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Background: Wilson’s disease (WD), an autosomal recessive genetic disease, is characterized by copper metabolism disorder. WD
patients may have a series of cognitive deficits in terms of neurological symptoms. Ferroptosis (FPT), a type of programmed cell
death, is involved in the pathological progression of various cognitive disorders, and silent information regulator 1 (SIRT1) is
considered to be a key factor in FPT. Ferulic acid (FA) is a traditional Chinese medicine monomer, with a remarkable effect in the
clinical treatment of cognitive impairment-related disease. However, its intrinsic effect on FPT is still unclear. This study aims to
investigate the protective effect of FA on cognitive impairment in animal and cell models of WD, and whether the pharmacological
mechanism is related to the SIRT1-mediated FPT signaling pathway.

Methods: Copper-loaded WD rats and PC12 cells WD were used as models of cognitive dysfunction in vivo and in vitro, respec-
tively. Morris Water Maze (MWM) was used to evaluate the spatial exploration and memory abilities of rats. HE staining was used to
observe neuronal damage in the CA1 region of the rat hippocampus. Immunofluorescence (IF) was used to detect the expression of
GPX4 protein. Transmission electron microscopy (TEM) was used to observe the ultrastructure of neurons. The levels of Fe2+, MDA,
SOD, GSH, 4HNE, and ROS were detected. Western blot and qRT-PCR were used to detect the protein and mRNA levels of SIRT1,
Nrf2, SCL7A11, and GPX4.

Results: In the WD copper-loaded model rats, MWM, TEM, and IF results showed that FA could promote the repair of learning and
memory function, improve the morphological damage to hippocampal neurons, and maintain mitochondria integrity. In the PC12 cell
experiment, the MTT method showed that FA increased the viability of copper-overloaded cell models. Western blot and qRT-PCR
results confirmed that FA significantly increased the expression of proteins and mRNA in SIRTI1, Nrf2, SCL7A11, and GPX4. In
addition, FA reversed the expression of oxidative stress-related indicators, including MDA, SOD, GSH, 4HNE, and ROS.
Conclusion: FA alleviates hippocampal neuronal injury by activating SIRT1-mediated FPT, providing a valuable candidate for
traditional Chinese medicine monomer for the clinical therapeutics of WD cognitive impairment.
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Introduction

Wilson’s disease (WD), an autosomal recessive genetic disease, is characterized by copper metabolism disorder caused
by ATP7B mutation." WD is one of the few genetic diseases that can be treated by intervention, with a prevalence of 1/
30,000 worldwide.> Due to copper deposits in the liver and brain, WD manifests as hepatic, psychiatric, and neurologic
disorders. Almost 100% of WD patients experience psychiatric symptoms throughout the disease process, including
affective, behavioral, personality, anxiety, and cognitive disturbances, which can often be reversed to some extent during
anti-copper treatment.’ At present, the main treatment is to remove copper with a copper chelator and control the dietary
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intake of copper. It requires long-term medication and has withdrawal reactions, which seriously affect the life quality
and prognosis of patients.* Therefore, there is an urgent need to find effective drugs for cognitive impairment in Wilson’s
disease (WDCI).

Traditional Chinese medicine (TCM) monomers contain rich biological activities. Ferulic acid (FA) is a natural
hydroxycinnamic acid widely existing in various Chinese herbal medicines such as Angelica Sinensis, Ligusticum
chuanxiong, and Salvia miltiorrhiza.” Many investigations have shown that FA has multiple physiological characteristics,
including antioxidant,® antibacterial,” antifibrosis,® anti-inﬂammatory,9 and vascular endothelial protection.lo Currently,
FA has been confirmed to have good efficacy in cognitive impairment caused by epilepsy, multiple sclerosis, ischemic
hypoxia, type 2 diabetes, and high-fat diet."' "> Therefore, FA may become a potential drug for the treatment of WDCI,
but further studies are lacking to confirm it.

The brain of WD patients is usually in a high copper state, and the excessive accumulation of copper in cells can
produce large amounts of lipid peroxides. In addition, an MRI study of WD patients confirmed the presence of brain iron
deposition, which may together induce ferroptosis (FPT).*'°"'® FPT is a new definition of programmed cell death,
characterized by iron overload, accumulation of iron-dependent lipid peroxides, mitochondrial volume reduction, and
increased mitochondrial membrane thickness.'” The signaling pathway mediated by silent information regulator 1
(SIRT1) is considered to be one of the crucial pathways. The activation of this pathway can reduce lipid peroxidation
reaction and inhibit FPT.?® Through the deacetylation of a variety of substrates, SIRT1 can regulate key metabolic
processes, including oxidative stress, apoptosis, and aging.”' Additionally, SIRT1 is an important protective transcription
factor of nuclear factor E2-related factor 2 (Nrf2) signaling.?** Activation of Nrf2 can guard cells from FPT by directly
upregulating the transcription of solute carrier family 7 member 11 (SLC7A11, also known as xCT) and glutathione
peroxidase 4 (GPX4).>* Several studies have shown that activating the SIRT1-mediated signaling pathway can inhibit
FPT of hippocampal neurons in animal models of cognitive impairment such as Alzheimer’s disease (AD) and other age-
related diseases.”>*® Besides, FA was confirmed to reverseFPT of dorsal root ganglion.”” Based on these studies, we
proposed the hypothesis that FA may activate the SIRT1-mediated FPT signaling pathway to improve cognitive function
in WD copper-loaded rats.

In this study, we constructed a WD copper-loaded rat and a cell model to investigate the therapeutic effect of FA on WD
and the effect of the SIRT1-mediated ferroptosis pathway. The purpose of this study is to clarify the potential regulatory
mechanism of FA on WDCI at the molecular level and to provide a theoretical basis for the prevention and treatment of WD.

Materials and Methods

Animal and Drug Preparation

Forty male SD rats (SPF, male, weight 180-200 g, 3-month-old), were obtained from Jinan Pengyue Experimental
Animal Breeding Co., Ltd., license number SCXK (Lu) 20190003. The experimental protocol was approved by the
Experimental Animal Ethics Committee of Anhui University of Chinese Medicine (No. AHUCM-rats-2022052). Ferulic
acid (100 mg/box, Cat. S31399), content > 99%, was provided by Shanghai Yuanye Biotechnology Co., Ltd.

Main Reagents and Instruments

Copper sulfate (CuSO,; Sinopharm, Shanghai, China; Cat. 20211105; content > 99%); the determination kit (Jiancheng,
Nanjing, China) of copper ion (Cu**; Cat. E010-1-1), ferrous ion (Fe**; Cat. E-BC-K773-M), malondialdehyde (MDA;
Cat. A003-1), trace reducing glutathione (GSH; Cat. A001-3), and superoxide dismutase (SOD; Cat. A006-2-1); reactive
oxygen species (ROS) determination kit (Beibo, Shanghai, China; Cat. BB-460512); 4HNE enzyme-linked immunosor-
bent assay (ELISA) kit (Elabscience, Wuhan, China; Cat. ELK8373); BCA protein quantitation kit (Biyuntian, Shanghai,
China; Cat. P0012); the antibody (Bioss, Beijing, China) of Nrf2 (Cat. bs-1074R), SLC7A11 (Cat. bs-6883R), GPX4
(Cat. bs-6883R); SIRT1 antibody (Santa Cruz, CA, USA; Cat. SC-74504); GAPDH antibody (Immunoway, TX, USA;
Cat. YN5585); ferrostatin-1 (MedChemExpress, NJ, USA; Cat. HY-100579); HRP-conjugated goat anti-rabbit IgG
(Abbkine, Wuhan, China; Cat. A21021); hematoxylin (HE) staining solution (ebiogo, Hefei, China; Cat. B006); ECL
chemiluminescence kit (Biosharp, Hefei, China; Cat. BL520A); PrimeScriptTM RT reagent Kit (TaKaRa, Tokyo, Japan;
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Cat. RR047A); TB Green“Premix Ex Taq™II Kit (TAKARA, Tokyo, Japan; Cat. RR820A); multifunctional enzyme-
linked immunosorbent assay instrument (Peiou, Shanghai, China; Cat. 318C+); Morris water maze (MWM) system
(Taimeng, Chengdu, China; Cat. YMT-100); ultrathin sectioning machine (Leica, Wetzlar, Germany; Cat. UC-7);
transmission electron microscope (Hitachi, Tokyo, Japan; Cat. HT7800); electrophoresis apparatus (Bio-Rad, CA,
USA; Cat. 1645050).

Animal Modeling, Grouping and Administration

Forty SD rats were randomly divided into 4 groups: Control group, Model group, low dose of ferulic acid group (FA-L group),
and high dose of ferulic acid group (FA-H group). After adaptive feeding for 1 week, the Model, FA-L, and FA-H groups were
fed with copper-containing (1 g/kg) feed and copper-containing (0.185%) water for 12 weeks to establish a copper-loaded rat
model.?® From the 9th week, the FA-L, and FA-H groups were given different doses of FA (25, 50 mg/kg/d, respectively) by
intragastric administration.”’ The Control group was given an equal amount of physiological saline by gavage.

Kit for Detecting Liver Copper and 24 h Urinary Copper Levels in Rats

Fresh liver tissue (0.5 g) was washed with normal saline, homogenized, and centrifuged to obtain the supernatant. The
copper content in urine was detected 24 h before sacrifice. According to the instructions of the copper ion reagent kit, the
liver supernatant or 24 h of urine collected was added to a 96-well plate and incubated at 37°C. Finally, the optical
density (OD) values were measured at 600 nm in a microplate reader.

Morris Water Maze (MWM) for Evaluating the Spatial Exploration and Memory Ability
of Rats

On day 22 after administration, MWM test was performed to detect the spatial exploration and memory ability of rats.
The device consisted of a circular water tank (diameter 170 cm, height 50 cm) divided into four quadrants with a water
temperature of 25 + 1°C. A circular platform with a radius of 6 cm was placed in the middle of the target quadrant.
Spatial training was performed during the first 4 days. Rats were placed in each quadrant successively to start swimming.
On day 5, rats were placed in the contralateral quadrant of the platform, and the time to reach the platform considered to
be the escape latency. On day 6, the platform was taken out, and the swimming time and distance in the platform
quadrant and the times of crossing platform were recorded.

HE Staining for Observing the Neuronal Injury in CAl Region of Rat Hippocampus
After fixation with 4% paraformaldehyde, the brain tissue was embedded in paraffin and sliced (thickness 5 um). After
gradient dewaxing and dehydration with xylene and ethanol, HE staining was performed to observe the morphological
changes of hippocampal CA1 neurons under an optical microscope.

Immunofluorescence (IF) for Detecting the Expression of GPX4 Protein in Rat

Hippocampus

The paraffin sections were baked to dewax, penetrated with 0.3% Triton X-100 for 5 min, blocked with 5% BSA at room
temperature for 1 h, and incubated with GPX4 antibody (1:100) overnight at 4°C. After washing, the slides were incubated
with fluorescent secondary antibody for 1 h at room temperature in the dark and sealed with anti-fluorescence quencher.
Finally, the expression of GPX4 protein in the hippocampal CA1 region of rats was observed by fluorescence microscopy.

Cell Culture

To investigate the effect of FA on high copper-induced neuronal death, we used CuSO, to induce the excitotoxicity of
PC12 cells (from the rat adrenal pheochromocytoma cell line, purchased by the Chinese Academy of Sciences Shanghai
Cell Bank) to establish copper-loaded cell model. Resuscitated PC12 cells were inoculated into culture bottles, and
DMEM high glucose medium containing 10% fetal bovine serum was added. The cells were incubated in a cell incubator
at 37°C and 5% CO,, After the cells grew stably, they were used for experiments.
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Cell Viability Detection

(1) The PC12 cells were treated with different concentrations of CuSQO, (50, 100, 150, 200, 250, and 300 uM) and cultured
for 12 h, 24 h, and 48 h, respectively. MTT assay was used to detect cell viability and screen for the optimal modeling
concentration of CuSQ,_ (2) The PC12 cells were treated with different concentrations of FA (0, 2.5, 5, 10, 20, 40, 60, and
80 uM) and cultured for 24 h. The MTT method was used to determine the cell viability and detect the safe concentration of
FA. (3) PCI12 cells were divided into 5 groups: the Control group, Model group, FA low-dose group (FA-L group), FA
medium-dose group (FA-M group), and FA high-dose group (FA-H group). Except for the Control group, all other groups
used CuSOQOy, to construct a copper-load cell model. The FA group was given different concentrations of FA to culture cells
for 24 h. MTT assay was used to determine cell viability and screen for the optimal concentration of FA. (4) Copper-loaded
cells were treated with different concentrations of Fer-1 (2.5, 5, 10, 20, 40 uM) and incubated for 24 h. MTT assay was used
to determine cell viability and screen for the optimal inhibitor concentration. (5) According to the screening results of the
optimal concentrations of FA and Fer-1, subsequent experiments were divided into 5 groups: the Control group, Model
group, FA group, Fer-1 group, and FA+Fer-1 group. Except for the Control group, all other groups used CuSO, to construct
a copper-load model. The administration group was given FA or Fer-1 to culture cells for 24 h.

Observation of Neuronal Ultrastructure with Transmission Electron Microscopy (TEM)
TEM was used to examine the mitochondria ultrastructure of neurons in the rat hippocampus CA1 area and PC12 cells.
The isolated samples were immediately fixed in 2.5% glutaraldehyde. After dehydrated, soaked, embedded, sliced, and
stained, the samples were examined and photographed by transmission electron microscope.

Determination of Fe2*, MDA, SOD, GSH, 4HNE and ROS Levels

To determine the levels of MDA, SOD, Fe**, GSH, and ROS in rat hippocampus or PC12 cells, we used Fe?*, MDA,
SOD, GSH, and ROS assay kits according to the manufacturer’s instructions. To assess the level of the lipid peroxidation
marker 4HNE, we used the ELISA kit of 4HNE according to the manufacturer’s instructions.

Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) for Detecting the
mRNA Levels of SIRTI, Nrf2, SCL7AI |, and GPX4

Total mRNA was extracted from mice hippocampal neurons and PC12 cells using Trizol method. Then, the mRNA was
converted to cDNA by reverse transcription. Applied Biosystems 7500 Real-Time PCR System and TB Green®Premix
Ex Taq™II Kit were used for RT-qPCR experiments. The primer sequences used in this study were designed by

2—AACt

Shenggong Bioengineering Co., Ltd. (Shanghai, China) as shown in Table 1. By using the method, the relative

expression level of mRNA was determined.

Results

FA Alleviated Learning and Memory Dysfunction in WD Copper-Loaded Model Rats
We established a WD model with copper loading in rats (Figure 1A). The FA-L and FA-H groups were given different
concentrations of FA (Figure 1B). Compared with the Control group, the 24 h urinary copper and liver copper levels in
the Model group were increased (P < 0.001) (Figure 1C and D), which is consistent with the characteristics of WD
copper metabolism. In addition, the MWM experiment showed that compared with the Control group, in the model
group, the trajectory was long and chaotic (Figure 1E), the escape latency increased (P < 0.001), the number of crossing
platforms reduced (P < 0.05), and the distance and time in the target quadrant decreased (P < 0.05) (Figure 1F). These
results proved the existence of cognitive dysfunction in the WD copper-loading rats. After FA intervention, the 24
h urinary copper level increased (P < 0.001) and the liver copper level decreased (P < 0.001) in WD copper-loaded rats,
especially in the FA-H group (Figure 1C and D). In the MWM test, the FA-H group had decreased escape latency time
(P <0.01), increased the number of crossing platform (P < 0.05), and increased distance and time in the target quadrant
(P < 0.05) (Figure 1E and F). The above results indicated that FA could alleviate learning and memory dysfunction in
copper-loaded model rats.
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Table | Primer Sequences and Product Lengths of SIRTI, Nrf2, SCL7AI 1, GPX4 and B-Actin

Gene Amplicon Size (bp) Forward Primer (5’—3’) Reverse Primer (5’—3’)

B-actin 150 CCCATCTATGAGGGTTACGC | TTTAATGTCACGCACGATTTC
SIRTI 159 TGACCTCCTCATTGTTATTGG | ATTATGACATCGCAGTCTCCA
Nrf2 182 CCTACATTTCAGTCGCTTGC | CACTGTAACTCGGGAATGGA
SCL7AII 161 AGGGCATACTCCAGAACACG | GGGACCAAAGACCTCCAGAA
GPX4 172 AATCCTGGCCTTCCCTTGCA | GCCCTTGGGCTGGACTTTCA

FA Rescued FPT in Hippocampal Neurons of WD Copper-Loaded Model Rats

HE staining was used to explore the protective effect of FA on hippocampal neurons in WD copper-loaded model rats.
The hippocampal neurons in the Control group had normal morphology, regular and orderly arrangement, and plump and
round nuclei. However, the cells in the Model group were disordered, with deep staining and pyknosis of nuclei and
irregular shape, especially in the area of CA1 and CA3. Although the cells in the FA-L group were neatly arranged, there
were still many nuclei with deep staining and pyknosis. After FA-H treatment, the cells were significantly improved
compared with the model group, and the cell morphology tended to be normal (Figure 2A). In order to further explore the
mechanism of hippocampal neuron damage in copper-loaded model rats, we used TEM to detect the neurons ultra-
structure in the CA1 region of the rat hippocampus. It was found that the nuclei in the Control group were regular, the
cytoplasmic contents were plump, and the mitochondrial structure was clear. In the Model group, the cytoplasmic
contents were reduced, the mitochondrial volume was reduced, the cristae were broken, and the membrane was
thickened, which were the morphological changes unique to FPT. However, the cell structure in the FA-H group was
more complete, the mitochondrial structure was clear, the volume was basically normal, and the membrane contents were
normal (Figure 2B). These results suggested that the role of FA in rescuing learning and memory dysfunction in copper-
loaded model rats might be related to the FPT pathway. In addition, we measured the levels of Fe?", MDA, SOD, GSH,
and 4HNE in hippocampal tissues of rats. Compared with the Control group, the levels of Fe?*, MDA, 4HNE, and ROS
in the Model group were significantly increased (P < 0.001), while the levels of GSH and SOD were significantly
decreased (P < 0.001). Compared with the Model group, the FA-H and FA-L groups showed that FA intervention could
significantly reverse the levels of Fez+, MDA, SOD, GSH, 4HNE, and ROS (P < 0.05 or P < 0.001). The improvement in
the FA-H group was more obvious than that in the FA-L group (Figure 2C). The process of lipid peroxidation level is an
important mechanism for the occurrence and development of FPT in neurons. FA pretreatment could significantly reverse
the expressions of lipid peroxidation-related indicators.

FA Improved FPT of Hippocampal Neurons in WD Copper-Loaded Model Rats
Through SIRT I/Nrf2/SLC7AI 1/GPX4 Signaling Pathway

In order to further determine the FPT of WD copper-loaded model rats, IF was used to observe the expression of GPX4,
a key protein of FPT. Compared with the Control group, the hippocampus in the Model group showed a decrease in
GPX4 green fluorescence (P < 0.001). However, FA treatment increased the fluorescence expression of GPX4 in the
hippocampus of WD rat models, with high-dose FA having the best effect (P < 0.001) (Figure 3A and B). In addition, we
compared the expressions of SIRTI1/Nrf2/SCL7A11/GPX4 signaling pathway related proteins. Compared with the
Control group, the protein expressions of SIRT1, Nrf2, SCL7A11, and GPX4 in the Model group were decreased (P <
0.001). Compared with the Model group, the expressions of these proteins in the FA-H group were increased (P < 0.001)
(Figure 3C and D). In addition, we compared the mRNA contents of SIRT1, Nrf2, SCL7A11, and GPX4 in the
hippocampus of rats in each group. The Model group had significantly lower mRNA levels of SIRT1, Nrf2,
SCL7A11, and GPX4 compared to the Control group (P < 0.001). Whereas, the FA-H group had significantly higher
mRNA levels of SIRT1, Nrf2, SCL7A11, and GPX4 compared to the Model group (P < 0.001) (Figure 3E). These results
found that FA might improve the FPT of hippocampal neurons in WD copper-loaded model rats through the SIRT1/Nrf2/
SLC7A11/GPX4 pathway.
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FA Had a Neuroprotective Effect on the FPT of Copper-Loaded Neurons

We established a copper-loaded cell model by intervening with CuSQOy4 in PC12 cells. MTT method was used to evaluate the
effect of CuSO4 on PC12 cells. The results showed that the cell viability decreased to 50% after incubation with 200 pM
CuSOy for 24 h, indicating that 200 uM was the optimal concentration and 24 h was the optimal time for modeling
(Figure 4A). By detecting the vitality of PC12 cells treated with different concentrations of FA, it was found that the
concentration of FA at 60 uM was toxic to cells. Therefore, 10, 20, and 40 uM were selected as the drug concentrations for
subsequent experiments to explore the effect of FA on the vitality of the copper-loaded cell model (Figure 4B). The results
showed that FA treatment improved the viability of WD copper-loaded cells in a dose-dependent manner. About 40 pM was
selected as the optimal therapeutic concentration for FA for subsequent studies (Figure 4C). Moreover, we screened the
optimal concentration of FPT inhibitor Fer-1. Fer-1 at 10 uM had the most significant effect on improving the viability of
WD copper-loaded cells and was used for subsequent experiments (Figure 4D). MTT assay showed that the cell viability of
Model group was significantly reduced compared to the Control group (P < 0.01). Both FA and Fer-1 had significant
neuroprotective effects, which were enhanced after combined treatment (P < 0.001) (Figure 4E). Therefore, we speculated
that the neuroprotective effect of FA on copper-loaded neurons was related to the inhibition of FPT pathway. TEM detection
further verified our hypothesis. Neurons in the Model group showed mitochondrial shrinkage, cristae rupture, and
membrane thickening, which were typical characteristics of FPT. The FA group, Fer-1 group, and FA+Fer-1 group were
significantly improved (Figure 4F). In addition, compared with the Control group, the levels of Fe*", MDA, 4HNE, and
ROS were significantly increased in the Model group, while the levels of GSH and SOD were significantly decreased (P <
0.001). Compared with the Model group, the levels of Fe*", MDA, ROS, and 4HNE in the FA, Fer-1, and FA+Fer-1 groups
were significantly reduced, while the levels of GSH and SOD were significantly increased. (P < 0.001) (Figure 4G). These
results suggested that similar to the effect of Fer-1, FA can significantly reverse the changes in lipid peroxidation-related
indicators, rescue FPT in copper-loaded neurons, and play a role in protecting neurons.

FA Activated SIRT I/Nrf2/SLC7AI 1/GPX4 Signaling Pathway to Improve FPT of
Copper-Loaded Neuronal Cells

To investigate if the neuroprotective impact of FA on copper-loaded neuronal FPT is through the SIRT1-mediated pathway,
we detected the protein and mRNA expressions of SIRT1, Nrf2, SCL7A11, and GPX4 in each group. Compared with the
Control group, the protein expression of SIRT1, Nrf2, SCL7A11, and GPX4 in the Model group decreased (P < 0.001).
After the administration of FA, Fer-1, and Fer-1 + FA, the expression of these proteins increased significantly (P < 0.01 or
P <0.001) (Figure SA—E). Furthermore, the mRNA content of SIRT1, Nrf2, SCL7A11, and GPX4 in the Model group was
significantly decreased compared to the Control group (P < 0.01). However, the mRNA levels were higher in the FA, Fer-1,
and Fer-1 + FA group than in the Model group (P < 0.01 or P < 0.001) (Figure S5F). These results were consistent with the
results in vivo, further confirming that FA inhibited the FPT of neuron through the SIRT1/Nrf2/SLC7A11/GPX4 pathway.

Discussion

WDCI was first proposed in the early 20th century. Twenty percent of patients with neuromotor disorders as the first
symptom had cognitive decline in the early stage of onset.’** > Previous studies confirmed that WDCI patients mainly
manifested as subcortical dementia and frontal lobe syndrome, usually characterized by memory loss, executive dysfunc-
tion, behavior and personality changes, and emotional and mental disorders.>>>> Copper and iron are trace metal elements
essential for biological processes, which enter the brain parenchyma through the blood-brain barrier under the action of
blood circulation and various enzymes.>®*’ WD patients suffer from brain involvement and neuropsychiatric dysfunction
due to copper metabolism disorders caused by ATP7B gene mutations, of which cognitive dysfunction is one of the
neuropsychiatric symptoms.*®2° Studies have also shown that there is an excessive deposition of copper and iron in the
brains of patients with WD, and the deposition of copper and iron in the brain can also be detected by 3 Tesla MRI
quantitative susceptibility mapping. The deposition of these metal substances may be significantly correlated with the
occurrence of cognitive dysfunction.*® This view was also verified by a 7 Tesla MRI plain scan of 9 WD cadaveric brain
tissues.'® Some studies have confirmed that the deposition of brain iron may promote oxidative stress, leading to damage of
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Figure 4 FA had a neuroprotective effect on the FPT of copper-loaded neurons.

Notes: (A) At different times, PC12 cell viability was affected by different CuSO4 concentrations. (B) The effect of different doses of FA treatment on the PCI2 cell viability
for 24 hours. (C) Different concentrations of FA intervened in copper-loaded PCI2 cell viability for 24 h. (D) Different concentrations of Fer-1 intervened in copper-loaded
PCI2 cell viability for 24 h. (E) Optimal concentrations of FA and Fer-| intervened in copper-loaded PCI2 cell viability. (F) Ultrastructure of PCI2 cells observed under
TEM, with red triangles pointing to mitochondria. (G) Determination of levels of Fe**, MDA, SOD, GSH, 4HNE, and ROS in each group of cells. Each experiment was
repeated 3 times. Values are expressed as mean * SD. **P < 0,001 compared with Control group; #P < 0.05, P < 0.01, P < 0.001 compared with Model group.
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Figure 5 FA activated SIRT I/Nrf2/SLC7A1 |/GPX4 signaling pathway to improve FPT of copper-loaded neuronal cells.

Notes: (A-E) Western Blot was used to detect the protein expression of SIRTI, Nrf2, SCL7AIl | and GPX4 in each group of cells. (F) qRT-PCR was used to detect the
mRNA expression of SIRTI, Nrf2, SCL7AI I, and GPX4 in each group of cells. Each experiment was repeated 3 times. Values are expressed as mean + SD. **P < 0.001
compared with Control group; P < 0.01, *#P < 0,001 compared with Model group.

nerve cells, which in turn affects neural transmission and exacerbates the development of cognitive impairment.*' In
addition, many scholars have conducted research on copper homeostasis imbalance related to cognitive disorders. The study
found that the increased copper level in the hippocampus may be one of the pathogenesis of cognitive dysfunction in AD
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and type 2 diabetes.**** In addition, high copper in the hippocampus reduces the learning and memory ability of mice, and
the mechanism may be related to the impaired function of ROS.* ¢ Therefore, the WD copper-loaded rat model was
established in this study. Compared with the control group, the 24 h urinary copper and liver copper levels of rats in the
Model group were increased, indicating that the modeling of WD copper-loaded rats was successful.*’ In the PC12 cell
experiment, high copper concentration affected cell viability in a dose-dependent manner. When the cells were treated with
200 uM CuSOy for 24 h, the cell viability decreased significantly. Morris water maze experiment evaluated the spatial
exploration and memory ability of WD copper-loaded rats. The results showed that compared with the Control group, the
spatial exploration and memory ability of rats in the Model group decreased, indicating that the WD copper-loaded rats
model had cognitive impairment.

The latest guidelines pointed out that no drugs have been approved for the treatment of WDCI up to now.*® At
present, the main drugs used in WDCI are copper chelators such as D-penicillamine and trientine, and metal ion
antagonists such as zinc salts. However, about 10% of patients experience neuropsychiatric deterioration during
treatment. Secondly, about one-third of WD patients experience drug-related adverse events. Therefore, the exploration
of new treatment methods for WD in the future is becoming increasingly urgent. Bischoline tetrathiomolybdate (TTM),
once-daily trientine, and methanobactin are considered to be potential therapeutic agents for WD, but they are still in the
animal and clinical trial stages.® The discussion of gene therapy and liver cell transplantation is increasingly becoming
a hot topic. Some studies have confirmed that the autologous reprogramming technology of ATP7B gene therapy can
repair the function and efficacy of liver cells in WD model mice, which provides a new direction for the treatment of
WD.* In addition, traditional Chinese medicine (TCM) monomers have rich biological activity. FA, 4-hydroxy-
3-methoxy cinnamic acid (C10H1004, relative molecular mass 194.19), was first discovered in Angelica sinensis in
1986. 1t is a phenolic acid widely existing in the plant kingdom, commonly found in grains, spinach, parsley, and grapes,
and also in a variety of Chinese herbal medicines, such as Gramineae, buttercups, and Umbelliferae.’®>' FA is easy to be
absorbed by the human body, can be excreted with urine, and has low toxicity, safety, and strong antioxidant effects.’
Therefore, more and more attention has been paid to the medicinal value of FA. Multiple studies showed that FA had
a strong neuroprotective effect and improved cognitive dysfunction complicated by various causes. FA has been
confirmed to improve AP plaque deposition, and spatial memory defects, and protects hippocampal neurons in AD
model rats and mice."*> A recent study confirmed that FA has a certain effect on cognitive impairment complicated by
epilepsy, which may be related to inhibiting neuronal oxidative stress.'” In addition, FA can improve the nerve injury in
mice with cognitive impairment induced by high-fat diet, inhibit oxidative stress and cell apoptosis, which has positive
significance for the prevention of age-related diseases.'’> However, there are currently no research reports on the
treatment of WDCI with FA. Therefore, this study aims to investigate the neuroprotective effect of FA in a rat and
cell model of WD copper-loaded. The results showed that FA could promote the excretion of copper in the body of WD
copper-loaded rats, improve spatial exploration and memory ability, and alleviate hippocampal neuronal damage, with
the most significant effect at a high dose (50mg/kg/d). In addition, cell experiments confirmed that when the concentra-
tion of FA reached 40 pM, it could most obviously improve the neuronal damage in a copper-loaded cell model.
Therefore, we speculate that the monomer FA of TCM may be a potential drug for the treatment of WDCI.

Previous studies have shown that copper accumulation can lead to the occurrence of FPT. Since the ATP7B gene
encodes a copper-transporting P-type ATPase, mutations in this gene lead to copper transport disorders in circulation
and biliary excretion, further causing a decrease in ceruloplasmin (CP).*® CP has ferroxidase and antioxidant effect,
which can oxidize Fe*" into Fe*". When CP is reduced, a large amount of Fe*" in nerve cells of brain tissue cannot be

oxidized into Fe*". Fe?*

has extremely strong oxidation and is prone to cause Fenton reaction in nerve cells, which can
produce hydroxyl radicals that cause oxidative damage to DNA, protein and membrane lipid.>* The results of TEM in
this study showed that a large amount of FPT neurons occurred in WD rats and cells models with copper load. The
oxidative stress-related indicators suggested that Fe** accumulation and Fenton reaction had occurred in animal and
cell models, leading to changes in the levels of MDA, SOD, GSH, 4HNE, and ROS and inducing the occurrence of
FPT. In addition, several studies have shown that GPX4 is a key regulatory factor for FPT.>>° The IF results of GPX4
in rat hippocampus showed that GPX4 was highly expressed in the model group, which was consistent with the

expressions of mRNA and protein and also indicated the occurrence of FPT. However, FA-H treatment significantly
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reduced oxidative stress injury in neurons, improved mitochondrial FPT, and increased the expression of key regulator
GPX4. In summary, FPT was activated in the hippocampus of WD copper-loaded rats and cells, and FA treatment
significantly inhibited neuronal FPT.

The regulatory mechanism of FPT is relatively complex, mainly involved in biological processes such as iron
metabolism disorder, imbalance of amino acid antioxidant system, accumulation of lipid peroxide and non-classical
mechanisms.’® Among the many signaling pathways regulating FPT, the SIRT1-mediated signaling pathway is receiving
increasing attention from researchers. SIRT1 is a member of the deacetylase protein family, widely distributed in the
hippocampus, cerebral cortex, hypothalamus, and cerebellum, and is mainly expressed by neurons and microglia.’” In
addition, SIRT1 is an important neuroprotective and repair molecule with a powerful antioxidant stress effect, which has
been proved to be necessary for the regulation of synaptic plasticity and cognitive function.’®>’ Multiple studies showed
that its function played a large extent depends on the activation of Nrf2.°**! In recent years, some studies confirmed that
activation of Nrf2 was involved in the inhibition of FPT and played a protective role in a variety of cognitive disorders
related diseases.’>® SLC7A11 is a cystine/glutamate transporter gene, a key gene regulating “iron overload-mediated
FPT”, and also an important part of the reverse amino acid transport system. The expression of SLC7All was
significantly reduced in a variety of cognitive disorders related diseases, and its knockout could induce FPT in
hippocampal neurons.®* GPX4 can prevent lipid peroxidation through antioxidant activity, maintain the homeostasis of
membrane lipid bilayer, and inhibit FPT.°® In addition, the inhibition of Nrf2 and SLC7AI1 can also reduce the
expression of GPX4.%%%7 At present, relevant studies on a variety of diseases confirmed that SIRT1-mediated signaling
pathway was closely related to FPT.?%%”~7° Therefore, we speculated that the inhibitory effect of FA on neurons FPT in
WD copper-loaded rats and cells models might be related to SIRT1/Nrf2/SCL7A11/GPX4 signaling pathway. In this
study, compared with the Control group, the protein and mRNA expressions of SIRT1, Nrf2, SCL7A11, and GPX4 in the
Model group were decreased, suggesting that the SIRT1-mediated signaling pathway was involved in the activation of
FPT in WD copper-loaded rats and cells models. After FA treatment, the protein and mRNA expressions of SIRT1, Nrf2,
SCL7AL11, and GPX4 in WD copper-loaded models were increased. In addition, the inhibition experiment of FPT in vitro
found that FA had a similar effect to Fer-1, indicating that FA might inhibit FPT by regulating the SIRT1-mediated
signaling pathway in WD copper-loaded models (Figure 6).

In conclusion, FA has neuroprotective effects on WD rats and cells models in a dose-response relationship, which
may be related to inhibiting FPT by regulating SIRT1/Nrf2/SCL7A11/GPX4 signaling pathway. However, this study
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Figure 6 The mechanism of FA improving WD cognitive impairment by activating SIRT |-mediated FPT signaling pathway.
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lacks positive controls and clinical efficacy studies. In the future, we will further explore the regulatory mechanism of
FPT and its upstream and downstream signaling pathways involved in WD with copper overload, so as to provide a basis
for the development of new therapies for WD cognitive impairment.
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