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Abstract: Alzheimer’s disease is a common degenerative disease which has a great impact on people’s
daily lives, but there is still a certain market gap in the drug research about it. Palmatine, one of
the main components of Huangteng, the rattan stem of Fibraurea recisa Pierre (Menispermaceae),
has potential in the treatment of Alzheimer’s disease. The aim of this study was to evaluate the
neuroprotective effect of palmatine on amyloid beta protein 25–35-induced rat pheochromocytoma
cells and AD mice and to investigate its mechanism of action. CCK8 assays, ELISA, the Morris
water maze assay, fluorescent probes, calcein/PI staining, immunofluorescent staining and Western
blot analysis were used. The experimental results show that palmatine can increase the survival
rate of Aβ25-35-induced PC12 cells and mouse hippocampal neurons, reduce apoptosis, reduce
the content of TNF-α, IL-1β, IL-6, GSH, SOD, MDA and ROS, improve the learning and memory
ability of AD mice, inhibit the expression of Keap-1 and Bax, and promote the expression of Nrf2,
HO-1 and Bcl-2. We conclude that palmatine can ameliorate oxidative stress and neuroinflammation
produced by Aβ25-35-induced PC12 cells and mice by modulating the Nrf2/HO-1 pathway. In
conclusion, our results suggest that palmatine may have a potential therapeutic effect on AD and
could be further investigated as a promising therapeutic agent for AD. It provides a theoretical basis
for the development of related drugs.

Keywords: Aβ25-35-induced Alzheimer’s disease; palmatine; Nrf2/HO-1 pathway; oxidative
stress; neuroinflammation

1. Introduction

Alzheimer’s disease (AD), a neurological disorder that occurs in old age and early
old age, is highly prevalent and can be irreversible. Its common features include mem-
ory impairment, decreased thinking ability, impaired language function and behavioral
disorders [1]. In recent years, the prevalence of AD has been on the rise, and could reach
13.8 million by 2050 [2]. The pathogenesis of AD is still not completely understood, and its
incidence may be related to heredity, environment, or lifestyle. Studies have shown that
the main pathological features of AD are extracellular amyloid β (Aβ) peptide plaques
as well as intra-neural tau lesions [3]. Currently, the U.S. Food and Drug Administration
(FDA)-approved drugs for the treatment of AD are cholinesterase inhibitors (ChEIs) and
N-methyl-D-aspartate (NMDA) antagonists [4]. However, these are single-agent drugs that
do not prevent or reverse the disease, and instead only partially alleviate the symptoms,
and there is a risk of side effects. Therefore, there is an urgent need to find more effective
drugs for AD [5,6].
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Chinese medicine is multi-component, multi-targeted and modulates multiple signal
pathways [7]. Studies have shown that traditional Chinese medicine may slow cognitive de-
cline in AD patients by modulating Aβ production and aggregation, tau phosphorylation,
and the gut microbiota–brain axis [8]. Up to now, there have been a lot of reports about
the superiority of herbal drugs for treating AD as compared with single drugs. Huangteng
is the rattan stem of Fibraurea recisa Pierre (Menispermaceae). Huangteng has been used
medicinally in China for thousands of years and was first recorded in the Compendium
of Materia Medica and also in the National Pharmacopoeia of the People’s Republic of
China [9,10]. It can be used to treat diseases such as dysentery, hypertension, and inflamma-
tion, and is also indicated for the treatment of skin diseases [11,12]. Palmatine, a member
of the protoberberine class of isoquinoline alkaloids, is a structural analog of berberine [13].
Palmatine is an alkaloidal component of huangteng, and has a variety of pharmacological
effects [9,14,15]. For example, it attenuates doxorubicin-induced inflammatory response,
oxidative damage, and cardiomyocyte apoptosis [16]; attenuates D-galactosamine-induced
(D-gal) fulminant hepatic failure in mice [17]; and attenuates lipopolysaccharide-induced
depressive-like behavior [18]. Palmatine crosses the blood–brain barrier and plays a role
in the treatment of brain-related diseases [19,20]. In addition, palmatine has potent ef-
fects in reducing neuroinflammation and inhibiting acetylcholinesterase activity [19,21],
which coincides with the pathogenesis of AD, and therefore palmatine may be a potential
class of anti-AD drug candidates. We anticipate that palmatine may play a role in anti-
inflammatory, antioxidant, and antiapoptotic aspects, thus slowing down the progression
of AD development, and we hope that it will provide a new option for patients.

Rat pheochromocytoma cells (PC12) have neuronal characteristics and are similar to
neurons in their cell morphology, structure, and function, and can easily be used in cultures
due to their stable growth conditions [22]. Currently, they are commonly used as cell
culture models for the protection against and repair of neurodegenerative diseases [23,24].

PC12 rat adrenal pheochromocytoma cells have been used as a cell model, and amy-
loid beta protein 25-35 (Aβ25-35) has been frequently used as a damage agent in AD
research [25–27]. The deposition of Aβ has been mentioned as one of the etiological factors
of AD [22,28]. Aβ25-35 is characteristic of elderly people and it is one of the most neurotoxic
forms of Abeta. It is the shortest fragment capable of forming large β-sheet fibrils and re-
taining the toxicity of the full-length Aβ (1-40/42) peptides [29]. Aβ25-35 induces oxidative
damage in PC12 cells, increasing intracellular ROS production and decreasing mitochon-
drial membrane potential, as well as decreasing cell viability, leading to apoptosis [30,31].
Notably, the injection of the Aβ25-35 fraction caused an increased NO level in the temporal
cortex of rats, which likewise promotes the development of AD [32]. Experiments were
conducted to investigate whether palmatine is protective against Aβ25-35-induced cell
damage in PC12.

Oxidative stress injury plays an important role in the pathogenesis of AD and is
associated with Aβ neurotoxicity [33]. Transcription factor nuclear factor erythroid-2-
related factor 2 (Nrf2) is a crucial nuclear transcription factor that enters the nucleus
when activated and binds to antioxidant response elements to initiates the transcription
of a variety of antioxidant genes, and achieves resistance to oxidative stress through this
mechanism [34]. Heme oxygenase 1 (HO-1) is an important downstream target molecule
of Nrf2 and can catalyze the degradation of heme into biliverdin, CO and iron. These
enzymatic products exert strong antioxidant and anti-inflammatory effects. Therefore,
activating the Nrf2/HO-1 pathway can reduce oxidative stress damage in the AD brain
and alleviate the neurotoxicity of Aβ25-35 [35]. Because palmatine has antioxidant effects
and the Nrf2/HO-1 signaling pathway is an important pathway in the antioxidant process,
we hypothesized that palmatine achieves its antioxidant effects through the Nrf2/HO-1
signaling pathway.

In this study, we evaluated the neuroprotective effects of palmatine on Aβ25-35-
induced AD-like PC12 cells in vitro and established an AD mouse model via the intracranial
injection of Aβ25-35 in vivo. Intracranial injections are also well known as a model of AD,
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and many studies have used this approach for modeling [36,37]. The aim of this study
was to explore the influence of palmatine on AD using this model. The possible role of the
Nrf2/HO-1 signaling pathway in the effect of palmatine was also analyzed and discussed.
Our findings may provide a theoretical basis for palmatine treatment of AD.

2. Results
2.1. Effects of Palmatine on Cells Viability

Firstly, we determined the concentration and duration of action of Aβ25-35 based
on previous studies. PC12 cells were spread evenly over 96-well cell plates and Aβ25-
35 (30 µM) was incubated with different concentrations of palmatine (0.1, 0.2, 0.3, 0.4,
0.5 mg/mL) lasting 12 h. As shown in Figure 1A, palmatine has a protective effect on
cells. We chose two dose groups of 0.2 mg/mL and 0.3 mg/mL for this study. The model
group showed a very significant difference (## p < 0.01) compared with the control group,
representing a valid model. The palmatine group showed a very significant difference
(** p < 0.01) compared with the model group at the concentrations of 0.2 and 0.3 mg/mL
and 0.4 and 0.5 mg/mL (* p < 0.05).
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Figure 1. The anti-inflammatory and antioxidant power of palmatine. (A) Screening for protective
concentrations of palmatine in rat pheochromocytoma cells (PC12) (n = 3). (B) Anti-inflammatory
activity of palmatine in PC12 cells (n = 3). (C) Antioxidant activity of palmatine in PC12 cells (n = 3).
(D) Anti-inflammatory activity of palmatine in mouse brain tissue (n = 8). (E) Antioxidant activity
of palmatine in mouse brain tissue (n = 8). # p < 0.05; ## p < 0.01 vs. the control group; * p < 0.05;
** p < 0.01 vs. the model group. CTL: control group; MOD: model group; Palmatine-L: palmatine
low-dose group; Palmatine-H: palmatine high-dose group.
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2.2. Effects of Palmatine on Pro-Inflammatory Cytokines

We examined the effect of palmatine on the expression of Aβ25-35-induced inflamma-
tory factors in PC12 cells and mice, respectively, using ELISA. As shown in Figure 1B, the
TNF-α, IL-1β and IL-6 levels were significantly elevated in PC12 cells induced by Aβ25-35
compared with the control group (p < 0.01). Compared with the model group, treatment
with palmatine reduced the TNF-α, IL-1β, and IL-6 expression in cells (p < 0.01 for all
tested cytokines).

Intracranial injection of Aβ25-35 induces neuroinflammation in mice. Neuroinflam-
mation is a trigger for neuronal swollen deformities. As shown in Figure 1D, the levels of
inflammatory factors (TNF-α, IL-1β, and IL-6) were elevated in the brains of mice in the
model group compared to the control group. The levels of inflammatory factors (TNF-α, IL-
1β, and IL-6) were reduced in the group treated with different concentrations of palmatine
compared to the model group (p < 0.01).

These results indicate that palmatine can effectively reduce the expression of the
inflammatory factors TNF-α, IL-1β, and IL-6 in PC12 cells and, in mice, possesses anti-
inflammatory properties.

2.3. Effects of Palmatine on Oxidative Stress

We also investigated the antioxidant capacity of palmatine. Compared to the control
group, exposure to Aβ25-35 led to higher MDA activity and reduced SOD and GSH activity
(both p < 0.01, as shown in Figure 1C). Treatment with palmatine reduced MDA activity and
restored the SOD and GSH activity compared to the control group (p < 0.01). Furthermore,
the results of immunofluorescence staining indicated that the ROS levels in PC12 cells were
decreased by palmatine (Figure 2A).
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in the total pc12 cells. # p < 0.05; ## p < 0.01 vs. the control group; * p < 0.05; ** p < 0.01 vs. the model
group. CTL: control group; MOD: model group.

The results regarding the effect of palmatine on the level of oxidative stress in the
brain tissue of mice are as follows, depicted in Figure 1E. (p < 0.01). GSH and SOD levels
were elevated and MDA levels were reduced in the palmatine-treated group compared to
the control group. These changes were reversed in the palmatine-treated group compared
to the control group (p < 0.01).

In conclusion, palmatine ameliorated Aβ25-35-induced changes in oxidative factor
levels and reduced intracellular ROS content via its antioxidant activity.

2.4. Effects of Palmatine on Cell Apoptosis

As shown in Figure 2B, most of the PC12 cells in the control group were stained green,
with only a very few red apoptotic cells. A large number of cells stained red were observed
in the model group, indicating severe apoptosis. This suggests that Aβ25-35 (30 µM) led to
apoptosis. Meanwhile, the palmatine 0.2 and 0.3 groups showed a significant reduction in
red fluorescence, and the effect of inhibiting apoptosis was better in the palmatine 0.3 group.
This indicates that palmatine effectively reduced apoptosis caused by Aβ25-35.

2.5. Palmatine Ameliorates Spatial Learning and Memory Deficits in Aβ25-35-Induced AD Mice

Swimming thermal infrared trajectories and ELT were used to assess spatial learning
and memory in the Morris water maze test (Figure 3A). The thermal infrared trajectories of
each group of mice in the spatial exploration experiment are displayed in Figure 3B.
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Figure 3. Experimental performance in the Morris water maze test. (A) Thermal infrared trajectories
of each group in the location navigation experiment (n = 3). (B) Thermal infrared trajectory of
each group in the spatial exploration experiment (n = 3). CTL: control group; MOD: model group;
Palmatine-L: palmatine low-dose group; Palmatine-H: palmatine high-dose group.

The Morris water maze test results showed that the escape latency of the control,
model, Palmatine-L, and Palmatine-H groups gradually decreased during continuous
training (Figure 4A). Mice in the model group spent less time in the target quadrant and
traversed the virtual platform less frequently compared to the control group (p < 0.05)
(Figure 4B,C). Both the time spent in the target quadrant and the frequency of crossing
the virtual platform were significantly increased in the palmatine group compared to the
model group (p < 0.05) (Figure 4B,C). The above results suggest that palmatine can improve
mouse spatial learning impairment.
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Figure 4. Palmatine improves spatial learning and memory deficits in Alzheimer’s disease mice.
(A) Escape latency times for each group of mice (n = 8). (B) Time spent in the target quadrant in the
Morris water maze test (n = 8). (C) The number of times the mice crossed the platform position in
the Morris water maze test (n = 8). # p < 0.05; ## p < 0.01 vs. control group; * p < 0.05; ** p < 0.01
vs. model group. CTL: control group; MOD: model group, Palmatine-L: palmatine low-dose group;
Palmatine-H: palmatine high-dose group.

2.6. Palmatine Reduces Aβ25-35-Induced Neuronal Damage in the Hippocampus of AD Mice

HE staining demonstrated that the neurons in the hippocampal region of the control
group were well arranged, with a normal structure, clear nuclei, obvious nucleoli and
abundant cytoplasm, while the model group showed a large number of swollen neurons
with a loose structure and solidified nuclei, forming some vacuolar structures. In addition,
there were inconspicuous pathological changes in the neurons in the hippocampal region
of the palmatine group (Figure 5A).
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Figure 5. Palmatine reduces hippocampal neuronal damage in Alzheimer’s disease mice. (A) Pathological
changes in the hippocampal region were detected via HE staining (×200) (n = 3). (B) Neuronal death
in the hippocampal region was detected by means of Nissl staining (×200) (n = 3). CTL: control group;
MOD: model group; Palmatine-L: palmatine low-dose group; Palmatine-H: palmatine high-dose group.

Next, we investigated the role of palmatine in the survival of hippocampal neurons
using Nissl staining (Figure 5B). The number of neurons in the hippocampal region was
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obvious reduced in the model group in contrast to the control group. Palmatine adminis-
tration resulted in an augmentation of the amounts of neuronal cells in the hippocampal
region. These results indicate that palmatine attenuates the hippocampal neuronal injury
caused by Aβ25-35, and it has a protective effect on neuronal cells in the hippocampus.

2.7. Effects of Palmatine on the Protein Expression in PC12 Cells and Mouse Hippocampus

Keap1, Nrf2, and HO-1 are all transcription factors related to oxidative stress. The
expression of Nrf2 promotes the production of antioxidant factors such as HO-1, which
plays an antioxidant role. Keap1 is a negative regulator of Nrf2. It plays an inhibitory
role by specifically binding to the sequence of the Neh2 domain of Nrf2 [38]. Apoptosis
is closely related to the expression of the proapoptotic protein Bax and the antiapoptotic
protein Bcl-2, and the effect of palmatine on apoptosis can be established by assaying them.
Western blot analysis demonstrated that the protein expression of Keap-1 and Bax was
increased while that of Nrf2, HO-1 and Bcl-2 was decreased in the hippocampus (Figure 6C)
and PC12 cells (Figure 6D) of the model group relative to the normal group (p < 0.05). In
relation to the model group, the protein expression of Keap-1 and Bax was decreased and
the protein expression of Nrf2, HO-1 and Bcl-2 was up-regulated in the hippocampus and
PC12 cells of palmatine-treated mice (p < 0.05). These results suggest that the protective
effect of palmatine against AD may be achieved by reducing oxidative stress and decreasing
apoptosis, and is related to the Nrf2/HO-1 signaling pathway.
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Figure 6. Western blot analysis of Keap-1, Nrf2, HO-1, Bax and Bcl-2 in the hippocampi of Alzheimer’s
disease mice and rat pheochromocytoma cells (PC12). (A) Protein expressions of Keap-1, Nrf2, HO-1,
Bax and Bcl-2 in the hippocampus (n = 3). (B) Protein expression of Keap-1, Nrf2, HO-1, Bax and
Bcl-2 in PC12 cells (n = 3). (C) Protein expression density of Keap-1, Nrf2, HO-1, Bax and Bcl-2 in the
hippocampus (n = 3). (D) Expression density of Keap-1, Nrf2, HO-1, Bax and Bcl-2 proteins in PC12
cells (n = 3). # p < 0.05; ## p < 0.01 vs. the control group; * p < 0.05; ** p < 0.01 vs. the model group.
CTL: control group; MOD: model group; Palmatine-L: palmatine low-dose group; Palmatine-H:
palmatine high-dose group.

3. Discussion

In recent years, the number of patients with Alzheimer’s disease (AD) has increased
globally, severely reducing the quality of life of the elderly [39]. Due to the complexity of
the causes of Alzheimer’s disease, there is no effective therapeutic drug for AD. Palmatine
is a natural alkaloid with a variety of pharmacological activities, but there are fewer
studies on its ameliorative effect on AD and its mechanism of action. Therefore, we
investigated palmatine’s anti-inflammatory, antioxidation, and antiapoptotic activities and
the improvement in learning and memory ability that it induces in mice via both in vivo
and in vitro experiments using ELISA, the Morris water maze assay, fluorescent probes,
calcein/PI staining, Western blot analysis and other experiments.

In patients with Alzheimer’s disease, antioxidant enzyme activity is diminished,
leading to the excessive accumulation of reactive oxygen species, which in turn leads to
oxidative damage [40]. As we all know, reactive oxygen species can increase the release
of cytochrome-c, activate the expression of caspase proteins and aggravate mitochondrial
swelling in the early stages of apoptosis [41]. It was found that Aβ25-35 could raise the
levels of ROS and MDA accumulation in PC12 cells while decreasing GSH and SOD activ-
ity [42]. In turn, the accumulation of reactive oxygen species in the body leads to an increase
in Aβ, and this interaction accelerates the development of AD. The use of antioxidants
can be a good way to slow down the progression of AD and is currently receiving a lot of
attention [43,44]. Our experimental results show that palmatine significantly restored the
antioxidant enzyme activity in PC12 cells.

The deposition of amyloid beta (Aβ) and hyperphosphorylated tau along with glial
cell-mediated neuroinflammation are prominent pathogenic hallmarks of AD. Neuroin-
flammation plays an important role in the pathogenesis of AD. In the early stages of AD
pathogenesis, various pro-inflammatory factors (TNF-α, IL-1β, IL-6) activate microglia
polarization, thus affecting neurophysiological mechanisms, leading to neuronal synaptic
damage and even neuronal degeneration and necrosis [45,46]. There is a lot of research on-
going to improve AD by suppressing inflammation [47,48].In the present study, palmatine
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inhibited the inflammatory response induced by Aβ25-35, and the reduction in the levels
of TNF-α, IL-1β, and IL-6 cytokines validated this idea.

A growing number of studies have shown that apoptosis is related to AD and has
been identified as a pathological marker of brain injury [49]. In the present study, the
HE staining results show that neuronal atrophy occurs in the model group mice. The
calcein/PI staining results also show that Aβ25-35 induced mass apoptosis in PC12 cells,
while the use of palmatine improved these conditions and reduced apoptosis. Apoptosis
induced by Aβ25-35 may be due to the activation of an intracellular apoptotic cascade,
including the activation of Bax in hippocampus neurons. Exposure to Aβ25-35 induced a
significant increase in the relative expression of Bax/Bcl-2 [50]. The pro-apoptotic factor Bax
and the anti-apoptotic factor Bcl-2 cause mitochondrial membrane permeability in vitro,
which is a key pathway of mitochondrial apoptosis [51]. Through Western blot analysis,
we found that palmatine can inhibit the expression of Bax, which may be its pathway to
ameliorate apoptosis.

Keap1 is a component of the cullin-3 ubiquitin ligase complex that mediates the
degradation of Nrf2 as an inhibitor of Nrf2. The transcription factor Nrf2 is tightly regulated
in the cytoplasm by Keap1, which plays an important role in the degradation of Nrf2 via
the ubiquitin–proteasome pathway, as well as in the protection of the cell against excessive
oxidative stress [52]. It is worth mentioning that the NRF2/KEAP1 signaling pathway
plays a key role in neurodegenerative diseases [53], inflammatory therapies [54], as well as
in a variety of cancerous and non-cancerous diseases, such as pre-eclampsia [55], ovarian
cancer [56], breast cancer [57], prostate cancer [58], and traumatic brain injury [59].

Nrf2 is a major protective regulator of antioxidant processes, and the activation of
Nrf2 provides neuroprotection against AD [60]. Nrf2 can be activated and bound to an-
tioxidant response elements (ARE) to mediate the expression of peroxiredoxin reductases
and second-stage detoxification enzymes such as HO-1 [61]. In addition, HO-1 and its
hemoglobin degradation products are highly efficient and sensitive antioxidant enzymes
that act as scavengers of ROS and protect cells from oxidative damage and inflammation.
In conclusion, the activation of the Nrf2 signaling pathway may be a potential therapeu-
tic target for chronic oxidative stress in neurodegenerative diseases [62]. We found that
palmatine can increase the expression of GSH and SOD and reduce the content of intra-
cellular ROS. GSH and SOD expression is regulated by the Nrf2 signaling pathway, and
the activation of the Nrf2 signaling pathway can increase the expression of GSH and SOD,
thus increasing the antioxidant capacity. Validated by Western blot analysis, we found
that palmatine increased the expression of Nrf2 and HO-1 and decreased the expression of
Keap-1. These findings suggest that palmatine can inhibit oxidative stress by regulating
the Nrf2 signaling pathway.

4. Materials and Methods
4.1. Materials

Palmatine (Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China) (3486-67-7);
DMEM medium (Gibco, Shanghai, China) (30022.01) and fetal bovine serum (FBS) (Gibco,
Shanghai, China) (FB25015); the calcein/PI staining kit (Beyotime, Shanghai, China)
(C2015S); 2, 7-dichlorofluorescein diacetate (DCFH-DA) (MCE, Shanghai, China) (HY-
D0940); ELISA kits of TNF-α, IL-1β, and IL6 (Beijing Soleibo Technology Co., Ltd., Beijing,
China) (SEKM-0034,SEKM-0002,SEKM-0007); SOD, CAT, and GSH detection kits (Beijing
Soleibo Technology Co., Ltd., Beijing, China) (BC0175, BC0205, BC1175); the HE staining kit
(Beijing Soleibo Technology Co., Ltd., Beijing, China) (G1120); the Nissl Stain Kit (Beijing
Soleibo Technology Co., Ltd., Beijing, China) (G1430); Aβ25-35 (MCE, Shanghai, China)
(HY-P0128); anti-Nrf2 Recombinant rabbit monoclonal antibody (Huaan Biotechnology Co.,
Ltd., Hangzhou, China) (HA721432); anti-Keap1 recombinant rabbit monoclonal antibody
(Huaan Biotechnology Co., Ltd., Hangzhou, China) (HA721525); anti-heme oxygenase
1 (HO-1) rabbit polyclonal antibody (Huaan Biotechnology Co., Ltd., Hangzhou, China)
(ER1802-73); anti-Bax recombinant rabbit monoclonal antibody (Huaan Biotechnology Co.,
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Ltd., Hangzhou, China) (ET1603-34); anti-Bcl-2 recombinant rabbit monoclonal antibody
(Huaan Biotechnology Co., Ltd., Hangzhou, China) (ET1702-53); β-actin recombinant rabbit
monoclonal antibody (Wanlei Biotechnology Co., Ltd., Shenyang, China) (WL01372); HRP-
goat anti-rabbit IgG (H + L) (Wanlei Biotechnology Co., Ltd., Shenyang, China) (WLA023).

4.2. Cell Culture and Treatment

PC12 cells were obtained from the Chinese Academy of Sciences. PC12 cells were
cultured in RPMI-1640 medium which contained 10% heat-inactivated FBS and 1% peni-
cillin/streptomycin. The ambient temperature was 37 ◦C, and the CO2 content was 5%.

4.3. Cell Viability Assay

First of all, PC12 cells were inoculated onto a 96-well culture plate, and the density of
cells was adjusted to 1×104 cells/well. The cells were allowed to grow for 12 h at 37 ◦C. The
experiment was divided into the control group, the model group (30 µM Aβ25-35), and the
Aβ25-35 (30 µM) and different concentrations of palmatine (0.1, 0.2, 0.3, 0.4, 0.5 mg/mL)
group. Then, each group was cultured with PC12 cells for 12 h. Finally, cell viability
was tested by CCK-8. We added 10 µL of CCK-8 per well and performed measurements
at a wavelength of 450 nm using a microplate reader after 2 h at 37 ◦C [63]. The two
groups with the best cellular activity were selected from the Aβ25-35 (30 µM) and different
concentrations of palmatine (0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) group (Aβ25-35 + palmatine),
along with the control group and the model group, for subsequent experiments.

The calculation of cell viability (%) was as follows:

Cell viability (100%) = (Adrug − Ablank)/(Acontrol − Ablank) × 100%

4.4. AD Model Construction and Treatment

The mice were divided into 4 groups: the normal control group, the model group
(Aβ25-35), the palmatine low-dose group (Palmatine-L: Aβ25-35 + palmatine 50 mg/kg),
and the palmatine high-dose group (Palmatine-H: Aβ25-35 + palmatine 100 mg/kg). There
were 10 mice in each group. All groups except for the control mice were modelled via
the injection of 1.5 µL of Aβ25-35 (2 µg/µL). Mice in the control group were administered
1.5 µL of normal saline instead of Aβ25-35. On the seventh postoperative day, 50 mg/kg
palmatine was administered via gavage to the palmatine low-dose group, and 100 mg/kg
palmatine was administered to the palmatine high dose group, and an equal dose of
distilled water was administered via gavage to the model and blank control groups. Each
mouse was administered 0.2 mL via gavage, and its body weight was about 20 g. Therefore,
we configured the concentration of palmatine in the low-dose group to be 5 mg/mL and
that of palmatine in the high-dose group to be 10 mg/mL. Mice were modelled as follows:
firstly, they were anesthetized via the intraperitoneal injection of 0.4% pentobarbital sodium
(0.2 mL), and then the mouse was fixed on a stereotactic brain positioner and the skin on its
head and neck was incised. The CA1 area of the bilateral hippocampus was used as the
delivery site. Bregmatic fontanel was the base, and the lateral ventricle was located 2 mm
behind and 1.5 mm away from the sagittal suture. A 2.5 mm deep hole was drilled into the
skull surface using a microcranial drill, and 1.5 µL of Aβ25-35 (2 µg/µL) was injected at a
constant rate of 0.2 µL per minute using a microinjection needle [64]. We left the needle in
for 1 min and slowly withdrew it. The intraperitoneal injection of penicillin was needed
three days after surgery to prevent infection (Figure 7).

We used SPF-grade 7–8-week-old male ICR mice, weighing 20–22 g, purchased from
Changchun Yisi Experimental Animal Technology Co., Ltd. (Changchun, China). The
animals were kept at room temperature under standard laboratory conditions. The temper-
ature was 23 ± 2 ◦C, and the humidity was 60 ± 10%. During the experiment, the mice
were allowed to eat and drink freely. All animal procedures were performed in accordance
with the National Institutes of Health and institutional guidelines for the humane care
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of animals, and approved by the Animal Care Committee of Jilin Agricultural University
(2016–01-Permit number: ECLA-JLAU 2016–016) (No.2020 11 18 001).
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Figure 7. Administration flow chart. Modeling was performed via the craniosurgical method, and
1.5 µL of Aβ25-35 (2 µg/µL) was injected. From the 7th to the 35th postoperative day, 50 mg/kg
palmatine was administered via gavage to the palmatine low-dose group and 100 mg/kg palmatine
was administered to the palmatine high-dose group. CTL: control group; MOD: model group;
Palmatine-L: palmatine low-dose group; Palmatine-H: palmatine high-dose group.

4.5. Morris Water Maze Test

The Morris water maze test consisted of a circular pool with a diameter of 1.2 m. The
pool was filled with water (23–25 ◦C). A dark and quiet environment was maintained in the
water maze. The pool was divided equally into four quadrants, while the escape platform
was randomly placed in the center of one quadrant. The escape times and trajectories of
mice were recorded using software and video tracking systems.

Mice swam freely in the water maze from any starting position to find the platform. If
it failed to find the platform, the mouse was guided to stand on the platform for 10 s and
was trained 4 times a day for 5 days [65].

The Morris water maze test was performed on the last five days of the experiment.
First, the avoidance latency of the mice was recorded in the positional navigation test, and
the time it took for the mice to find the platform within 60 s was recorded, followed by the
spatial exploration test, in which the mice’s movements were observed over a period of
60 s [66].

4.6. Evaluation of Oxidative Stress

The overproduction of reactive oxygen species is one of the hallmarks of excessive
oxidative stress in cells. ROS production in PC12 cells was measured using a fluorescent
probe (DCFH-DA). Briefly, PBS was used to wash each cell twice. Then, 1 mL of DCFH-
DA solution (final concentration 10 µM) was added to each well and incubated in a
CO2 incubator at 37 ◦C for 30 min. The cells were then washed with PBS three times to
remove the DCFH-DA which did not enter the cells. Cellular ROS content assessment was
performed using a fluorescent microscope (Olympus, Tokyo, Japan) [67].

4.7. Calcein/PI Staining

In order to test the effect of palmatine on the apoptotic cell death situation, cells were
stained with calcein/PI staining and fluorescence microscopy was performed on the stained
cells (Olympus, Tokyo, Japan) [68]. Calcein AM was used to stain live cells with green
fluorescence and propidium iodide (PI) was used to stain dead cells with red fluorescence.
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4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

To further investigate the effects of palmatine on the levels of inflammatory and
oxidative factors in mice in vivo and in PC12 cells, we used an ELISA assay to detect their
levels. To detect the levels of the inflammatory cytokines TNF-α, IL-1β and IL-6 in the PC12
cell supernatant and mouse serum, the assays were performed on the basis of the ELISA kit
manufacturer’s protocol [69]. Moreover, chemical analysis kits were used to determine the
contents of GSH, MDA and SOD in PC12 cells and mouse brain tissue [70,71]. The steps
were as follows: we dissected the mice and collected the brain tissue. The brain tissue was
homogenized and centrifuged at 4000 r/min for 10 min, and then the levels of GSH, SOD
and MDA were measured using the appropriate kits.

4.9. Staining of the Hippocampus in Mice

In order to observe the cell morphology and apoptosis in the mouse hippocampus,
we sectioned and stained the mouse hippocampus as follows. We took the brain tissue of
mice and fixed it with 4% formaldehyde. After dehydration and transparency, paraffin-
embedded tissue was sectioned into 5 µm thick sections. The tissue sections were dewaxed
with xylenes, and then rehydrated with gradient alcohol. Tissue sections were stained with
HE and Nissl dye [69].

4.10. Western Blot Analysis

The effect of palmatine on protein expression in mouse brain was explored using
Western blot analysis. We took 0.1 g–0.2 g of mouse brain tissue, ground it on ice with a
grinding rod and added 0.5 mL of lysate, ground it to a homogenous state, and centrifuged it
at 12,000 rpm for 15 min at 4 ◦C. After centrifugation, we took the supernatant, determined
the concentration of proteins, adjusted the concentration of each tube and added the
loading buffer, and then boiled for ten minutes to obtain the protein samples. A 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was applied to
the protein sample and then transferred to nitrocellulose membranes. Membranes were
blocked with 5% skimmed milk in TBST and then incubated overnight at 4 ◦C with the
primary antibodies Nrf2 (1:1000), Keap1 (1:1000), HO-1 (1:1000), BAX (1:1000), BCL-2
(1:1000), and β-actin (1:1000) [72]. The membranes were washed 3 times with TBST at
the end of the primary antibody treatment, then we added the secondary antibodies and
incubate the membranes at room temperature for 2 h.

4.11. Statistical Analysis

All figures were created using Graphpad Prism 8.0.2. Statistical analysis was con-
ducted using SPSS19.0 software. All data are expressed as the average mean ± SEM. Data
were analyzed via one-way or two-way ANOVA with Tukey’s test for comparison between
multiple groups. A value of p < 0.05 was considered significant.

5. Conclusions

To sum up, we demonstrate that palmatine is neuroprotective against Aβ25-35-
induced neurotoxicity by regulating the Nrf2/HO-1 pathway in PC12 cells and mice.
Our results suggest that palmatine may be a drug candidate with anti-neuroinflammatory
properties for the treatment of neurodegenerative diseases.
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