),
and primers (Sangon Biotech, China).

2.3 Instruments

HPLC system (Waters, Arc Premier), blood glucose meter
(Sinocare, GA-3), animal behavior analysis system (Xin-
ruan, VisuTrack), inverted biological microscope (Carl
Zeiss, Primovert), tissue embedding machine (Leica, Ar-
cadia H), paraffin microtome (Leica, RM2235), transmis-
sion electron microscope (Hitachi, HT7800), digital mi-
crotome scanning analysis system (3DHISTECH, Panno-
ramic MIDI), microspectrophotometer (Thermo Fisher,
NanoDrop), polymerase chain reaction (PCR) amplifica-
tion apparatus (Illumina, ECO), and chemiluminescence
imaging system (Bio-Rad, ChemiDoc MP).

2.4 Experimental animals

In this study, a total of 130 male Sprague Dawley (SD) rats
[specific pathogen-free (SPF) grade, 200 - 220 g, approxi-
mately seven weeks old] were used. All rats were pur-
chased from Hunan Slake Jingda Experimental Animal
Co., Ltd. [Changsha, China; laboratory animal quality
certificate No. 430727211101417753; laboratory facilities
certificate No. SCXK (Xiang) 2019-0004]. All relevant reg-
ulations and principles were strictly followed during all
experimental procedures. The study was also approved
by the Experimental Animal Ethics Committee of Hunan
University of Chinese Medicine (LLBH-202012130001).

2.5 Grouping, modeling, and drug administration

A total of 80 rats were randomly divided into two groups,
with 12 rats in control group and the remaining 68 rats in
treatment group, receiving a high-fat diet combined with
STZ (38 mg/kg, i.v.) for diabetes modeling. First, the 68
rats received a high-fat diet by gavage for 14 d. Then,
freshly prepared STZ dissolved in citrate buffer was in-
jected into the tail vein after overnight fasting. To ensure
the success of diabetic rat modeling, fasting blood glu-
cose levels were measured 72 h after treatment, with a
level of no less than 16.7 mmol/L indicating successful dia-
betic modeling. Rats that did not survive the modeling pro-
cess were excluded from the study. Finally, 60 diabetic rats
successfully modeled were selected and randomly divid-
ed into model, Met (0.18 g/kg) + Flu (1.8 mg/kg), and
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high-, medium-, and low-Z]JJF dosages (ZJJF-H, ZJJF-M,
and ZJJF-L) groups, with 12 rats in each group. The
dosages for ZJJF, calculated based on clinical equivalent
dosages, were 20.52, 10.26, and 5.13 g/kg, respectively.
These diabetic rat models subsequently underwent
chronic unpredictable mild stress (CUMS) treatment for
28 d to induce depression ['*’l, The rats were adminis-
tered a drug volume of 10 mL/kg via oral gavage, starting
from the first day of CUMS modeling and continuing for
28 consecutive days.

To further elucidate the role of JNK signaling pathway
in hippocampal neuronal apoptosis in diabetic rats with
depression and to determine if ZJJF mediates its thera-
peutic effects by targeting JNK, we selected additional 50
rats and randomly divided into five groups: control, mod-
el, SP6 (a JNK antagonist), ZJJF (20.52 g/kg), and ZJJF
(20.52 g/kg) + Aniso (a JNK agonist) groups, with 10 rats
in each group. All procedures replicating those previous-
ly described. SP6 and Aniso were administered intraperi-
toneally from the first day of CUMS modeling for 28 con-
secutive days, and the doses were 10 and 15 mg/kg daily,
respectively "%,

2.6 Behavioral assessments

After the administration period, behavioral tests were
conducted to identify depressive-like behaviors in the
rats in a light/dark box and a quiet environment. Two im-
partial observers who were blinded to the treatment pro-
tocols, scored the behaviors.

2.6.1 Open-field test (OFT) The OFT assessed sponta-
neous locomotor activities in rats using an 80 cm x 80 cm x
40 cm apparatus uniformly divided into 25 squares to fa-
cilitate precise movement measurement. To acclimate
the rats to the experimental settings, they were placed in
the test room in darkness for 1 h prior to testing. During
the test, each rat was placed in the center of the appara-
tus. Horizontal movements were quantified by counting
the number of squares crossed by the rat, and vertical
movements were measured by recording the number of
instances when the rat raised both front paws. Both types
of movements were recorded over a period of 4 min.

2.6.2 Forced swim test (FST) The FST was conducted to
observe behavioral changes in rats under conditions of
despair, using a cylindrical plexiglass swimming tank
with a height of 40 cm, a diameter of 20 cm, and a water
depth of approximately 30 cm; the water temperature was
maintained at 24 + 1 °C. During the test, acute forced
swim stress was applied to each rat for 5 min, with immo-
bile time (the duration when a rat ceased all active move-
ments and floated passively) being recorded by ob-
servers.

2.6.3 Sucrose preference test (SPT) The SPT aimed to
assess anhedonia, a key depressive symptom, in rats.
Initially, rats underwent a training period where they had
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access to two bottles containing 1% sucrose solution for
24 h; subsequently, one bottle was replaced with water for
another 24 h. After training, rats were deprived of water
for 12 h but not fasted. Subsequently, they were given un-
limited access to 1% sucrose solution in one bottle and
water in the other for 4 h, with the positions of the bottles
switched every 2 h to prevent location bias. The sucrose
preference rate = volume of sucrose solution consumed/
(volume of sucrose solution consumed + volume of water
consumed) x 100 %.

2.7 Blood glucose, insulin, and HbAlc analysis and sam-
pling

Blood samples were collected from the rats’ tail veins to
measure glucose levels using a glucometer, following a
12 h fasting period. This procedure was carried out week-
ly. Upon completion of the final glucose measurement, all
animals were anesthetized with pentobarbital sodium at
a dose of 60 mg/kg, and then euthanized. Blood was sub-
sequently collected from the abdominal aorta, cen-
trifuged to separate serum, and analyzed for fasting in-
sulin and HbA1c levels using enzymatic assay kits. Imme-
diately after blood collection, the brains were extracted,
and the hippocampus was carefully dissected on ice, then
preserved at - 80 °C for subsequent analyses. Additional-
ly, for morphological studies, the entire brain was per-
fused through the ventricles and then fixed in 4%
paraformaldehyde.

2.8 Histopathological staining

Brain tissues fixed in 4% paraformaldehyde solution un-
derwent a series of preparatory steps for histological ex-
amination. Following fixation, the tissues were sequen-
tially dehydrated in graded ethanol solutions before be-
ing cleared in xylene to ensure full transparency. The tis-
sues were then embedded in paraffin and sectioned into
5 pm thick slices using a microtome. For staining, sec-
tions underwent HE, Nissl, and TUNEL staining accord-
ing to manufacturers’ protocols. After staining, sections
were dehydrated again in an ascending ethanol series,
cleared once more in xylene, and mounted with neutral
resin to preserve the stains’ integrity. Quantitative analy-
sis of the stained sections was performed using Image]
software, focusing on metrics such as cell count and the
area of positive staining.

2.9 Observation by transmission electron microscopy
(TEM)

A fragment of hippocampal tissue (approximately 1 mm?)
was carefully excised and immediately immersed in elec-
tron microscope fixative. The tissue was fixed in this solu-
tion at 4 °C for 24 h to ensure optimal preservation of ultra-
structural details. After fixation, the tissue was dehydra-
ted through a graded series of ethanol, was embedded in
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epoxy resin, and then sectioned into ultrathin slices of
50 nm thickness using an ultramicrotome. These slices
were stained with uranyl acetate followed by lead citrate,
mounted on copper grids, and examined under TEM to
observe ultrastructural changes in hippocampal neurons.

2.10 Western blot analysis

The hippocampal tissue was homogenized in RIPA buffer
with protease inhibitors. Next, the supernatant was ex-
tracted after centrifugation and stored at - 20 °C. Subse-
quently, the protein concentration of the supernatant was
measured using a microspectrophotometer. After mea-
surement, the gel was prepared according to the molecu-
lar weight of the target protein, and 30 pg of the protein
sample was added to the sample buffer and denatured by
boiling. Subsequently, protein separation was achieved
by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and then transferred to a
polyvinylidene fluoride (PVDF) membrane. The mem-
branes were blocked with 5% skimmed milk at room
temperature for 2 h, and then incubated overnight at 4 °C
in primary antibodies against p-JNK (1 : 2 000), JNK (1 :
5000), Elk-1 (1 : 2 000), c-fos (1 : 2 000), Bax (1 : 2 000), Bcl-
2(1:2000), and cleaved caspase-3 (1 : 2 000), respectively.

Table 1 Primer sequences for the RT-qPCR analysis
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After washing, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibody
(1:5000) for 2 h at room temperature. The bands on the
membrane were visualized using an enhanced chemilu-
minescence detection system, and the average gray value
of each band was measured using Quantity One software
V4.6.2.

2.11 Real-time quantitative polymerase chain reaction
(RT-qPCR) analysis

Total RNA was extracted from 100 mg of hippocampal tis-
sue using TRIzol reagent. RNA quality and concentration
were measured using a NanoDrop spectrophotometer,
showing a concentration of 200 ng/pL and an A260/A280
ratio of 2.0, indicating high purity. This RNA was then re-
verse transcribed into cDNA, which was used for RT-
gPCR amplification under the following conditions: pre-
denaturation at 95 °C for 15 min, denaturation at 95 °C for
10 s, annealing and extension at 60 °C for 30 s, for a total
of 40 cycles. The Cq values of the PCR products of the tar-
get gene and internal reference gene (f-actin) were deter-
mined, and the relative expression levels of mRNA of
each target gene were analyzed by the 24" method. The
primer sequences are summarized in Table 1.

Gene Forward primer (5’ - 3") Reverse primer (5' - 3") Amplicon length (bp)
JNK AGGAATAGTGTGTGCAGCTTATG CTTCTAGGGATTTCTGTGGTGTG 188
Elk-1 TGCTCCACTGAAGACTGCC GGCTGCAGGGACTGTATTG 224
C-fos GAGCCGGTCAAGAACATTAGC GAAGACGTATAGGTAGTGCAGCTG 260
Bcl-2 TGTGTGGAGAGCGTCAACAG TCCACAAAGGCGTCCCAGC 128
Bax GTTTCATCCAGGATCGAGC GATCATCCTCTGCAGCTCC 155
Caspase-3 GCAAGACAACTCGAGCCTG CATTCTTCTCTCTGTGCTTGATCG 163
B-Actin CATCCTGCGTCTGGACCTGG TAATGTCACGCACGATTTCC 116
2.12 Statistical analysis
A 0070 |
0.060
Data were evaluated using one-way analysis of variance 0.050 |
(ANOVA) in SPSS, followed by Fisher’s least significant 5’:22}‘2 [| )
difference (LSD) post hoc test. All values were reported as 0.020 1 1 4
mean + standard deviation (SD). P < 0.05 was considered 0010 F 3 | s
. e . . 0.000 | e = - : N .
statistically significant. 000 1000 2000  3.00 4000  50.00  60.00
Time (min)
3 Results B ool
0.060 XS
3.1 Characteristics of the HPLC fingerprints of ZJJF 8222 I 4 |
D 0.040
< 0.030 1 ‘
As shown in Figure 1, the retention times of the five com- 0.020 F 2\( v
ponents were 13.87, 17.85, 31.54, 56.37,and 59.03 min, ggég 3 I 7
respectively, and the sample peaks corresponded to the T000 1000 2000 _3_60 v40:00 000 6000
standards. Based on the peak areas of the mixed stan- Time (min)
dards and sample solutions, the contents of the five com- Figure 1 The HPLC fingerprints of the main compo-

ponents were calculated, with the content of verbasco-
side derived from Shudihuang (Rehmanniae Radix Prae-
parata) being the highest at 2.569 mg/g. The specific con-
tent of each component is shown in Table 2.

nents of ZJJF extracts

A, sample chromatogram map. B, mixed standard chro-
matogram map. AU, absorbance units. 1, verbascoside. 2, hy-
peroside. 3, paeonol. 4, cryptotanshinone. 5, tanshinone IIA.
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Table 2 Quantitative analysis of the major components in ZJJF extracts

Standard Component Amount (mg/g) Ascription
1 Verbascoside 2.5690 Shudihuang (Rehmanniae Radix Praeparata)
2 Hyperoside 0.5263 Guanyeliangiao (Hypericum perforatum)/Tusizi (Cuscutae Semen)
3 Paeonol 1.2630 Mudanpi (Moutan Cortex)
4 Cryptotanshinone 0.7684 Danshen (Salviae Miltiorrhizae Radix et Rhizoma)
5 Tanshinone ITA 0.8842 Danshen (Salviae Miltiorrhizae Radix et Rhizoma)

3.2 ZJJF improving hyperglycemia and depressive symp-
toms

Diabetes with comorbid depression has two hallmark
symptoms from both conditions: hyperglycemia from di-
abetes and behavioral despair from depression. In our
study, we simultaneously evaluated blood glucose status
and depression-like behaviors in diabetic rats with de-
pression. We observed significantly elevated fasting blood
glucose (Figure 2A), insulin (Figure 2B), and HbAlc
levels (Figure 2C) in rats in model group compared with
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control group (P < 0.001), along with decreased scores of
locomotor activity in the OFT (Figure 2D, P < 0.001) and
increased immobility time in the FST (Figure 2E, P <
0.001). Compared with model group, treatment with ZJJF-
H or Met + Flu noticeably lowered blood glucose level, as
well as insulin and HbAlc levels (P < 0.001), alleviating
depressive symptoms in rats through enhanced activity
(P < 0.001) and reduced despair-like behaviors (P < 0.01).
Similarly, ZJJF-M effectively improved hyperglycemia and
depressive symptoms in rats, demonstrating ZJJF’'s po-
tent hypoglycemic and antidepressant properties.
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Figure 2 Effects of ZJJF on blood glucose, insulin, HbAlc, and behavioral performances in diabetic rats with depression

A, the fasting blood glucose level. B, the fasting insulin level. C, the HbAlc level. D, the locomotor activity score in OFT. E, the immo-
bile time in FST. Data were represented as mean + SD. P < 0.001, compared with control group. *P < 0.05, *P < 0.01, and

#*P < 0.001, compared with model group.

3.3 ZJJF alleviating hippocampal neuronal damages

The hippocampus serves as the brain’s hub for learning,
memory, and emotional-behavioral regulation, making it
a critical focus for depression research and the most vul-
nerable part of the brain to hyperglycemia. In control
group, hippocampal CAl area neurons were arranged
neatly and tightly, with normal intercellular space and in-
tact morphological structure. In contrast, the neurons
of rats in model group exhibited atrophy, swelling,
vacuolation, scattered arrangement, and cell necrosis

(Figure 3A). Quantitative analysis found that the number
of cell nuclei (Figure 3B) of rats in model group was re-
markably reduced (P < 0.001), and the number of
mechanocytes (Figure 3C) and vacuolar cells (Figure 3D)
increased (P < 0.001) compared with control group.
Treatment of ZJJF-H significantly mitigated the adverse
effects previously observed, significantly increased the
number of nuclei in rats (P < 0.01), and decreased the
number of mechanocytes and vacuolar cells (P < 0.05 and
P <0.01, respectively).
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Figure 3 Effects of ZJJF on the pathological morphology of hippocampus in diabetic rats with depression by HE staining

A, neuronal morphology in the hippocampal representative CAl area (x 200). B, the number of cell nucleis. C, the number of
mechanocytes. D, the number of vacuolar cells. ***P < 0.001, compared with control group. *P < 0.05 and **P < 0.01, compared with

model group.

3.4 ZJJF attenuating hippocampal neuronal apoptosis

TUNEL staining indicated a significant increase in apop-
totic cells in the hippocampal CAl area of diabetic rats
with depression (Figure 4A and 4B, P < 0.001). Mean-
while, the protein expression levels of Bax and cleaved
caspase-3 (Figure 4C - 4F) significantly increased (P <
0.001), while Bcl-2 decreased (P < 0.001). Treatment with
ZJJE-H or Met + Flu significantly reduced the number of
apoptotic neurons (P < 0.01), decreased expression levels
of Bax and cleaved caspase-3 (P < 0.01), and increased ex-
pression level of Bcl-2 (P < 0.001). The ratio of Bax/Bcl-2
was significantly lower in all administration groups (P <
0.001). The mRNA expression levels of the target mole-
cules also confirmed the results above (Figure 4H - 4]).
These results suggest that Z]JJF is effective in combating
depression in diabetic rats, underscoring the necessity for
further research to elucidate the specific pathways
through which it regulates apoptosis-related proteins.

3.5 ZJJF inhibiting the JNK signaling pathway

JNK, a key signaling molecule related to cell apoptosis,
controls the expression of downstream proteins Elk-1 and
c-fos through autophosphorylation, ultimately leading to
neuronal apoptosis ['l. In our study, the ratio of p-JNK/
JNK was obviously up-regulated in model group (Figure
5A and 5B, P < 0.001), highlighting a state of heightened
JNK activation. Subsequently, JNK activation also result-
ed in increased Elk-1 and c-fos protein expression levels

(Figure 5A, 5C, and 5D, P < 0.001). In addition, these
trends were confirmed by detecting the mRNA expres-
sion levels of the above proteins in the hippocampus
(Figure 5E - 5G). Compared with model group, ZJJF-H
significantly down-regulated the expression levels of Elk-1
and c-fos (P < 0.01).

3.6 Aniso reversing the antidepressant and neuroprotec-
tive effects of ZJJF

To further elucidate the role of JNK in hippocampal neu-
ronal apoptosis in diabetic rats with depression, we
employed a JNK antagonist (SP6) and investigated ZJJF's
therapeutic effects under JNK agonism. Findings showed
that SP6 significantly enhanced locomotor activity in the
OFT and reduced immobility time in the FST compared
with model group (P < 0.05), but did not affect sucrose
preference (Figure 6A and 6B). Conversely, Aniso, an ago-
nist of JNK, negated the beneficial effects of ZJJF in in-
creasing the sucrose preference and decreasing immobil-
ity time (P < 0.01 and P < 0.05, respectively, Figure 6B and
6C). Histopathological staining and quantitative analysis
confirmed that JNK inhibition had anti-apoptotic and
neuroprotective effects by reducing hippocampal neu-
ronal damage and apoptosis (Figure 6D - 6F). TEM re-
sults showed that the rat models had blurred and irregu-
lar neuronal nuclear membranes, with remarkable re-
duced cytoplasmic edema and vacuole enlargement (Fig-
ure 6G). After administration of ZJJF or SP6, neuronal
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Figure 4 Effects of ZJJF on hippocampal neuronal apoptosis in diabetic rats with depression

A, TUNEL staining of neuronal apoptosis in the hippocampus representative CA1l region (x 200). B, the number of apoptotic cells in
TUNEL staining analysis. C, Western blot representative protein bands of Bcl-2, Bax, and cleaved caspase-3 in hippocampus. D - G,
relative expression levels of Bcl-2, Bax, cleaved caspase-3 proteins, and the ratio of Bax/Bcl-2, respectively. H - J, RT-qPCR analysis of
Bcl-2, Bax, and cleaved caspase-3 mRNA expression levels in the hippocampus, respectively. **P < 0.001, compared with control
group. *P < 0.05, *P < 0.01, and **P < 0.001, compared with model group.

pathological damages in rats were significantly reduced 3.7 Aniso in conjunction with ZJJF reversing the expres-
when compared with model group, with reduced apop- sion levels of the JNK signaling and apoptosis-related
totic cells in the hippocampal CA1 area (P < 0.01 and P < proteins

0.05, respectively), and markedly increased Nissl bodies

(P < 0.01). Interestingly, compared with ZJJF group alone, Western blot analysis was conducted to delineate the im-
ZJJF+ Aniso significantly reversed sucrose preference (P < pact of JNK antagonists and agonists on hippocampal ap-
0.05), immobility time (P < 0.01), and the number of Nissl optosis-related proteins and the JNK signaling pathway in
bodies (P < 0.05), also increased neuronal structural diabetic rats subjected to CUMS. Our results revealed that
damages, suggesting that Aniso could partially counter- rats administered with SP6 effectively up-regulated anti-

act ZJJF's effects. apoptotic Bcl-2 protein expression level (Figure 7A,
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Figure 5 Effects of ZJJF on the expression levels of JNK/Elk-1/c-fos pathway in diabetic rats with depression

A, Western blot representative protein bands of p-JNK, JNK, Elk-1, and c-fos in the hippocampus. B — D, the ratio of p-JNK/JNK, rela-
tive expression levels of Elk-1 and c-fos proteins, respectively. E — G, RT-qPCR analysis of JNK, Elk-1, and c-fos mRNA in the hippocam-
pus, respectively. “P < 0.05 and **P < 0.001, compared with control group. *P < 0.05, *P < 0.01, and **P < 0.001, compared with model

group.

P <0.001) and inhibited the expression levels of Bax (Fig-
ure 7B, P < 0.001), cleaved caspase-3 (Figure 7C, P < 0.05),
p-INK (Figure 7D, P < 0.001), Elk-1 (Figure 7E, P < 0.001),
and c-fos (Figure 7F, P < 0.05). These results underscored
JNK’s critical role in driving hippocampal neuron apopto-
sis in diabetic rats with depression, and suggested that in-
hibiting the expression of JNK would exert a similar effect
to that of therapeutic drugs. We also found that the regu-
latory effect of ZJJF on the aforementioned proteins in
model rats could be blocked by Aniso. Interestingly, the
protein expression levels were not statistically different
from those in model group after Aniso reversed the above
trends, except for Elk-1, which still demonstrated signifi-
cantly low expression (P < 0.05). All these results indicat-
ed that the mechanism of Z]JJF's efficacy is related to the
inhibition of JNK signaling pathway and its mediated cel-
lular apoptosis.

4 Discussion

Establishing stable and reliable animal models is essen-
tial for exploring disease pathologies and assessing phar-
macodynamics. Previous study has demonstrated that

combining STZ tail vein injections with CUMS effectively
replicates diabetic rat models with depression, exhibiting
hallmark features of both conditions ", In this study, rats
exhibited significantly elevated blood glucose levels post-
modeling, alongside aberrant behavioral patterns includ-
ing limited autonomy, increased immobility time, and
anhedonia, one of the core symptoms of depression.
These findings confirmed the successful establishment of
diabetic rat models with depression. Following Z]JJF treat-
ment, there was a notable reduction in blood glucose, in-
sulin, and HbAlc levels in the rat models, along with a
significant alleviation of depressive behaviors, whose effi-
cacy could be confirmed by comparison with positive
control drugs.

Patients with type 2 diabetes exhibiting more severe
depression often face poorer glycemic control . Study
has shown that patients receiving antidepressant treat-
ment have significantly better glycemic control over the
long term compared with untreated patients %, Z]JJF is
based on the hypoglycemic prescription Zuogui Pill with
the addition of Jianghuang (Curcumae Longae Rhizoma)
and Guanyeliangiao (Forsythiae Fructus), both of which
are widely recognized for their antidepressant and neuro-
protective  properties. Guanyeliangiao  (Forsythiae
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Figure 6 Effects of ZJJF + Aniso on behavioral performances and hippocampal morphology in diabetic rats with depres-

sion

A - C, behavioral tests of OFT, SPT, and FST, respectively. D, representative histopathologic staining of the hippocampal CAl region
(x 200). E, the number of Nissl bodies in Nissl staining analysis. F, the number of apoptotic cells in TUNEL staining analysis. G, ultra-
structure of hippocampal neurons in TEM (x 5 000 and x 20 000). **P < 0.01 and **P < 0.001, compared with control group. *P < 0.05,
#P <0.01, and **P < 0.001, compared with model group. *P < 0.05 and 2P < 0.01, compared with ZJJF group.

Fructus) has been used as a first-line treatment for major
depression in some European countries. The composi-
tion of ZJJF, including Huangqi (Astragali Radix), Shudi-
huang (Rehmanniae Radix Praeparata), Tusizi (Cuscutae
Semen), Duzhong (Eucommiae Cortex), Danshen
(Salviae Miltiorrhizae Radix et Rhizoma), and Mudanpi
(Moutan Cortex), not only provides hypoglycemic bene-
fits but also exhibits antidepressant effects. Specifically,
verbascoside, mainly derived from Shudihuang (Rehman-
niae Radix Praeparata), prevents neuronal apoptosis and
exerts antidepressant effects ). Hypericin, a potential
antidepressant compound, inhibits hippocampal neu-
ronal apoptosis and autophagy to exert neuroprotective
effects *°, Paeonol from Mudanpi (Moutan Cortex) offers
both hypoglycemic and neuroprotective effects against
diabetic neuropathy ¥”. Cryptotanshinone, a key extract
from Danshen (Salviae Miltiorrhizae Radix et Rhizoma),
attenuates depressive symptoms in CUMS rats by modu-
lating the intestinal microbiota and the PI3K-AKT path-
way !, Tanshinone IIA has also been reported to have
neuroprotective effects and to ameliorate depressive-like

2

behavior in rats *°.. These pivotal components under-
score ZJJF’s multifaceted therapeutic potential, with its
quality and composition confirmed through HPLC analy-
sis.

The hippocampus, central to emotion and cognition,
often shows signs of atrophy, increased apoptosis, and
neurotrophic deficits in patients with depression ", Dia-
betic rats frequently show cognitive dysfunction, which is
associated with hippocampal neuronal damage . After
treatment with ZJJF, the number of hippocampal neu-
rons in diabetic rats with depression normalized, and
pathological damages such as swelling and deep staining
were markedly reduced. Alterations in the JNK signaling
are strongly associated with hippocampal neuronal dam-
age Y. Recent studies have emphasized that hippocam-
pal damage caused by diabetes or depression is asso-
ciated with the abnormal activation of the JNK signal-
ing pathway, leading to abnormal expression levels of
apoptosis-related proteins %4,

The role of JNK activation in inducing neuronal apop-
tosis through transcriptional regulation of apoptotic
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Figure 7 Effects of Z]JF + Aniso on the expression levels of apoptosis related protein and JNK signaling pathway in the

hippocampus of diabetic rats with depression

A - F, Western blot analysis of Bcl-2, Bax, cleaved caspase-3, p-JNK, Elk-1, and c-fos in hippocampus, respectively. **P < 0.001 com-
pared with control group. *P < 0.05, P < 0.01, and **P < 0.001, compared with model group. *P < 0.05, **P < 0.01, and ***P < 0.001,

compared with ZJJF group.

proteins (e.g., Bim, Bax, and Bcl-2) is well-established !,
Elk-1, a transcriptional activator and one of the nuclear
substrates of JNK, is involved in cell differentiation, prolif-
eration, and apoptosis. It triggers neuronal apoptosis via
c-fos regulation, a key marker of neurological activity .,
While basal c-fos levels are stable in the central nervous
system under normal circumstances, its expression in-
creases significantly in response to exogenous stimu-
lation signal in neurons, playing an important role in me-
diating neuronal apoptosis . However, whether JNK
and its regulated Elk-1/c-fos signaling are involved in the
occurrence of diabetic depression has not yet been re-
ported. In our study, we found that diabetic rats with de-
pression had considerably higher expressions levels of p-
JNK, Elk-1, and c-fos in the hippocampus when com-
pared with normal rats, whereas their levels were signifi-
cantly reduced when encountered with specific JNK an-
tagonists. These results suggest that abnormal activation
of JNK plays a key role in mediating the apoptosis of hip-
pocampal neurons in diabetic depression.

Furthermore, the JNK signaling pathway regulates the
activity of the Bcl-2 family members and key regulators of
apoptosis through the mitochondrial pathway P*. The
Bcl-2 family, including Bcl-2 and Bax, comprises genes
closely related to cellular apoptosis. Bax forms homod-
imers to promote cellular apoptosis, while Bcl-2 forms

heterodimers to inhibit apoptosis. Therefore, the relative
balance between the two determines the fate of cells ™). Tt
was found that an increased Bax/Bcl-2 ratio in the hip-
pocampus of diabetic rats led to neuronal apoptosis,
which was more significant in depressed rats subjected to
CUMS [ #1, Moreover, the Bcl-2 family mediates apopto-
sis based on mitochondrial integrity by activating caspas-
es, a class of apoptosis-executing proteins. Caspase-3, a
crucial caspase subtype, acts as a primary facilitator of the
apoptotic pathway and can initiate apoptosis following
oligomerization “?. Our study found that ZJJF inhibited
the phosphorylation of JNK, decreased the expression of
Elk-1, c-fos, Bax, and cleaved caspase-3, and reduced the
number of apoptotic neurons. Simultaneously, ZJJF in-
creased the expression of the anti-apoptotic protein Bcl-2,
thereby mitigating hippocampal neuron damage and of-
fering both hypoglycemic and antidepressant benefits.
Notably, the therapeutic effects of ZJJF on these molecu-
lar pathways were largely nullified when co-adminis-
tered with Aniso, a JNK agonist, suggesting the crucial
role of JNK modulation in ZJJF’s efficacy.

To sum up, this study highlights the pivotal role of
JNK overactivation in the apoptosis of hippocampal neu-
rons in diabetic rats with depression. Crucially, treatment
with ZJJF ameliorates neuronal apoptosis by inhibiting
the hippocampal JNK/Elk-1/c-fos signaling pathway
(Figure 8). This finding positions ZJJF as a promising
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therapeutic agent for diabetic depression, underscoring
its potential to counteract the detrimental effects of the
JNK pathway dysregulation on neuronal function. How-
ever, this study alone is not sufficient to fully explain the
efficacy of ZJJF, and we will continue to conduct a further
studies to further support this promising drug and pro-
vide a new solution for the clinical treatment of diabetic
depression.
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Figure 8 ZJJF exerts hypoglycemic and antidepressant
effects by inhibiting the JNK/Elk-1/c-fos signaling path-
way

P represents phosphorylation.

5 Conclusion

ZJJE effectively attenuates hippocampal neuronal apop-
tosis by inhibiting the JNK/Elk-1/c-fos signaling pathway.
This beneficial effect is reversed by a specific JNK agonist,
indicating the crucial role of JNK signaling in the thera-
peutic action of ZJJF. Additionally, ZJJF's favorable ef-
fects on lowering blood glucose levels and alleviating de-
pressive-like behaviors are linked to its regulation of JNK
signaling. These findings highlight the potential of ZJJF as
a dual-purpose treatment for managing both diabetic and
depressive conditions, offering insights into its mecha-
nisms of action and therapeutic potential.
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2o )2 4 AR 7 3l 3 4k INK A3 5 38 34 2548 Bk % 5T B A ARE K R,
oAb 22 51,08 T

RFER?, FHE, ZHHE, RE 2, TFE™

a. W@ E Gk FAEGF P HE K 410208, FEH
b. 3@ P [E 25k #2553 1%, 4 d K1) 410208, F E
c. W@ E K FABA, HE K 410208, F B

d. ## 4 E B S E BT, %] K7 410006, F 5

(#HZ)] B8y Wit 22 %EMAT (ZIF) 88 s St R 3 Ak K Rk DAy 208 e %a, JH9 a2 A4F
ApH AL LR INKfEF@%A X, FEx (1) HF 72 R4 2% KA (SPF) & # M Sprague
Dawley (SD) KA MM H 6 40, A4 12 X R, #A4, —FSUK (0.18g/kg ) +A% T (1.8 mg/kg)
4ife ZJJF & (20.52g/kg) . F (1026 g/kg) . 1& (5.13 g/kg) FF4, hxtmasl, LALLM KM ER
B WRES AL % (STZ, 38 mg/kg) B4 28 RIZM AR TR S A 2% (CUMS) 84 7% ik 3 548 F s
R IPARIE R RAEAR . T CUMS 480 18] 3 B 2528, T MBLn 5 AR A 40 25 F SR ARkl k,, E425 28 X, i@
EAEM S TN R E . B ha R G, FLEEU S ER (OFT) | Rk ER (FST) A &4k
%3 (SPT) ##4 ZJJF Ak 5 ndnp Ak shak, Rlatdid AR ZE-#4 (HE) &5 Kb BLAM TR 3458
A~F 49 dUTP #= v K3k 472k (TUNEL) % &M LALHH 5 ZETBMTH L, LI IEEF iR
KEFREH4RE (RT-qPCR) 40 48X % & Bax. Bcl-2. caspase-3 % JNK/Elk-1/c-fos 15 5 #5 %
kAKF, (2) A#—FAH INKET EELNZTATAZE B2 P é4ER, % B 50 R SPF A AR
SD X &, ML A 54, 410 2. 8, A4, SP600125 ( SP6, JNK FA BT #], 10 mg/kg) 4.
ZJJF (20.52 g/kg) #1. ZJJF ( 20.52 g/kg) + Anisomycin ( Aniso, JNK# 3%, 15 mg/kg) 41, MRt B4l
Sh, AR E SRR ST A IARIE K R, JFE CUMS #4288 8], # B 42 Z]IF, BIsiEH4 s
SP6 #= Aniso, #F%: 28 X, i#if OFT. FST #= SPT M K KA A F T, Jfilid HE & & . Nissl £ & .
TUNEL % &Fe w45 (TEM) MK ELWZAMHEERATHEL, NI ARRESTARFHATHLEO R
INKfZF@%e T, &R (1) ZJFEFHRBEAXAN S0tz REZABLLEZEZEGRTF (P<
0.01) , ¥ A EEHKFHRYLEAHEITAH (P<0.01) , KEHELHZTUREHAG, QLIEIG A% T
& (P<001) , RYMMMI, =0MERATHZTHE (534 P<0.05, P<0.01# P<0.01) ,
TFiA4IE A =% @ Bax., caspase-3 £k (P<001) , LHRA %A Bcl-2 k% (P<0.01) , &4
p-JNK. Elk-1 7= c-fos #9&& ik (P<0.01) . (2) SP6 a4 3gmEA X R A £EFH ( P<0.05) , Bk
WE AR (P<0.05) , [2xt ERBIFELETET® (P>0.05) , ¥mELHZTREKNMMEE (P<
0.01) , M1k Bax. caspase-3 & & KA KT (5 F % P<0.01F# P<0.05) , RYVAWZTHATHE (P<
0.05) , ¥4e Bcl-2 Kk KF (P<0.01) , ## p-JNK. Elk-1. c-fos 89 & ki ( 2% A P<0.01, P<
0.01 f2 P<0.05) , BLEAME RIRIF LI AER R ELAZTATE INKIZTHFFHERAL; 5 Z]JF4k
%, ZJJF + Aniso 40 A RIFE RV (P<0.05) , 28 EEm (P<0.01) , #LAZTHYG Em"=F,
Bcl-2 & & R-FHA% (P<0.01) , Bax. caspase-3. p-JNK. Elk-1f= c-fos & & R A KT 3ZH (5 H A P<
0.01, P<0.05. P<0.05, P<0.01 = P<0.05) , #.BA ZJJF nd7AF, B -EA4YZTH =&t INK 125 5 -F 698
AR ¥ AR INK 33 7 P g 45, 468 ZJIF AR RAFag e oh sk, Fri@idph) INK 12 58 5809305 B 2
LA B R T, G ITT AR IR I R A AR 6 — FR AR AT R R 2

[ X427 | £ 3%HERART ; WARIE; ¥EAIR; APZTAT; INKAZFE%
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