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1. Introduction
Patients with Alzheimer's disease (AD), also known 

as Senile's Dementia (SD), mainly exhibit an unexpected 
and irreversible progressive neurodegenerative behavior. 
Alzheimer's disease typically deteriorates cognitive func-
tion and self-care ability of older individuals (aged ≥ 65 
years) with age [1]. It is not surprising that the public 
health burden that comes from Alzheimer’s disease is 
heavy and un-solved issue worldwide. To date, for women 
patients with Aβ plaque accumulation, lifetime risk of AD 
and cognitive impairment has been estimated to be 41.9%, 
while for men is 33.6% [2], forecasting a bleak picture of 
the future. Recently, the incidence and prevalence rate of 
AD combined with severe AD rates have kept rising. AD 
is treacherous in its early stage because of the complexity 
of the brain and the misdeeming for normal functional de-
generation [3], this concealing feature causes delayed AD 
diagnosis until the serious stage. To date, there is no esta-
blished standard therapy for AD. Therefore, focusing on 
the molecular mechanisms of AD progress and searching 

for new treatment strategies will improve the survival qua-
lity of patients with AD. 

Linggui Zhugan decoction (LGZG), decocted with four 
Chinese medical herbs: Ramulus Cinnamomi (Gui zhi), 
Poria cocos (Fu Ling), white atractylodes rhizome (Bai 
shu), and Radix Glycyrrhizae (Gan cao) at the ratio of 
3:4:3:2 (w/w/w/w), initially recognized as a safe and effec-
tive treatment of cardiovascular diseases with a long his-
tory in China [4]. Increasing evidences show that LGZG 
has the potential to treat hyperlipidemia [5], non-alcoholic 
fatty liver disease [6] and slow down the cognitive decline 
[7].

LGZG was reported to exert therapeutic effects via 
AMP-activated protein kinases (AMPK) pathways [8]. 
AMPK signaling widely demonstrated to be vital for 
tackling aging based on the important role of AMPK si-
gnaling for energy sensors, autophagy and mitophagy [9]. 
AMPK is a well-known nutrient regulator of brain phy-
siology and homeostasis in cognitive interventions [10]. 
Furthermore, it has been revealed to facilitate to prevent 
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pathogenic age-related deterioration by neurotransmitters 
and neurotrophin signals such as paraquat. 

To date, the effect of LGZG in Alzheimer's disease via 
AMPK pathway is still under debate. We aimed to inves-
tigate if LGZG contributes to alleviating neurotic atrophy 
caused by Alzheimer's disease and its treatment mecha-
nism. We hypothesized that LGZG can exert neuro-protec-
tion on dementia. This study may offer a novel therapeutic 
strategy for AD.

2. Materials and methods
2.1. Pathway and functional enrichment analysis

Single-sample gene set enrichment analysis (ssGSEA) 
algorithm was conducted to forecast the relationship 
between AMPK pathway and AD. The algorithm identi-
fies the pathway related to AD drug target MAPK3 and 
the AMPK-related genes that are under MAPK3 pathway 
regulation. 

2.2. AD model modeling and treatment
APP/PS1 mice were generated by Swedish (N595L/

K594M) mutation and knockdown PS1 gene in exon 9 to 
accumulate Aβ plaques in brain. Since APP/PS1 abnorma-
lity triggered more obvious cognitive deficits in female 
and elderly mice, 6 months and weighed 200±20 g APP/
PS1 mice (female, C57BL/6; Jackson Laboratory) and 
age-matched wild-type mice (female, C57BL/6; Jackson 
Laboratory) as controls were bred with a standard diet in 
SPF environment. 

Mice were randomly divided into six groups (6 mice 
per group): normal group (wild-type mice, normal saline), 
model group (APP/PS1 mice received normal saline), 
positive control group (APP/PS1 mice received 2 mg/
kg/d donepezil hydrochloride), high LGZG group (APP/
PS1 mice received 7 g/kg/d LGZG), medium LGZG 
group (APP/PS1 mice received 3.5 g/kg/d LGZG) and 
low LGZG group (APP/PS1 mice received 1.75 g/kg/d 
LGZG). Mice were orally dosed with the corresponding 
dose of drugs every day for 4 weeks. After the test of lear-
ning and memory, a mixture of ketamine (150 mg/kg) and 
acepromazine (15 mg/kg) was injected intraperitoneally. 
The heart was transcardially perfused with normal saline. 
The hippocampus of the mice was then detached from 
surgery and preserved in liquid nitrogen. The tissues were 
immediately frozen at -80°C until subsequent extraction. 
All animal experiments were approved by the Experimen-
tal Animal Ethics Committee, Nanjing University of Tra-
ditional Chinese Medicine ahead of conducting ahead of 
conducting.

2.3. Morris water maze test
The white circular pool (60 cm high and 150 cm in 

diameter) was designed with indicators for spatial orien-
tation and was filled with titanium white water in constant 
temperature (22 ± 1) °C during the whole water maze test. 
There was an escape platform (8 cm in diameter) 1 cm 
below the water maze. In the one-day spatial acquisition 
phase, the mice learned to find the escape platform with 
the help of indicators. Based on that, the mice had four 
trials per day in the four-day space navigation phase. The 
escape latency in the south-east quadrant and the distance 
to cross the platform were recorded by person who was 
blind to the grouping information. If the mice spent over 
90 s to get the right way, the escape latency was recorded 

as 90 s.

2.4. Nissl staining 
The frozen hippocampal tissue of each mouse was re-

moved from -80°C and immersion fixed with 10% neutral 
formalin for 26 h, and then dehydrated and embedded in 
paraffin. Following deparaffinization and rehydration, the 
hippocampal tissue was cut into 5-μm thickness slices by 
the vibratome and baked at 62℃ for 45 min. All slices 
were dewaxed by ethanol gradients and were rinsed with 
distilled water. The slices were nucleated by Nissl staining 
solution for 5 min then rinsed with double distilled water. 
The slices were incubated in xylene for 12 min and then 
sealed with neutral gum and observed under a microscope 
(A1; Nikon) in multiple fields.

2.5. Perls’ iron staining
The hippocampal slices as previously mentioned were 

treated with xylene I and II for 20 min, followed by hydra-
ting with series of alcohol for approximately 1 min each 
solution. The hippocampal slices were immersed in Perls’ 
solution (Solarbio, China) at 20-30°C for 30 min, then 
rinsed in double distilled water and stayed in water for 
15 min. The slices were nucleated by Perls' stain reagent 
with 3,3'-diaminobenzidine (DAB) for 5 min, and was rin-
sed with distilled water for 1 min. The slices were sealed 
with neutral gum and photographed under a microscope 
(A1; Nikon) in multiple fields.

2.6. Immunofluorescence of hippocampal tissue
The hippocampal slices as previously mentioned were 

carefully rinsed with series of increasing concentrations 
of sucrose in 0.01 mol/L PBS solution. The hippocampal 
slices were continued to be cut into 20 μm thickness slices 
by the freezing vibratome. The slices were incubated with 
primary antibodies at 4°C for 8 h as mouse anti-human 
Glutathione Peroxidase 4 (GPX4) IgG (Abcam) 1:300, 
Neuronal nuclei antigen (NeuN) XP® Rabbit mAb (Cell 
Signaling) 1:500. The unbound primary antibodies were 
rinsed away by PBS solution. FITC-conjugated secondary 
antibodies (1:200) were incubated with the slices at 4°C 
for 8 h. The slices were stained with DAPI and the immu-
nofluorescence images were photographed under a confo-
cal microscope (Nikon).

2.7. Biochemical testing of Malondialdehyde (MDA) 
and Fe2+ 

A portion of hippocampal tissue of each mouse was 
removed from -80°C and immediately cut off using razor 
blade in dry ice. The hippocampal tissue homogenate 
was lysed by RMSF and RIPA after weighing, and its cell 
lysate was obtained by centrifuging at 4°C at 13000 rpm 
for approximately 15 min. The activity of MDA in the 
fresh hippocampus lysate was analyzed by commercially 
available (Thiobarbituric Acid, TBA) assay kit (Nanjing 
Jiancheng, China). The MDA result was measured by the 
microplate reader (Bio-Rad) at 532 nm. The level of Fe2+ 
in the fresh hippocampus lysate was measured by cell fer-
rous iron colorimetric assay kit (Elabscenice, China) and 
was analyzed by the microplate reader (Bio-Rad) at 593 
nm.

2.8. Determination of Glutathione (GSH)
Hippocampal tissue homogenate was weighed and 
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3.3. LGZG restores morphological anomalies and alle-
viates iron deposition

To investigate the effect of LGZG on the morpholo-
gy and change of neurons number in the hippocampus of 
AD model, Nissl staining was performed for each group 
of mice. The typical Nissl-staining photos are shown in 
Figure 3A, we could see the morphology of the Nissl-stai-
ned tissues were abnormal in the AD model group, posi-

mixed with 9 times (w/w) of normal saline. GSH in hip-
pocampal tissues of the mice was measured by microplate 
method assay kit (Nanjing Jiancheng, China). Hippocam-
pal tissues were incubated with dithio bisnitrobenzoic acid 
(DTNB) and NADPH for 5 min. The reaction product was 
analyzed by the microplate reader (Bio-Rad) at 405 nm 
compared to reference standard.

2.9. Western blot
The hippocampal tissue homogenate was lysed by 

RMSF and RIPA after weighing, and its cell lysate was 
centrifuged at 4°C at 15000 rpm for approximately 15 min. 
The protein concentration was measured using the BCA kit 
(Beyotime). 10% SDS-PAGE was used to separate about 
25 μg protein. The electrophoretic bands were transferred 
to PVDF membranes (Membrane-solutions). The mem-
brane was incubated overnight at 4°C with primary anti-
bodies as mouse anti-human NeuN IgG, AMPK, p53, sol-
solic vector family 7 member 11(SLC7A11), GPX4, and 
GAPDH (1:1000, Cell Signaling Technologies). Then, the 
membrane was incubated with HRP-conjugated goat anti-
rabbit IgG F(ab′)2 antibody (1:5000) for 2 h at 25°C. The 
electrophoretic bands were stained with enhanced luminol 
Reagent and oxidized for 2 min and recorded by Chemi-
Doc™ XRS+ imaging system (Bio-rad).

2.10. Statistical analysis
GraphPad Prism 8.0 software was applied to analyze 

the results. Comparisons between two groups were carried 
out by the unpair t-test, and comparisons between multiple 
groups were carried out by one-way ANOVA. A two-sided 
p-value of less than 0.05 was considered statistically signi-
ficant.

3. Results
3.1. Gene set enrichment analysis 

We found that the AD drug target MAPK3 was closely 
related to AMPK pathway and ferroptosis pathway (Fig. 
1A), and MAPK3 pathway had potential regulatory rela-
tionships with ferroptosis-related genes such as SLC40A1, 
NCOA4, TFRC, ACSL4 and GPX4 (Fig. 1B).

3.2. LGZG promoted the spatial memory function of 
AD model in water maze test

LGZG exerted a significant effect on symptoma-
tic improvement of AD, the typical behavioral traces on 
the 4th day of test in the water maze test were shown in 
Figure 2A. We confirmed AD modelling was successful 
by observing the escape latency of APP/PS1 model group 
protracted compared to the normal mice on the 4th day of 
space navigation trial (P<0.001), and the escape latency 
of positive control declined compared to the model mice 
(P<0.001). To assess whether LGZG had any therapeutic 
effect on Alzheimer's disease, high LGZG group (P<0.001) 
and medium LGZG group (P<0.01) appeared to progres-
sively decline compared to the model mice as trial went 
on. The decline degree was dose-dependent, the more 
LGZG administrated, the less escape latency mice could 
take (Fig. 2B). Next, the positive control group (P<0.001), 
high LGZG group (P<0.001) and medium LGZG group 
(P<0.001) had a shorter path length before escaping onto 
the platform on the 3rd and 4th day compared to the APP/
PS1 model mice (Fig. 2C), and the shorten degree also 
depended on the LGZG dose.

Fig. 3. LGZG restores morphological anomalies and alleviates iron 
deposition. (A) Typical photos of Nissl staining of six groups. (B) 
Nissl staining results of the number of neurons in six groups. (C) 
Typical photos of Perls’ iron staining of six groups. (D) Perls’ iron 
staining results of the iron deposition area of six groups. ***P<0.001.

Fig. 1. Gene set enrichment analysis. (A) ssGSEA prediction of the 
relationship between AMPK pathway and MAPK3. (B) ssGSEA pre-
diction of the relationship between MAPK3 pathway and ferroptosis 
related genes SLC40A1, NCOA4, TFRC, ACSL4, GPX4. **P<0.001.

Fig. 2. LGZG promoted the spatial memory function of AD model 
in water maze test. (A) Typical behavioral traces of six groups mice 
in the water maze test. The more lines in the quadrants, the longer 
the escape latency. (B) The escape latency in the south-east quadrant 
of six groups mice. (C) The path length to cross the platform of six 
groups mice.
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tive control and three LGZG groups in varying degrees. 
There were significantly higher numbers of neurons in 
the normal group (P<0.001) and positive control group 
(P<0.001) than in the AD model group for the same area 
photographed. Compared to AD model group, both high 
LGZG(P<0.001) and medium LGZG (P<0.001) treat-
ments elevate the number of neurons (Fig.3B), and hip-
pocampal cells in high LGZG and medium LGZG groups 
were more closely arranged, the stain becomes deeper to 
make the vision field clearer (Fig.3A).

The Perls' iron staining results (Fig.3C) indicated that 
compared with the normal group, the area of iron-stai-
ned positive areas in the model group was significantly 
increased (P<0. 001). In contrast, the area of iron-stai-
ned positive areas of positive control group (P<0. 001) 
decreased compared to model group. The area of iron-stai-
ned positive areas of high LGZG group (P<0. 001) and 
medium LGZG group (P<0. 01) decreased as LGZG in 
dose-dependent manner (Fig. 3D).

3.4. LGZG alleviated oxidative stress and ferroptosis 
in the hippocampus of AD model 

Afterwards we explored the effects of LGZG on MDA, 
Fe2+, GSH and GXP4 in the hippocampus of AD model. 
The MDA contents of AD model increased abnormally 
compared to the normal mice (P<0.001), while the MDA 
levels were confirmed to decline in positive control group 
(P<0.001), high LGZG group (P<0.001) and medium 
LGZG group (P<0.01) compared to un-treated APP/PS1 
model mice. The higher dose of LGZG the mice received, 
the more intensive effects on those levels of MDA (Fig. 
4A).

The colorimetric assay showed that GSH levels 
decreased abnormally compared to the normal mice 
(P<0.001), whereas positive control group could in-
crease the GSH levels compared to un-treated AD model 
(P<0.001). High dose of LGZG (P<0.001), medium dose 
of LGZG (P<0.01) and low dose of LGZG (P<0.01) could 
also rise the GSH levels compared to AD model as ex-
pected (Fig. 4B). Besides, AD model resulted in increa-
sing of Fe2+ levels (P<0.001), while donepezil (P<0.001), 
high dose of LGZG (P<0.001), medium dose of LGZG 

(P<0.001) and low dose of LGZG (P<0.001) could swift 
to decrease the Fe2+ levels (Fig. 4C). The immunofluo-
rescence assay result showed that the number of NeuN+/
GPX4+ cells in the hippocampus of APP/PS1 model group 
was significantly lower than that of the normal mice 
(P<0.001), while the numbers of NeuN+/GPX4+ cells were 
confirmed to recover in positive control group (P<0.001), 
high LGZG group (P<0.001), medium LGZG group 
(P<0.001) and low LGZG group (P<0.001) compared to 
un-treated APP/PS1 model mice (Fig. 4D & 4E). Accor-
ding to these results, LGZG may play a key role in inhibi-
ting lipid peroxidation and alleviating ferroptosis caused 
by AD in vivo. The number of NeuN+/GPX4+ cells in the 
hippocampus of APP/PS1 model group was significantly 
lower than that of the normal mice (P<0.001). LGZG res-
tore the level of GPX4 in the hippocampus of AD model 
(Fig. 4F). The higher dose of LGZG the mice received, the 
more intensive effects on those levels of Fe2+, GSH and 
GXP4.

3.5. LGZG protected neurofunction in AD model via 
AMPK pathway 

Afterwards we conducted western blot to explore if 
LGZG regulated the protein level of NeuN, AMPK, p53, 
SLC7A11 and GPX4 in the hippocampus of AD model, 
which were all proteins related to AMPK pathway (Fig. 
5A). AMPK rise in AD model compared to the normal 
mice. Positive control, high dose and medium dose of 
LGZG could reduce AMPK compared to un-treated AD 
model (Fig. 5B). The expression levels of NeuN in AD 
model decreased compared to the normal mice, whereas 
positive control group, high dose of LGZG and medium 
dose of LGZG reversed this change, restoring the expres-
sion of NeuN compared to un-treated AD model (Fig. 5C). 
The SLC7A11 and GPX4 levels of AD model both decli-
ned in un-treated AD model, in contrast, the SLC7A11 
levels of positive control group, high dose, medium dose, 
and low dose of LGZG groups increased as expected (Fig. 
5D, 5E). P53 rise in AD model compared to the normal 
mice, positive control, high dose and medium dose of 
LGZG could normalize p53 content compared to un-trea-
ted AD model (Fig. 5F). The higher dose of LGZG the 

Fig. 4. LGZG alleviated oxidative stress and ferroptosis in the hippo-
campus of AD model. (A) The biochemical testing results for MDA 
of six groups. (B) The microplate assay results for GSH of six groups. 
(C) The biochemical testing results for Fe2+ of six groups. (D) Typical 
photos of immunofluorescence of six groups. (E) The immunofluores-
cence results of fluorescence intensity in NeuN+/GPX4+ tissues of six 
groups. ***P<0.001.

Fig. 5. LGZG protected neurofunction in AD model via AMPK pa-
thway. Western blot photos of protein related to AMPK pathway. (B) 
Western blot result of relative gray value of AMPK. **P<0.01. (C) 
Western blot result of relative gray value of NeuN. (D) Western blot 
result of relative gray value of GPX4. (E) Western blot result of rela-
tive gray value of SLC7A11. (F) Western blot result of relative gray 
value of p53.
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mice received, the more intensive effects on those protein 
levels in the hippocampus of AD model.

4. Discussion
Population aging and AD become cosmopolitan 

concerns to shake social and economic sustainability [11]. 
The incidence of AD reached at least 46.8 million global-
ly in 2015, and it is expected to exceed 1.315 billion by 
2050 worldwide unfortunately [12]. Despite the breaking-
through progress in clinical technology of nervous system, 
AD is still associated with poor diagnosis and prognosis 
among aging society worldwide. Due to the unresolved 
pathogenesis conundrum and insufficient intervening mea-
sures for AD, novel tactics and better understanding of AD 
are in urgent need. 

LGZG is a classic ancient prescription commonly used 
in China and Japan, which contains over 100 components, 
including amino acids, carbohydrates, organic acids, fla-
vonoids, saponins, and others [13]. Modern medicine be-
lieves that the pharmacological effects of LGZG include 
anti-inflammatory, promoting renal function, analgesia 
and eliminating phlegm [14]. Rising research has indi-
cated that those effects are associated with the treatment 
of inflammatory processes in cerebral disease in Chinese 
clinical practice [15], which inspires us to study the rela-
tionship between LGZG and AD treatment. To date, it is 
regrettable that there is limited literature focusing on LG-
ZG’s intervention of AD and its mechanism. 

We study the role of LGZG on AD based on the clas-
sic APP/PS1 double-transgenic mouse model. APP/PS1 
model imitates the neurotic plaques and neurofibrillary 
tangles in AD patients’ brains [16]. We compared the spa-
tial memory function and levels of AD-related molecules 
in both APP/PS1 model and normal mice, and set a pres-
cription drug donepezil as positive treatment to verify the 
applicability of AD model. The results all indicated that 
APP/PS1 model was suitable for our study. The hippocam-
pus takes major responsibility for memory and learning, 
especially short-term memory, which is one of the most 
vulnerable regions in AD patients’ brains [17]. So, we took 
hippocampus tissues to analyze AD-related molecules and 
observed the morphological anomalies changes. 

Learning, memory and spatial recognition ability are 
the most fundamental factors of AD [18]. We orally admi-
nistrated three different doses of LGZG to APP/PS1 mo-
dels for 4 weeks and compared the memory and spatial 
function by water maze test, and the LGZG’s ability to im-
prove learning function was positive relative to the LGZG 
dose, illustrating that LGZG was capable to improve the 
spatial memory function. Behavioral experiments showed 
that this formula was effective in AD in vivo. Nissl-stai-
ning results showed there were significantly higher num-
bers of neurons in the high and medium LGZG group, and 
the neurons were arranged more closely in order with dee-
per staining. The Nissl-stain test indicated LGZG restored 
morphological anomalies in the hippocampus caused by 
Alzheimer's disease.

Alzheimer's disease has been reported to be associated 
with energy transfer deficiency and oxidative stress [19]. 
Lipoperoxidation, resulting from abnormal intracellular 
oxidative stress, is regarded as the third earmark of AD tis-
sues [20]. MDA is regarded as an important marker to re-
flect lipoperoxidation intensity in the central system [21]. 
The level of MDA could potentially indicate AD develop-

ment based on the negative relationship with the MMSE 
testing. Our study illustrated that LGZG was helpful for 
AD in vivo by reducing MDA in the hippocampus, and the 
effect was in dose-dependent manner. 

Redox-active metal ions are deeply involved in neuro-
degenerative disorders by O2 transport, energy generation 
and oxidative stress [22]. Upregulation of Fe2+ has been 
identified to promote ferroptosis and colocalize with Aβ 
plaque accumulation in AD patients, which increases oxi-
dative neurological disorders [23]. We verified that Fe2+ 

was up-regulated in APP/PS1 mice, and LGZG could 
inversely suppress Fe2+ level associated with the dose of 
LGZG. The Perls' iron staining results indicate that LGZG 
alleviated iron deposition in the hippocampus of AD mo-
del. We speculated that LGZG was able to improve symp-
toms and then regulate ferroptosis of neurons after spinal 
cord injury.

GPX4, a membrane-associated selenoenzyme, is re-
vealed to be the major neuro protector against ferroptosis 
in a glutathione-dependent way [24]. GPX4 can inhibit the 
production of lipid peroxides during Aβ plaques accumu-
lation in AD patients. Otherwise, lipid peroxides dissociate 
into hydroxy fatty acids or MDA. Our study conducted 
immunofluorescence and western blot to prove that LGZG 
could restore the level of GPX4 in the hippocampus of AD 
model, which may inhibit lipid peroxidation and ferropto-
sis in AD tissues. Collectively, the results described here 
strongly support that LGZG is a potential drug for neuro-
protection in AD, offering a better understanding of LGZG 
and the pathogenesis mechanisms responsible for AD.

Then we focused on how LGZG inhibited AD progress. 
Rising research has indicated that AMPK pathway deregu-
lation plays a critical role in multiple neurodegenerative 
diseases, such as Alzheimer’s disease, Parkinson’s disease 
and Huntington’s disease. Abnormal AMPK signaling un-
derlies the damage to synaptic plasticity associated with 
Alzheimer's disease, making it a potential therapeutic me-
chanism for Alzheimer's disease [25]. SsGSEA algorithm 
forecasted that AMPK pathway was indeed dysfunctional 
in AD, and AMPK pathway and ferroptosis pathway had 
strong band with the drug target MAPK3 of AD. Our study 
proved that LGZG normalized the protein level of NeuN, 
AMPK, p53, SLC7A11 and GPX4 in the hippocampus of 
AD model. LGZG modifies the content of many proteins 
related to intracellular AMPK signaling, suggesting that 
AMPK may play an important role in the regulation of AD 
progression, but the specific mechanism still needs to be 
further verified.

5. Conclusion
In summary, our study has confirmed that this formula 

LGZG has a protective effect on AD, it is a viable strategy 
to explore in the treatment of AD. To date, our unders-
tanding of the mechanisms of LGZG driving AD miti-
gation is limited. The major insufficiency is that we only 
explore the effects of LGZG on one AD mouse model. The 
molecule mechanisms of LGZGs to interact with AMPK 
pathway and other regulators will be our further research 
direction, such as AMPK-related protein phosphorylation 
or combination.
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