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Abstract

Background Ergothioneine is associated with the severity of cognitive dysfunc-
tion in Alzheimer’s disease patients and possesses neuroprotective effects. How-
ever, whether it can ameliorate cognitive dysfunction in vascular dementia (VD)
rats remains unclear, and its specific mechanism of action is not yet understood.
Objective To investigate the mechanism by which ergothioneine ameliorates cog-
nitive dysfunction in VD rats through activation of the nuclear factor erythroid
2-related factor 2/heme oxygenase-1 (NRF2/HO-1) signaling pathway. Meth-
ods From August 2021 to September 2023, 48 adult male SD rats were selected
and randomly divided into control group, model group, ergothioneine group,
and ergothioneine+NRF2 inhibitor (ML385) group, with 12 rats in each group.
Except for the control group, VD rat models were established in other groups
using bilateral common carotid artery permanent ligation. The ergothioneine
group received daily intraperitoneal injection of ergothioneine 2 mg/kg start-
ing 2 weeks before modeling for 4 weeks; the ergothioneine+ML385 group re-
ceived daily intraperitoneal injection of ergothioneine 2 mg/kg and ML385 30
mg/kg starting 2 weeks before modeling for 4 weeks. The effects of ergoth-
ioneine on cognitive dysfunction in VD rats were detected through Morris wa-
ter maze test, HE staining, and TUNEL staining; protein expression levels were
detected by Western blotting, and oxidative stress factors and inflammatory
factor levels were detected by ELISA. Results The VD rat model was success-
fully established. Compared with the control group, the model group showed
prolonged escape latency, decreased percentage of time spent in the target quad-
rant (P<0.05), reduced number of neurons in hippocampal tissue, cell atrophy,
abnormal morphology, deeply stained nuclei, increased neuronal apoptosis rate
in brain tissue (P<0.05), decreased protein expression levels of NRF2, HO-1, and
quinone oxidoreductase 1 (NQO1) in hippocampal tissue (P<0.05), decreased
levels of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px),
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increased malondialdehyde (MDA) level (P<0.05), and increased levels of inter-
leukin (IL)-13, IL-6, and tumor necrosis factor (TNF)-a (P<0.05); compared
with the model group, the ergothioneine group showed shortened escape latency,
increased percentage of time spent in the target quadrant (P<0.05), alleviated
pathological degree of hippocampal tissue, decreased neuronal apoptosis rate
in brain tissue (P<0.05), increased protein expression levels of NRF2, HO-1,
and NQO1 in hippocampal tissue (P<0.05), increased SOD and GSH-Px levels,
decreased MDA level (P<0.05), and decreased levels of IL-13, TNF-«, and IL-6
(P<0.05); compared with the ergothioneine group, the ergothioneine+MIL385
group showed prolonged escape latency, decreased percentage of time spent in
the target quadrant (P<0.05), severe hippocampal tissue damage, increased
neuronal apoptosis rate in brain tissue (P<0.05), decreased protein expression
levels of NRF2, HO-1, and NQO1 in hippocampal tissue (P<0.05), decreased
SOD and GSH-Px levels, increased MDA level (P<0.05), and increased levels of
IL-18, TNF-«, and IL-6 (P<0.05). Conclusion Ergothioneine ameliorates cog-
nitive dysfunction in VD rats by activating the NRF2/HO-1 signaling pathway.
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Abstract

Background: Ergothioneine is associated with the severity of cognitive im-
pairment in Alzheimer’s disease patients and exhibits neuroprotective effects.
However, whether it can improve cognitive dysfunction in rats with vascular
dementia (VD) remains unclear, and its specific mechanism of action is not yet
understood.

Objective: To investigate the mechanism by which ergothioneine improves
cognitive dysfunction in VD rats by activating the nuclear factor E2-related
factor 2/heme oxygenase-1 (NRF2/HO-1) signaling pathway.

Methods: From August 2021 to September 2023, 48 adult male SD rats were
randomly divided into four groups (n=12 each): control, model, ergothioneine,
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and ergothioneine + NRF2 inhibitor (ML385). Except for the control group,
all groups underwent permanent bilateral common carotid artery ligation to es-
tablish a VD rat model. The ergothioneine group received daily intraperitoneal
injections of ergothioneine (2 mg/kg) for 4 weeks, starting 2 weeks before model-
ing. The ergothioneine + ML385 group received daily intraperitoneal injections
of ergothioneine (2 mg/kg) and ML385 (30 mg/kg) for 4 weeks, also beginning
2 weeks before modeling. The effects of ergothioneine on cognitive dysfunction
in VD rats were assessed using the Morris water maze test, HE staining, and
TUNEL staining. Protein expression levels were measured by Western blotting,
while oxidative stress and inflammatory factor levels were determined by ELISA.

Results: The VD rat model was successfully established. Compared with the
control group, the model group exhibited prolonged escape latency and reduced
percentage of time spent in the target quadrant (P<0.05), decreased neuronal
numbers in the hippocampus with cellular atrophy, morphological abnormali-
ties, and deeply stained nuclei, along with increased neuronal apoptosis rate in
brain tissue (P<0.05). The model group also showed reduced protein expres-
sion of NRF2, HO-1, and quinone oxidoreductase 1 (NQO1) in hippocampal
tissue (P<0.05), decreased superoxide dismutase (SOD) and glutathione perox-
idase (GSH-Px) levels, increased malondialdehyde (MDA) level (P<0.05), and
elevated interleukin (IL)-15, IL-6, and tumor necrosis factor (TNF)-a levels
(P<0.05). Compared with the model group, the ergothioneine group demon-
strated shortened escape latency and increased percentage of time in the tar-
get quadrant (P<0.05), alleviated hippocampal pathological changes, reduced
neuronal apoptosis rate (P<0.05), increased expression of NRF2, HO-1, and
NQO1 proteins (P<0.05), elevated SOD and GSH-Px levels, decreased MDA
level (P<0.05), and reduced IL-18, TNF-«, and IL-6 levels (P<0.05). Com-
pared with the ergothioneine group, the ergothioneine + ML385 group showed
prolonged escape latency, decreased percentage of time in the target quadrant
(P<0.05), more severe hippocampal damage, increased neuronal apoptosis rate
(P<0.05), reduced NRF2, HO-1, and NQO1 protein expression (P<0.05), de-
creased SOD and GSH-Px levels, increased MDA level (P<0.05), and elevated
IL-153, TNF-a, and IL-6 levels (P<0.05).

Conclusion: Ergothioneine improves cognitive dysfunction in VD rats by acti-
vating the NRF2/HO-1 signaling pathway.

Keywords: Vascular dementia; NRF2/HO-1 signaling pathway; Oxidative
stress reaction; Inflammatory injury; Ergothioneine

Introduction

Vascular dementia (VD) is one of the most common forms of senile dementia,
characterized by high morbidity and mortality rates and decreased quality of life,
representing the second leading cause of dementia. As the world enters an aging
era, the number of patients with dementia or related cognitive impairments is
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projected to increase to 115 million by 2050. Epidemiological surveys indicate
that VD accounts for 30% of all dementia patients in Asia. Early prevention
and treatment can effectively control disease progression and improve cognitive
impairment in patients.

Cerebral ischemic injury is considered the primary pathogenic factor of VD,
though its pathogenesis remains incompletely elucidated. Current evidence sug-
gests that VD may be mediated by multiple mechanisms, including oxidative
stress, abnormal levels of inflammatory cytokines and chemokines, and mito-
chondrial dysfunction. Bilateral carotid artery stenosis is accompanied by grad-
ual reduction of cerebral blood flow, and once vascular insufficiency occurs, it
promotes the generation of large amounts of reactive oxygen species (ROS) and
inflammatory factors, leading to local inflammatory environment formation, an-
tioxidant system suppression, mitochondrial dysfunction, and cellular damage,
ultimately causing brain tissue injury and cognitive impairment. Therefore,
targeting oxidative stress and inflammatory responses represents a promising
therapeutic strategy for VD.

The NRF2/HO-1 signaling pathway plays a crucial role in regulating the expres-
sion of various antioxidant defense and anti-inflammatory genes. Studies have
demonstrated that the NRF2/HO-1 pathway exerts neuroprotective effects in
animal models of VD. Ergothioneine is a naturally occurring betaine amino
acid with thiol and thione tautomeric forms. Numerous in vitro studies have
shown that ergothioneine can scavenge intracellular ROS, remove reactive nitro-
gen species such as hydroxyl radicals and peroxynitrite, regulate inflammatory
cytokines, and chelate divalent metal cations (such as iron and copper). Addi-
tionally, ergothioneine can prevent UV radiation-induced cellular damage and
protect cell viability. In neurological diseases, ergothioneine also demonstrates
protective effects. In Alzheimer’s disease patients, blood ergothioneine concen-
trations are significantly reduced and correlate with the severity of cognitive
impairment. However, whether ergothioneine improves cognitive dysfunction
in VD rats by modulating the NRF2/HO-1 signaling pathway remains poorly
understood. This study established a VD rat model to investigate the effects of
ergothioneine on cognitive dysfunction and its specific molecular mechanisms.

Materials and Methods
Study Period: August 2021 to September 2023.

Experimental Animals: Fifty SPF-grade adult male SD rats, weighing 200-
230 g, were obtained from Hunan Slack Jingda Laboratory Animal Co., Ltd. (Li-
cense No. SCXK (Xiang) 2016-0002). The animals were housed in a controlled
environment with temperature (22842)°C', humidity(55+$10)%, and a 12-hour
light /dark cycle with free access to food and water. This study was approved
by the Medical Ethics Committee of the First Hospital of Changsha [Ethics
Approval No.: (2023) Ethics Review [Clinical Research] No. (66)].
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Experimental Reagents: Ergothioneine (Sigma-Aldrich, USA, Cat.
No. E7521); NRF2 inhibitor (ML385) (MedChemExpress, USA, Cat. No. HY-
100523); sodium pentobarbital (Beijing Coupling Technology Co., Ltd.,
Cat.  No. OH004809); sodium nitroprusside (Sigma-Aldrich, USA, Cat.
No. PHR1423); superoxide dismutase (SOD) assay kit, interleukin (IL)-15
assay kit, IL-6 assay kit, and tumor necrosis factor (TNF)-« assay kit (all from
R&D Systems, USA, Cat. No. DYC3419, MLB00C, MLB00C, MTA00B); mal-
ondialdehyde (MDA) assay kit (Abcam, USA, Cat. No. ab238537); glutathione
peroxidase (GSH-Px) assay kit (Shanghai Enzyme-linked Biotechnology, Cat.
No. ml097316); NRF2 rabbit monoclonal antibody, HO-1 mouse monoclonal
antibody, and quinone oxidoreductase 1 (NQO1) goat polyclonal antibody (all
from Abcam, USA, Cat. No. ab62352, ab13248, ab2346).

Experimental Instruments: Morris water maze (Shanghai Yuyan Scientific
Instruments Co., Ltd., Model YAN-MWMR); optical microscope (OLYMPUS,
Japan, Model CKX53); fluorescence microscope (OLYMPUS, Japan, Model
CX31); enzyme-linked immunosorbent assay detector (Nanjing Huadong, Model
DG5033A).

Animal Model Establishment: The VD rat model was established by perma-
nent bilateral common carotid artery ligation. The model and drug treatment
groups underwent bilateral common carotid artery ligation, while the control
group only had bilateral common carotid arteries and nerves separated with-
out ligation. Briefly, rats were anesthetized by intraperitoneal injection of 3%
sodium pentobarbital (45 mg/kg), fixed in supine position, and underwent rou-
tine disinfection. A midline neck incision was made to isolate the bilateral
common carotid arteries. The model group received intraperitoneal injection of
sodium nitroprusside solution (2.5 mg/kg), followed by bilateral common carotid
artery occlusion for 10 minutes and reperfusion for 10 minutes, repeated twice
before wound closure. Rats were returned to their cages for recovery. One
week post-surgery, all groups underwent Morris water maze training for one
day. Using the mean escape latency of the control group as reference, rats with
a difference between their post-surgery mean escape latency and the reference
value accounting for >20% of the control group’s mean escape latency were
defined as demented.

Drug Treatment: The ergothioneine group received daily intraperitoneal in-
jections of ergothioneine (2 mg/kg) for 2 weeks before modeling and continued
for 2 weeks after modeling. The ergothioneine + ML385 group received daily
intraperitoneal injections of ergothioneine (2 mg/kg) and ML385 (30 mg/kg)
for 2 weeks before modeling and continued for 2 weeks after modeling.

Morris Water Maze Test: The test consisted of two parts. (1) Place Nav-
igation Trial: Rats were trained 4 times daily for 4 consecutive days, with
intervals >30 minutes between each trial. For each trial, one of four pool wall
starting points was randomly selected (each starting point used only once per
day). Rats were placed in the water, and the system recorded the time to find
the platform as escape latency. If a rat failed to find the platform within 120
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seconds, it was recorded as 120 seconds, and the rat was allowed to rest on
the platform for 30 seconds before the next trial. (2) Spatial Probe Test:
On day 5, a single platform-free trial was conducted with the rat starting from
quadrant I. The 120-second trial recorded time spent in quadrant III, calculat-
ing the percentage of time in the target quadrant. The first test was performed
before drug administration to screen eligible rats, and retesting after 4 weeks of
intraperitoneal drug administration evaluated inter-group differences.

HE Staining: Paraffin-embedded sections were dewaxed with xylene and dehy-
drated with graded ethanol. Sections were stained with hematoxylin solution,
differentiated in acid and ammonia water, rinsed under running water, and
placed in distilled water. After dehydration in 70% and 90% ethanol, sections
were stained with alcoholic eosin solution for 2-3 minutes, dehydrated with pure
ethanol, cleared with xylene, sealed with neutral resin, and observed under an
optical microscope.

TUNEL Staining: After proteinase K tissue repair, 50 L of TUNEL staining
solution was added to each sample and incubated at 37°C for 60 minutes. Fol-
lowing three PBS washes, sections were mounted with DAPI anti-fluorescence
quenching solution and examined under a fluorescence microscope.

Western Blotting: Samples were collected, minced, and homogenized in ice
bath. RIPA lysis buffer (containing protease inhibitors) was added to facilitate
protein release and prevent degradation. Total tissue protein was extracted,
and protein concentration was determined by BCA method. Protein expression
levels of NRF2, HO-1, and NQO1 in hippocampal tissue were detected through
electrophoresis, membrane transfer, blocking, antibody incubation, and film
development.

ELISA Assay: Hippocampal tissue was removed, washed with 0.9% sodium
chloride solution, and placed in a homogenization tube. Appropriate amount
of 0.9% sodium chloride solution (4°C) was added to homogenize the tissue,
and the supernatant was collected. Specific ELISA kits were used according to
the manufacturer’s instructions to detect oxidative stress markers (SOD, MDA,
GSH-Px) and inflammatory factors (IL-15, IL-6, TNF-«) in hippocampal tissue.

Statistical Analysis: Data were analyzed using SPSS 22.0 statistical software.
Normally distributed measurement data were expressed as (x-+s). Inter-group
comparisons were performed using one-way ANOVA, with pairwise comparisons
conducted using LSD-t test. P<0.05 was considered statistically significant.

Results
Effects of Ergothioneine on Cognitive Dysfunction in VD Rats

The VD rat model was successfully established. Compared with the control
group, the model group showed prolonged escape latency and reduced percent-
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age of time spent in the target quadrant (P<0.05). Ergothioneine treatment
shortened the escape latency and increased the percentage of time in the tar-
get quadrant compared with the model group (P<0.05). The ergothioneine +
ML385 group exhibited prolonged escape latency and decreased percentage of
time in the target quadrant compared with the ergothioneine group (P<0.05) .

Effects of Ergothioneine on Hippocampal Pathological Changes in VD
Rats

HE staining results demonstrated that compared with the control group, the
model group exhibited reduced neuronal numbers in the hippocampus, cellular
atrophy, morphological abnormalities, and deeply stained nuclei. These abnor-
malities were alleviated by ergothioneine treatment. In contrast, the ergoth-
ioneine + ML385 group showed more severe hippocampal damage compared
with the ergothioneine group [Figure 1: see original paper].

Effects of Ergothioneine on Neuronal Apoptosis in VD Rat Brain
Tissue

Compared with the control group, the model group showed increased neuronal
apoptosis rate in brain tissue (P<0.05). Ergothioneine treatment reduced the
neuronal apoptosis rate compared with the model group (P<0.05). The er-
gothioneine + ML385 group exhibited increased apoptosis rate and more severe
hippocampal damage compared with the ergothioneine group (P<0.05) [Figure
2: see original paper].

Effects of Ergothioneine on NRF2, HO-1, and NQO1 Protein Expres-
sion in VD Rat Hippocampus

Compared with the control group, the model group showed decreased protein
expression levels of NRF2, HO-1, and NQO1 in hippocampal tissue (P<0.05).
Ergothioneine treatment increased the expression of these proteins compared
with the model group (P<0.05). The ergothioneine + ML385 group exhibited
reduced expression of NRF2, HO-1, and NQO1 proteins compared with the
ergothioneine group (P<0.05) [Figure 3: see original paper].

Effects of Ergothioneine on Oxidative Stress Factors SOD, GSH-Px,
and MDA in VD Rat Hippocampus

The model group showed decreased SOD and GSH-Px levels and increased MDA
level compared with the control group (P<0.05). Ergothioneine treatment in-
creased SOD and GSH-Px levels while decreasing MDA level compared with
the model group (P<0.05). The ergothioneine + ML385 group exhibited de-
creased SOD and GSH-Px levels and increased MDA level compared with the
ergothioneine group (P<0.05) .

Effects of Ergothioneine on Inflammatory Factors IL-15, TNF-a, and
IL-6 in VD Rat Hippocampus

Compared with the control group, the model group showed increased levels
of IL-18, TNF-«, and IL-6 in hippocampal tissue (P<0.05). Ergothioneine
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treatment reduced these inflammatory factor levels compared with the model
group (P<0.05). The ergothioneine + ML385 group exhibited increased IL-15,
TNF-q, and IL-6 levels compared with the ergothioneine group (P<0.05) .

Discussion

VD pathogenesis involves multiple mechanisms including inflammation, oxida-
tive stress, amyloid angiopathy, and metabolic disorders. Elevated inflamma-
tory markers may underlie neurovascular unit injury, as inflammation and oxida-
tive stress damage can alter neuronal and white matter function by interfering
with neurovascular coupling. In this study, during the first water maze test
after VD modeling, 36 out of 38 rats showed a difference between their mean es-
cape latency and the reference value accounting for >20% of the control group’s
mean escape latency, indicating successful modeling. In the water maze test
after drug administration, the model and treatment groups showed prolonged
escape latency compared with the control group, indicating impaired learning
ability regarding spatial markers. The reduced percentage of time spent in
the target quadrant indicated impaired memory for spatial markers, suggesting
learning and memory deficits in VD model rats. Furthermore, this study demon-
strated that ergothioneine improved spatial learning and memory abilities and
alleviated hippocampal pathological changes in VD rats. After ergothioneine
administration, VD rats showed reduced hippocampal apoptosis rate and sup-
pressed oxidative stress and inflammatory damage, while ML385 reversed these
beneficial effects of ergothioneine.

This study indicates that ergothioneine can improve cognitive impairment in
VD rats by activating the NRF2/HO-1 signaling pathway. Ergothioneine is
a natural potent antioxidant that can directly neutralize ROS and xenobiotics,
regulate protein structure and function, and act as a cofactor for antioxidant and
metabolic enzymes, exerting antioxidant and anti-inflammatory effects. Studies
have also demonstrated its neuroprotective, cardiovascular protective, and hep-
atoprotective properties. Due to its strong antioxidant capacity, high stability,
non-toxicity, and ability to cross the blood-brain barrier, ergothioneine shows
promising therapeutic potential for central nervous system diseases.

The NRF2/HO-1 signaling pathway is a key cellular antioxidant defense path-
way. NRF2 can regulate the expression of multiple antioxidants and phase
IT detoxifying enzymes (HO-1, NQO1, SOD) through antioxidant response ele-
ments (ARE). HO-1 catalyzes the degradation of pro-oxidant heme to produce
carbon monoxide, iron, and biliverdin, thereby exerting anti-inflammatory, an-
tioxidant, and anti-apoptotic effects. Numerous studies have shown that upreg-
ulating HO-1 expression helps cells resist external stimuli and inhibits oxidative
stress damage. The NRF2/HO-1 pathway also demonstrates neuroprotective
effects in other cognitive impairment diseases such as Alzheimer’s disease.

Research has shown that ergothioneine exerts antioxidant functions by acti-
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vating the NRF2/HO-1 pathway. Ergothioneine can prevent UVB irradiation-
induced alterations in collagen homeostasis in dermal fibroblasts, protect ker-
atinocytes by inhibiting ROS production and cleavage of pro-apoptotic proteins
(including Caspase-8 and PARP), and reduce paracrine cytokines including IL-
18, IL-6, and TNF-«. Ergothioneine can also prevent diabetes-induced cardio-
vascular injury by upregulating the Keapl-NRF2 pathway and its downstream
cytoprotective antioxidants. In this study, after establishing the VD rat model
by permanent bilateral common carotid artery ligation, protein expression levels
of NRF2, HO-1, and NQO1 in the hippocampus were reduced. Ergothioneine
increased the expression of these proteins in VD rat hippocampus, protecting
against oxidative stress damage and inflammatory responses and improving cog-
nitive dysfunction.

In summary, ergothioneine can inhibit apoptosis, oxidative stress damage, and
inflammation in the hippocampus of VD rats by activating the NRF2/HO-1
signaling pathway. However, this study did not investigate the mechanism of
ergothioneine in VD in vitro models, nor was it validated in clinical trials,
representing certain limitations. Therefore, future research will further explore
the effects of ergothioneine on VD at both clinical and cellular levels.
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