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Editorial on the Research Topic
Advances in integrative medicine for neurodegenerative diseases: from
basic research to clinical practice

Neurodegenerative diseases (NDs) are disorders characterized by the progressive loss of
neurons, which can result in motor dysfunctions and psychobehavioral manifestations such
as ataxia and dementia (1). Alzheimer’s disease (AD) as the most common NDs represents
~60%—70% of about 50 million people worldwide who suffer from dementia (2). The
Research Topic aims to explore the therapeutic effect and mechanism action of integrative
medicine of NDs for the improvement of patient healthcare, in order to stimulate further
understanding and ultimately provide new methods for the prevention and treatment of
NDs. For integrative medicine (IM), the topic mainly focuses on Chinese herbal medicine,
acupuncture and related therapies, other Chinese medicine therapies based on modern
clinical medicine. This collection spans different diseases such as AD and amyotrophic
lateral sclerosis (ALS), and mainly focus on the mechanisms of neurodegeneration and
treatment strategies.

In this volume, most studies focus on AD. Pathogenic mechanisms and new targeted
drugs are still urgently needed although some progress has been made in this field. Zhang
et al. performed an integrated analysis of the hub gene based on cuproptosis which is
a copper-triggered modality of mitochondrial cell death by the bioinformatics approach
for the diagnosis and treatment of AD. Seven hub genes including A4GALT, ALOX5AP,
CLIC1, IFI30, LYZ, PLA1A, and PYGL were involved in phosphoribosyl pyrophosphate,
lipid and glucose metabolism as revealed by GO analysis. Four of the seven cuproptosis genes
(including TFI30, PLA1A, ALOX5AP, and A4GALT) can help with the clinical diagnosis
of AD. These cuproptosis gene signatures may be an important diagnostic and prognostic
indicator for AD. A similar bioinformatics analysis was conducted to explore the biomarkers
and potential mechanisms that distinguish between Dementia with Lewy bodies (DLB)
and Parkinson’s disease dementia (PDD). Xu et al. identified seven upregulated genes,
namely, SNAP25, GRIN2A, GABRG2, GABRA1, GRIA1, SLC17A6 and SYN1, which are
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involved in the heterogeneous pathogenesis of PDD and DLB.
Blood pressure variability (BPV) has emerged as a novel risk factor
for Alzheimer’s disease, Yu et al. investigated the association of
night BPV with brain atrophy and cognitive function changes
from Korean Genome Epidemiology Study (KoGES). The results
showed that high night systolic BPV was associated with temporal
gray matter atrophy and impaired visual memory and verbal
fluency. Subcortical vascular mild cognitive impairment (svMCI)
is one of the most treatable cognitive impairments. Wang et al.
explored the spontaneous brain activities regarding Chinese
medicine deficiency patterns (DPs) and excess patterns (EPs) of
svMCI patients based on fMRI data. The results found that the
right middle frontal gyrus might serve as a brain response to
endogenic cognitive impairments of DPs in svMCI patients. In
addition to mechanisms exploration, several studies investigated
the potential therapeutic strategies. Liu et al. found that the Chinese
formula Liuwei Dihuang decoction could ameliorate cognitive
dysfunction and hippocampal synaptic ultrastructure damage in
aging mice by regulating lipid metabolism and oxidative stress
via the microbiota-gut-brain axis. The current evidence showed
that deficits of adult hippocampal neurogenesis (AHN) were the
main hallmark of psychiatric diseases and neurodegeneration. Sun
et al. conducted a review and found that exercise may be the ideal
option to improve mitochondrial functions and AHN due to the
relatively few safety concerns. Cao et al. summarized the studies
about Alzheimer’s drug development by the clinical trial registry
platform. Sixteen compounds of disease-modifying therapies and
symptomatic therapies such as gantenerumab, aducanumab, and
others, may change the situation in China where there is no
alternative drug for the treatment AD.

Two studies focus on ALS. Gong et al. explored the correlation
between cerebrospinal fluid (CSF) and serum tau (t-tau, p-tau)
in patients with ALS. Results suggest that CSF P-tau may be
recognized as a potential cognition impairment biomarker in ALS.
Liao et al. conducted a systematic review to explore the efficacy
and safety of Chinese herbal medicine for the treatment of ALS.
The findings suggest that the adjunct use of CHM can improve
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The collection of articles on this topic provides molecular
mechanisms and clinical insights into neurodegenerative diseases,
as well as the potential application of integrative medicine for
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Author contributions

SL drafted the editorial. GZ, HC, GL, and XG reviewed the
manuscript. All authors listed have made a substantial, direct,
and intellectual contribution to the work and approved it for
publication.

Funding

HC was funded by American Heart Association Postdoctoral
Fellowship (916011).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

2. Tanaka M, Toldi ], Vécsei L. Exploring the etiological links behind
neurodegenerative diseases: inflammatory cytokines and bioactive kynurenines.
Int ] Mol Sci. (2020) 21:2431. doi: 10.3390/ijms21072431

frontiersin.org


https://doi.org/10.3389/fneur.2023.1197641
https://doi.org/10.3389/fneur.2022.963648
https://doi.org/10.3389/fnins.2022.943929
https://doi.org/10.3389/fnins.2022.949298
https://doi.org/10.3389/fneur.2022.929781
https://doi.org/10.3389/fneur.2022.1034243
https://doi.org/10.3389/fneur.2022.991143
https://doi.org/10.3389/fneur.2022.988034
https://doi.org/10.1242/dmm.030205
https://doi.org/10.3390/ijms21072431
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

1' frontiers ‘ Frontiers in Neuroscience

ORIGINAL RESEARCH
published: 01 July 2022
doi: 10.3389/fnins.2022.949298

OPEN ACCESS

Edited by:

Guo-qing Zheng,

Zhejiang Chinese Medical University,
China

Reviewed by:

Jia Liang,

Jinzhou Medical University, China
Weijun Peng,

Central South University, China

*Correspondence:
Baiyan Liu
liubaiyan9657@163.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Translational Neuroscience,
a section of the journal
Frontiers in Neuroscience

Received: 20 May 2022
Accepted: 15 June 2022
Published: 01 July 2022

Citation:

Liu B, Chen B, YiJ, Long H,

Wen H, Tian F, Liu Y, Xiao L and Li L
(2022) Liuwei Dihuang Decoction
Alleviates Cognitive Dysfunction

in Mice With D-Galactose-Induced
Aging by Regulating Lipid Metabolism
and Oxidative Stress via

the Microbiota-Gut-Brain Axis.
Front. Neurosci. 16:949298.

doi: 10.3389/fnins.2022.949298

Check for
updates

Liuwei Dihuang Decoction Alleviates
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Background: Aging is an important cause of cognitive dysfunction. Liuwei Dihuang
decoction (LW), a commonly applied Chinese medicine formula, is widely used for
the treatment of aging-related diseases in China. Previously, LW was confirmed to
be effective in prolonging life span and reducing oxidative stress in aged mice.
Unfortunately, the underlying mechanism of LW remains unclear. The aim of this study
was to interpret the mechanism by which LW alleviates cognitive dysfunction related to
aging from the perspective of the microbiota-gut-brain axis.

Method: All C57BL/6 mice (n = 60) were randomly divided into five groups: the
control, model, vitamin E (positive control group), low-dose LW and high-dose LW
groups (n = 12 in each group). Except for those in the control group, D-galactose was
subcutaneously injected into mice in the other groups to induce the aging model. The
antiaging effect of LW was evaluated by the water maze test, electron microscopy, 16S
rRNA sequencing, combined LC-MS and GC-MS metabolomics, and ELISA.

Results: Liuwei Dihuang decoction ameliorated cognitive dysfunction and hippocampal
synaptic ultrastructure damage in aging mice. Moreover, LW decreased Proteobacteria
abundance and increased gut microbiota diversity in aging mice. Metabolomic analysis
showed that LW treatment was associated with the significantly differential abundance of
14 metabolites, which were mainly enriched in apelin signaling, sphingolipid metabolism,
glycerophospholipid and other metabolic pathways. Additionally, LW affected lipid
metabolism and oxidative stress in aging mice. Finally, we also found that L\W-regulated
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Liuwei Dihuang and Aging

microbial species such as Proteobacteria and Fibrobacterota had potential relationships
with lipid metabolism, oxidative stress and hippocampal metabolites.

Conclusion: In brief, LW improved cognitive function in aging mice by regulating
lipid metabolism and oxidative stress through restoration of the homeostasis of the

microbiota-gut-brain axis.

Keywords: Liuwei Dihuang decoction, aging, cognitive function, microbiota-gut-brain axis, metabolomics, lipid

metabolism, oxidative stress

INTRODUCTION

Currently, the proportion of the world’s population that is elderly
is growing rapidly. It is estimated that by 2050, the world’s elderly
population will increase from 841 million in 2013 to 2 billion,
representing 21% of the world’s population (Partridge et al.,
2020). Cognitive impairment accompanies aging and becomes
increasingly evident with age. At present, cognitive impairment
has become a major problem that plagues the physical and
mental health of elderly individuals. The hippocampus mainly
regulates learning and memory, and the occurrence of cognitive
impairment is closely related to functional changes in the
hippocampus (Bettio et al., 2017; Solé et al., 2017). Maintaining
the normal physiological function of the hippocampus can
effectively alleviate the cognitive dysfunction caused by aging.

Liuwei Dihuang decoction (LW), a commonly applied
traditional Chinese medicine formula, has been widely used for
centuries in China for the treatment of aging-related diseases,
and its efficacy has been validated by evidence-based medicine
(Chen B. et al., 2019). Previous studies have found that LW
can improve spatial learning ability by increasing neurogenesis
in the dentate gyrus in rats (Lee et al., 2005). It also improves
age-related learning and memory decline by inducing long-term
potentiation (LTP) of hippocampal neurons (Huang et al., 2012).
In addition, LW has been found to prolong the life span of
elderly mice and reduce the oxidative stress state (Chen W. et al.,
2019). Unfortunately, the mechanism of LW in the treatment of
aging-related cognitive dysfunction remains unclear.

The gut is considered an important organ for regulating
body function and promoting longevity due to its functions
in immunity and nutrient intake (Qin et al., 2010). When the
body enters the aging period, the intestinal barrier, absorption
and immune function change, and various external factors can
lead to the destruction of the intestinal microecological balance
(Biagi et al.,, 2010). Studies have found that there are pathways
connecting nerves in the gut and brain in the human body,
which are closely related to gut microbes, and this connection
is called the microbiota-gut-brain axis (Shabbir et al., 2021).
The gut microbiota is an important player in bidirectional
communication between the gut and the brain and can have a
major impact on the body’s neurological function, not only by
neurotransmitter secretion but also by immune and metabolic
regulation (Dinan and Cryan, 2017; Bambury et al., 2018;
Osadchiy et al., 2019). Therefore, restoring intestinal homeostasis
and delaying the aging process are of great significance for
improving the quality of life of the elderly population.

Metabolomics is mainly the study of small molecule
metabolites as substrates and products of various metabolic
pathways and can comprehensively reveal the changes occurring
in organisms during the treatment of diseases (Baker, 2011).
However, due to technical limitations, there is currently no
technology that can describe all possible compounds in the
body. Liquid chromatography-mass spectrometry (LC-MS) has
a wide molecular weight range, with high sensitivity and simple
preprocessing methodology, and is suitable for the detection
of compounds with poor volatility, medium or strong polarity,
and large molecular weight. Gas chromatography-MS (GC-MS)
is suitable for the detection of highly volatile, small molecular
weight and polar compounds (Zeki et al., 2020).

In this study, a combined LC-MS and GC-MS whole-
spectrum metabolomics method was used to analyze the effect
of LW on the metabolic profile of the hippocampus of mice with
D-galactose-induced aging, and 16S ribosomal RNA (16S rRNA)
sequencing was used to interpret the mechanism by which LW
improves age-related cognitive dysfunction from the perspective
of the microbiota-gut-brain axis.

MATERIALS AND METHODS

Animals

Sixty male C57BL/6 mice with body weights of 18-22 g were
purchased from Gempharmatech Co., Ltd. (Jiangsu, China) and
housed in the specific pathogen-free (SPF) animal room of
the First Affiliated Hospital of Hunan University of Chinese
Medicine at a temperature of 22-26°C and a humidity of 45-55%.
The animals were housed in groups of 5/cage. Distilled water and
feed were freely provided, with natural light and bedding changed
every other day. The Ethics Committee of Laboratory Animal
Studies of the First Affiliated Hospital of Hunan University
of Chinese Medicine approved all the experimental protocols
(No. ZYFY20210710).

Preparation of Liuwei Dihuang Decoction
Liuwei Dihuang decoction is composed of six herbs (Table 1),
all of which were purchased from the First Affiliated Hospital
of Hunan University of Chinese Medicine and qualified by the
herbal medicinal botanist Hongping Long.

As in a previous study (Chen W. et al, 2019), Rehmannia
glutinosa (Gaertn.) DC., Cornus officinalis Siebold & Zucc.,
Dioscorea oppositifolia L., Paeonia suffruticosa Andr., Alisma
orientalis (Sam.) Juzep. and Wolfiporia extensa (Peck) Ginns were
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TABLE 1 | Components of the Liuwei Dihuang decoction (LW).

Scientific name Chinese name English name Part used Origin Batch number Weight
Rehmannia glutinosa (Gaertn.) DC. Shu Di Huang Radix Rehmanniae Root Henan 2009063 249
Cornus officinalis Siebold & Zucc. Shan Zhu Yu Comus Officinalis fruit Henan TH20111101 129
Dioscorea oppositifolia L. Shan Yao Rhizoma Dioscoreae Root Henan CK20113001 129
Paeonia suffruticosa Andr. Dan Pi Paeoniaceae Root bark AnHui NG20121102 99
Alisma orientalis(Sam.)Juzep. Ze Xie Alismatis Tuber SiChuan CK20121503 9g
Wolfiporia extensa (Peck) Ginns Fu Ling Poria Cocos Rhizome Hunan CK20120802 9g

mixed at a ratio of 8:4:4:3:3:3. Distilled water at a 5x volume was
then added for 1 h, after which the mixture was boiled for 2 h
at 100°C and filtered with three layers of gauze. After washing
with distilled water three times, the filtrate was extracted again
by the same method. After combining the filtrate from the two
extractions, the solution was concentrated to 2 g of crude drug/ml
using a rotary evaporator.

Main Reagents

Vitamin E soft capsules (H20003539) were purchased from
Zhejiang Pharmaceutical Co., Ltd. (Hangzhou, China);
D-galactose (v900922) was purchased from Sigma-Aldrich
(Shanghai, China); mouse adiponectin ELISA kit (EK0596) was
purchased from Boster (Wuhan, China); mouse apolipoprotein
E (ApoE) ELISA kit (ab215086) and mouse free fatty acid (FFA)
assay kit (ab65341) were purchased from Abcam (Cambridge,
United Kingdom); and superoxide dismutase (SOD) assay
kit (20190412), glutathione peroxidase (GSH-Px) assay kit
(20190309), and malondialdehyde (MDA) assay kit (20190315)
were purchased from Jiancheng (Nanjing, China).

The UPLC-Q-TOF/MS for Quality Control

of Liuwei Dihuang Decoction

As in our previous study (Chen et al, 2022), LW was
analyzed by ultra-performance liquid chromatography coupled
with quadrupole time-of-flight mass spectrometry (UPLC-Q-
TOF/MS). In short, 10 mL of concentrated LW solution was
placed in a 50 mL conical flask, and 30 mL of 70% methanol
was added; LW was dissolved by ultrasonic vibration for 30 min.
After standing, 2 mL of the solution was centrifuged at 8,000
r/min for 5 min, and then the supernatant was filtered through
a 0.22 pm microporous membrane and placed in an injection
bottle. The chromatography and MS conditions were the same
as those previously reported (Chen et al., 2022).

Experiment Design

A total of 60 mice were randomly divided into five groups after
adaptive feeding: the control group, model group, vitamin E
(200 mg-kg~!) group [positive control group, vitamin E has been
used as a positive control in a large number of studies related
to aging (Zeng et al.,, 2022)], low-dose LW (LW-L) (10 g-kgfl)
group and high-dose LW (LW-H) (20 g-kg~!) group. Except for
those in the control group, the mice in the other groups were
subcutaneously injected with 100 mg-kg~! D-galactose (Ali et al.,
2015) once per day for 6 consecutive weeks, and subcutaneous
injection of D-galactose is a commonly used method to replicate

aging models (Huang X. et al., 2020). The control group mice
were injected with the same volume of normal saline. After
conducting the Morris water maze (MWM) test on the 6th
week, we anesthetized all mice by intraperitoneal injection of
1% sodium pentobarbital. The eyeballs were removed, and the
collected blood was centrifuged to obtain serum. Then, the
contents of the cecum were collected under aseptic conditions,
and the hippocampus of the mice was collected and placed
on ice. All samples were stored at —80°C until further use.
Eight mice from each group were randomly selected for 16S
rRNA sequencing of cecal contents, metabolomics, and lipid
metabolism and oxidative stress analysis, and the remaining four
mice were analyzed by transmission electron microscopy (TEM),
as shown in Figure 1.

Morris Water Maze Test

The MWM was used to detect the learning and memory ability of
mice and evaluate their cognitive function. According to previous
reports (Hui et al., 2017), a black circular pool (depth 60 cm,
diameter 150 cm) was used, the platform was fixed in the second
quadrant, tap water was added to the pool, the water level was
2 cm higher than the platform, and the water temperature was
controlled at 22-24°C. Mice were placed with their head toward
the wall of the pool, and water points were randomly selected,
with a detection time of 60 s. The time required for mice to find
the submerged platform time was recorded, and if the platform
was found within 60 s, the animal was allowed to stay on the
platform for 10 s to rest; if the platform was not found, the
animal was guided to the platform and left for 10 s. Each animal
was trained three times daily, with a 15-20 min interval between
each session, for 5 days. A video tracking system recorded animal
location, swimming distance and time. On the 6th day, the
platform was removed, the animals were put into the water
from the opposite side of the original platform quadrant, and
the latency and times of animals crossing the original platform
quadrant within 60 s were recorded.

Detection of the Synaptic Ultrastructure
in the Hippocampus

Synaptic ultrastructure detection by TEM was performed as
described previously (Sheng et al, 2020). Briefly, specimens
that had been fixed for 48 h before TEM were postfixed in
1% osmic acid at room temperature for 2 h and dehydrated
stepwise by an ethanol gradient and again by acetone. Tissues
were first infiltrated overnight in solutions with different ratios
of acetone to embedding medium, and then the tissues were
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FIGURE 1 | Experimental design of intervention study of Liuwei Dihuang decoction (LW).
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FIGURE 2 | Chemical composition analysis of Liuwei Dihuang decoction. (A) The
negative ion mode.
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polymerized in pure embedding medium at 60°C for 48 h for
embedding. The tissue was cut into 60-80 nm ultrathin sections,
stained with uranium acetate and lead citrate, and dried overnight
at room temperature. The presynaptic membrane, postsynaptic
membrane and synaptic vesicles were observed by TEM.

16S rRNA Analysis

Total genomic DNA was extracted using DNA Extraction Kit
following the manufacturers instructions. The concentration

of DNA was verified with a NanoDrop and agarose gel
electrophoresis. The genomic DNA was used as a template for
PCR amplification with barcoded primers and Tks Gflex DNA
Polymerase (Takara). The primer sequences used to amplify the
V3-V4 region were 343F: TACGGRAGGCAGCAG and 798R:
AGGGTATCTAATCCT.

Then, the purified PCR products were quantified by a
Qubit. The samples were mixed equally according to the
concentration of PCR products and sequenced using an Illumina
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NovaSeq6000. Microbial community structure was assessed
by alpha diversity and beta diversity analyses. In addition,
phylogenetic investigation of communities by reconstruction
of unobserved states (PICRUSt), the Kyoto Encyclopedia of
Genes and Genomes (KEGG), and other functional spectrum
databases were used for functional group prediction based
on the 16S rDNA gene sequence. Library sequencing and
data processing were conducted by OE Biotech Co., Ltd.
(Shanghai, China).

Metabolomics Analysis

LC-MS Analysis

First, 30 mg of hippocampal tissue was accurately weighed
into a 1.5 ml EP tube with an internal standard (20 pl).
Next, 600 L of methanol-water (V:V = 4:1) was added.
Then, two small steel beads were added and, after precooling
in a —20°C freezer for 2 min, the sample was placed in
a grinder for grinding (60 Hz, 2 min). Subsequently, the
sample was submitted to ultrasonic extraction with an ice
water bath for 10 min. Next, the sample was allowed to stand
at —20°C for 2 h. Finally, the sample was centrifuged for
10 min (13,000 rpm, 4°C). Then, 150 pL of the supernatant
was aspirated with a syringe, and the organic phase was
filtered through a 0.22 pm pinhole filter, transferred to
an LC injection vial, and stored at —80°C until LC-MS
analysis was performed. The chromatography and MS analysis
conditions and data processing methods are described in
Supplementary Material 1.

GC-MS Analysis

Similar to the above steps, first, 30 mg of hippocampal tissue
was accurately weighed into a 1.5 ml EP tube with an internal
standard (20 pl). Then, 600 WL of methanol-water (V:V = 4:1)
was added. Second, two small steel beads were added, and
after precooling in a —20°C freezer for 2 min, the sample was
placed in a grinder for grinding (60 Hz, 2 min). Third, 120 pL
chloroform was added, and the sample was rotated for 2 min
and then submitted to ultrasonic extraction in an ice water
bath for 10 min. Fourth, the sample was allowed to stand at
—20°C for 30 min. Subsequently, the sample was centrifuged
at low temperature for 10 min (13,000 rpm, 4°C); 150 wL of
supernatant was transferred into a standard glass flask. Next,
the sample was dried with a centrifugal concentrator dryer.
Then, 80 L of methoxylamine hydrochloride pyridine solution
(15 mg/mL) was added to the standard glass vials, and the vials
were shaken for 2 min and then shaken in an incubator at
37°C for 90 min for the oxime reaction. After the samples were
removed, 50 iLL of bis(trimethylsilyl)trifluoroacetamide (BSTFA)
(containing 1% chlorotrimethylsilane) derivatizing reagent and
20 wL of n-hexane were added, 10 kinds of internal standards
(10 pL) were added, and the samples were shaken by vortexing
for 2 min and reacted at 70°C for 60 min. After the samples were
removed the heat block, they were placed at room temperature
for 30 min for GC-MS analysis, and the data processing methods
are shown in Supplementary Material 2. Both LC-MS and
GC-MS analyses were performed by OE Biotech Co., Ltd.
(Shanghai, China).

Lipid Metabolism Assays

Serum levels of adiponectin, ApoE and FFA were determined
using commercial kits according to the manufacturer’s
instructions, and the absorbance was read at 450 nm (adiponectin
and ApoE) and 570 nm (FFA).

Oxidative Stress Detection

The hippocampal tissue was removed from the refrigerator,
rinsed with precooled normal saline, cut into pieces with
sterile ophthalmic scissors and added to normal saline at a
m (tissue): V (normal saline) ratio = 1 g:9 mL (the sample
was maintained on ice for the whole time). The sample was
homogenized by an automatic homogenizer (intermittently
once every 3 s to prevent excessive heat generation) to make
a 10% mass fraction of homogenate, which was centrifuged
at 1,000 x g (4°C) for 15 min. The supernatant was
collected, and an appropriate amount of physiological saline was
added to dilute the sample to an appropriate concentration.
The instructions of the kit were strictly followed to detect
SOD and GSH-Px activity and MDA content in serum and
brain tissue.

Statistical Analysis

GraphPad Prism 8.0.2 statistical analysis software was used for
statistical analysis of the data. Metrology data are presented as
the mean plus or minus the standard error (x & s). Multiple
comparisons among experiments were performed by one-way
analysis of variance (ANOVA) with the least significant difference
(LSD) test for multiple comparisons, and P < 0.05 was considered
to indicate statistical significance.

In the 16S rRNA analysis, the operational taxonomic
units (OTUs) were subjected to alpha diversity and beta
diversity analysis. Communities or species that significantly
differentially affected sample division were estimated using
linear discriminant analysis (LDA) (Wang et al, 2022).
For metabolomic analysis, orthogonal partial least squares
discriminant analysis (OPLS-DA) was wused to screen
differentially abundant metabolites. Variable importance of
projection (VIP) > 1 and P < 0.05 were used as thresholds
to identify differentially abundant metabolites. To prevent
overfitting, we used sevenfold cross validation and 200-
response permutation testing (RPT) to assess the quality of
the model (Wang et al., 2022). Finally, association analysis was
performed using the Spearman correlation analysis method
(Lu et al., 2022).

RESULTS

Chemical Composition Analysis of

Liuwei Dihuang Decoction

The retention time (RT) and mass spectrometric data of each
chemical component in LW were obtained after UPLC-Q-
TOEF-MS detection, and 23 components, including morroniside,
loganin and paeonol, were resolved from the collected data, as
shown in Figure 2 and Supplementary Table 1.
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Effects of Liuwei Dihuang Decoction on
Cognitive Function and Hippocampal
Synaptic Ultrastructure in Aging Mice

In the navigation test, with the increase in training time and
sessions, the time for mice in each group to find the platform
tended to decrease. Compared with that of mice in the control
group, the escape latency of mice in the model group was
significantly prolonged (P < 0.01), and the latency of mice
in the LW-L, LW-H, and vitamin E groups was significantly
shortened compared with that of mice in the model group
(P < 0.01, Figure 3A). The results of the spatial exploration
test showed that compared with the control group mice, the
model group mice also spent less time in the target quadrant
(P < 0.01) and had significantly fewer platform crossings
(P < 0.05), indicating that D-galactose injection induced
cognitive dysfunction. Interestingly, LW improved D-galactose
injection-induced cognitive impairment in a dose-dependent
manner. Compared with those of mice in the model group, the
time in the target quadrant (P < 0.05 or P < 0.01) and the
number of platform crossings (P < 0.05 or P < 0.01) of mice
in the LW-L, LW-H, and vitamin E groups were significantly
increased (Figures 3B-D). These results suggest that LW can
improve cognitive impairment in aging mice.

Transmission electron microscopy was used to assess the
ultrastructure of hippocampal synapses. We found that the
synaptic structure of the hippocampal neurons in the control
group was intact, and the presynaptic membrane, synaptic cleft,
postsynaptic membrane and postsynaptic dense material were
clearly visible. Compared with those of the control group,
the synaptic structure of the model group was blurred, the
postsynaptic dense material was sparse, and the boundary
between the anterior and posterior membranes was unclear.
Compared with those of the model group, the synaptic structure
of the LW-L, LW-H, and vitamin E groups was clearer, the
boundaries of the anterior and posterior membranes were clear,
and the postsynaptic dense matter increased, as shown in
Figure 3E. It is suggested that LW can improve the damage to
hippocampal synapses in aging mice.

Effects of Liuwei Dihuang Decoction on
the Gut Microbiota of Aging Mice

Based on the above MWM test results, the control, model
and LW-H groups were selected for subsequent 16S rRNA and
metabolomics analyses. Analysis of the alpha diversity, calculated
using the Chao 1 index and observed species index, showed
that the number and diversity of microbiota constituents in the
model group relative to those in the control group decreased
(P < 0.05), as shown in Figure 4A. After treatment with LW
administration, the number and diversity of intestinal microbiota
returned to their normal levels (P < 0.05), as shown in Figure 4B.
In addition, beta diversity analysis was also utilized to assess
differences between microbial communities. Principal coordinate
analysis (PCoA) based on the weighted UniFrac distance showed
that the microbial composition and structure of the model group
and the control group were significantly different, and the LW
group had a similar trend to the control group, suggesting that

LW could partially restore the gut microbial composition of aging
mice, as shown in Figure 4C.

To understand the effect of LW on the gut microbiota, we
analyzed the relative abundance of gut microbiota constituents
in the different groups. At the phylum level, aging mice showed
a decreased relative abundance of Bacteroidota and an increased
abundance of Firmicutes and Proteobacteria. In contrast, LW
reduced the levels of Proteobacteria in aging mice (Figure 4D).
At the genus level, the abundances of Muribaculaceae,
Alloprevotella, — Prevotellaceae_UCG-001,  Bacteroides and
Clostridia_UCG-014 were decreased, and the abundances
of Lachnospiraceae_ NK4A136_group and Parabacteroides
were increased in aging mice. LW treatment significantly
increased the abundances of Alloprevotella, Prevotellaceae_UCG-
001, Bacteroides, and Clostridia_UCG-014 and decreased
the abundances of Lachnospiraceae_ NK4A136_group and
Parabacteroides, as shown in Figure 4E.

Linear discriminate analysis effect size (LEfSe) analysis
was applied to identify key microbiota members differentially
represented in LW-treated mice. The dominant flora constituents
in the LW group were Clostridiaceae and Lactobacillales at the
order level, Oscillospiraceae and Clostridiaceae at the class level,
and Alistipes and Roseburia at the genus level, as shown in
Figures 4E,G.

Finally, to determine whether taxonomic changes in the
gut microbiota affected its function, we performed functional
prediction based on representative sequences with PICRUSt2.
Based on a comparison with the control group, there were
significant differences (P < 0.05) in glycan biosynthesis and
metabolism, lipid metabolism, metabolism of other amino acids,
exogenous compound biodegradation and metabolism, transport
and catabolism, and the nervous system. LW reversed the above
changes in pathways (P < 0.05), as shown in Figure 4H.

Effects of Liuwei Dihuang Decoction on
the Metabolic Profile of Hippocampal
Tissue in Aging Mice

The effects of LW on the metabolites in the hippocampal tissue
of aging mice were first analyzed by LC-MS. OPLS-DA was
used to distinguish the overall differences in the metabolic
profiles between the groups, as shown in Figures 5A,B. The
differences among the control group, model group and LW
group were obvious. In addition, to prevent model overfitting,
7-fold cross validation and 200-RPT methods were used to
examine the quality of the model. The results showed that
compared with the control group, the model group had
R2 = 0.737 and Q2 = —0.708 (Figure 5C). Moreover, compared
with the model group, the LW group had R2 = 0.793
and Q2 = —0.471 (Figure 5D), suggesting that the OPLS-
DA model is stable and has good predictive ability. Finally,
according to the screening thresholds of VIP > 1 and p < 0.05,
the metabolites with differential abundances between different
groups were determined. There were 47 metabolites with
differential abundances between the model group and the control
group and 30 metabolites with differential abundances between
the LW group and the model group (Supplementary Table 2).
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Subsequently, we analyzed the effects of LW on the
metabolites in the hippocampal tissue of aging mice by GC-
MS. GC-MS is able to detect compounds with strong volatility,
small molecular weight, and low polarity and can be used
as a complement to LC-MS for identifying thermally stable
compounds (Zeki et al., 2020). OPLS-DA was used to distinguish
the overall differences in metabolic profiles among the groups,
as shown in Figures 5E,F, which were obvious among the
control, model and LW groups. Evaluation of the OPLS-DA
model showed that the model group had R2 = 0.928 and
Q2 = —0.264 compared with the control group (Figure 5G).
Moreover, compared with the model group, the LW group had
R2 = 0952 and Q2 = —0.22 (Figure 5H), suggesting that
the OPLS-DA model is stable and has good predictive ability.
Finally, we found a total of 53 metabolites with differential
abundances between the model group and the control group
and 22 metabolites with differential abundances between the LW
group and the model group, as shown in Supplementary Table 3.

By integrating data from the dual-platform metabolomic
analysis, we found that LW reversed the changes in the levels of 14
differentially abundant metabolites in the model group, of which
five metabolites were depleted in the model group and enriched
in the LW group, and the other nine metabolites were enriched
in the model group and depleted in the LW group, as shown in

Figure 5I and Table 2. Using the KEGG database, we analyzed
the metabolic pathways in which the above 14 metabolites
were involved. Finally, we found that apelin signaling, calcium
signaling, phospholipase D signaling, sphingolipid metabolism,
neuroactive ligand-receptor interaction and glycerophospholipid
metabolism were significantly enriched metabolic pathways
(p < 0.05), as shown in Figure 5]. Excitingly, we found that
as determined by metabolomics, the significant enrichment of
sphingolipid metabolism and glycerophospholipid metabolism
closely resembled the changes in metabolic pathways such as
lipid metabolism in the gut microbiota that were predicted by
PICRUSt based on 16S rRNA sequencing data. This alignment
suggests that the effects of LW intervention on the gut microbiota
and hippocampal metabolites may be related.

Effects of Liuwei Dihuang Decoction on
Lipid Metabolism and Oxidative Stress in
Aging Mice

The above results of 16S rRNA sequencing and metabolomic
analysis of the hippocampus suggest that LW may play a
therapeutic role by affecting lipid metabolism in aging mice.
Therefore, we further studied the effect of LW on the lipid
metabolism-related factors ApoE, adiponectin and FFA in the
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serum of rapidly aging mice. As shown in Figures 6A-C,
compared with those in the control group, the ApoE and
adiponectin contents in the model group were significantly
decreased (p < 0.01), and the FFA content was significantly
increased (p < 0.01), while LW and vitamin E treatment reversed
the levels of these factors (p < 0.05 or p < 0.01). This finding
suggested that LW can affect lipid metabolism in aging mice.

Disturbances in lipid metabolism are often accompanied by
oxidative stress, which is often also an important risk factor for
aging and cognitive dysfunction (Morgan et al., 2016). Therefore,
we examined the effects of LW on the activities of SOD, GSH-Px
and MDA content in the serum and brain tissue of aging mice.
As shown in Figures 6D-1, compared with the control group,
the MDA content in the serum and brain tissue of the mice
in the model group was significantly increased (P < 0.05), and
the activities of SOD and GSH-Px were significantly decreased
(P < 0.01), indicating that the antioxidant capacity of serum and
brain tissue of D-galactose-induced aging mice was significantly
reduced. LW and vitamin E reversed the above changes (P < 0.05
or P < 0.01), suggesting that LW could improve the antioxidant
capacity of model mice.

Relationship Between Gut Microbes and
Hippocampal Metabolites, Lipid

Metabolism, and Oxidative Stress
Next, we analyzed the potential relationship between the
differentially abundant gut microbiota constituents and

differentially abundant metabolites in the hippocampus. As
shown in Figures 7A,B, at the phylum level, Proteobacteria
was positively correlated with oleic acid-2,6-diisopropylanilide,
methacholine, PG [22:6(472,77,10Z,137,167,197)/0:0] and
asparaginyl-methionine (p < 0.05). At the genus level,
Roseburia and Lachnoclostridium were positively correlated
with lipid metabolites such as sphingosine-1-phosphate and
lysophosphatidylcholine lysoPC [20:2 (11z, 14z)] (P < 0.05), and
Muribaculum was significantly negatively correlated with lipid
metabolites such as sphingosine-1-phosphate, lysoPC (15:0) and
lysoPC [20:2 (11z, 14z)] (P < 0.05, P < 0.01 or P < 0.001), as
shown in Figures 7C,D.

Similarly, we analyzed the correlation of the microbiota with
factors related to lipid metabolism and oxidative stress in serum.
At the phylum level, Proteobacteria was positively correlated
with FFA and MDA (p < 0.05 or p < 0.01), and negatively
correlated with ApoE, GSH-Px, adiponectin, and SOD (p < 0.05);
Fibrobacterota was positively correlated with ApoE, GSH-Px,
adiponectin and SOD were positively correlated (p < 0.05),
and negatively correlated with FFA and MDA (p < 0.05), as
shown in Figures 7E,F. At the genus level, Muribaculum was
positively correlated with FFA and MDA (p < 0.01 or p < 0.001),
and negatively correlated with ApoE, GSH-Px, adiponectin,
and SOD (p < 0.01 or p < 0.001); Roseburia was positively
correlated with ApoE, GSH-Px, adiponectin and SOD were
positively correlated (p < 0.05 or p < 0.01), and negatively
correlated with FFA and MDA (p < 0.05 or p < 0.01), as
shown in Figures 7G,H. Thus, these findings revealed potential
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TABLE 2 | Identification and variation tendency of 14 differential metabolites by LC-MS & GC-MS.

Metabolites Compound ID Mode Formula Model vs. Control LW vs. Model

VIP P-value VIP P-value
LysoPC(20:2(112,142)) HMDB0010392 LC-MS CogHs4NO7P 1.97653516 0.009151234 2.257710481 0.017475092
LysoPC(15:0) HMDBO0010381 LC-MS CogHagNO7P 1.072222462 0.006313074 1.190052623 0.034020136
3-(Cystein-S- HMDB0240217 LC-MS C11H14N204S 1.007448543 0.03183613 1.207377077 0.009769263
yl)acetaminophen
2-hydroxy-2- HMDB0001987 GC-Ms / 1.792910311 6.49489E—06 2.572525386 0.040679786
methylbutanoic acid
3-(3-hydroxyphenyl)-3- HMDB0002643 GC-MS / 1.997405882 0.004959811 1.58286374 0.041028306
hydroxypropionic
acid
PC(18:1(92)/2:0)[U] 39642 LC-MS CogHs4NOgP 1.273559624 0.009100443 1.174542693 0.040487874
(2-{[3-(3,4- HMDB0136312 LC-MS C14HooNO4 1.282963036 0.000837746 1.688485234 0.001014712
dihydroxyphenyl)prop-2-
enoylloxy}ethyl)
trimethylazanium
1,5-anhydroglucitol HMDB0002712 GC-Ms / 1.316636006 0.012282553 2.310523814 0.049125615
PG(22:6(42,72,102,13Z, LMGP04050016 LC-MS CogHa509P 2.006290372 0.000168751 2.574115085 2.89809E—05
162,192)/0:0)
METHACHOLINE 43545 LC-MS CgH17NO2 4.259755705 0.00245965 5.736589467 0.000250805
Sphingosine-1-phosphate 3891 LC-MS C1gHgsNOsP 1.64865281 0.047778962 1.663805976 0.048089092
Oleic 64645 LC-MS CgoHs1NO 1.021481093 0.003157587 1.074957858 0.003608528
Acid-2,6-diisopropylanilide
MG(0:0/16:0/0:0) HMDB0011533 LC-MS C19HzgO4 1.188356611 0.036927406 1.290358375 0.044092221
Asparaginyl-Methionine HMDB0028737 LC-MS CgH17N304S 1.800887048 1.06379E-05 2.219478238 5.13366E—-06
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FIGURE 6 | Effects of Liuwei Dihuang decoction on lipid metabolism and oxidative stress in aging mice. (A) ApoE. (B) Adiponectin. (C) FFA. (D) SOD in serum.
(E) GSH-Px in serum. (F) MDA in serum. (G) SOD in brain tissue. (H) GSH-Px in brain tissue. (I) MDA in brain tissue. **p < 0.01 vs. Control group. #p < 0.05,
#p < 0.01 vs. Model group.

interactions between LW-regulated microbial species and lipid
metabolism and oxidative stress.

DISCUSSION

At present, the proportion of the elderly population in the world
is growing rapidly, and the challenges associated with aging
have become an international problem. Aging is an irreversible
natural law, and researchers cannot prevent aging, although they
can delay it. The multitarget and multilinking mechanism of
traditional Chinese medicine is an important direction for aging
delay therapeutic development. In this study, we found that LW
can improve cognitive function in aging mice and improve the
synaptic structure of the hippocampus. Subsequently, by 16S
rRNA sequencing, we found that LW improved gut microbiota

diversity in rapidly aging mice, and subsequent metabolomic
analysis revealed that LW could alter the levels of endogenous
metabolites in the hippocampus of aging mice. Notably, both
16S rRNA sequencing and metabolomic functional enrichment
analyses identified lipid metabolism as a target of LW. In
subsequent explorations, we confirmed that LW could affect lipid
metabolism and oxidative stress in aging mice.

The gut microbiota is considered to be the host’s “second
genome,” which plays important roles in maintaining the body’s
homeostasis and in the occurrence and development of cognitive
dysfunction (Li et al, 2019; Liu et al., 2021b). Studies have
shown that the gut microecological characteristics of elderly
individuals include lower diversity (Bunker et al., 2019), depletion
of Bacteroidota, and enrichment of Proteobacteria and Firmicutes
(Luo et al., 2020). Other studies have pointed out that increased
gram-negative bacteria in the intestinal flora can lead to increased

Frontiers in Neuroscience | www.frontiersin.org 15

July 2022 | Volume 16 | Article 949298


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Liu et al. Liuwei Dihuang and Aging

FIGURE 7 | Relationship between gut microbes and hippocampal metabolites, lipid metabolism and oxidative stress. (A,B) Correlation of microbiota related to
differentially abundant metabolites (phylum level). (C,D) Correlation of microbiota related to differentially abundant metabolites (genus level). (E,F) Correlation of
microbiota with factors related to lipid metabolism and oxidative stress (phylum level). (G,H) Correlation of microbiota with factors related to lipid metabolism and

oxidative stress (genus level).

secretion of proinflammatory cytokines, and these products
can reach the central nervous system (CNS) through the
circulation to promote neuroinflammatory responses (Wang and
Quinn, 2010). Moreover, signaling molecules secreted by the
gut microbiota are transferred via the lymphatic and systemic
circulation throughout the CNS where they then modulate
brain plasticity and cognitive function (de Haas and van der
Eijk, 2018). Our study showed that LW treatment was able
to improve the alpha diversity index of the gut microbiota
and reduce the levels of Proteobacteria. Proteobacteria is the
largest phylum of bacteria and accounts for a small proportion
in the healthy adult gut, and its enrichment is considered a
marker of gut dysbiosis (Shin et al., 2015). Previous studies
have shown that Proteobacteria is closely related to cognitive
impairment in elderly individuals (Manderino et al., 2017),
and that reducing the level of Proteobacteria can improve
cognitive function in aging mice (Yang et al, 2020). At the
genus level, we found that the abundance of Alloprevotella
decreased and that of Parabacteroides increased in aging mice,
and LW reversed these changes. Alloprevotella is a beneficial
bacterium and is closely related to lipid metabolism in aging
mice (Wu et al, 2022), and elevating the abundance of
Alloprevotella can improve memory function in mice (Liu
et al., 2021a). Studies have shown that Parabacteroides is an
independent risk factor for mild cognitive impairment in elderly
individuals (Khine et al, 2020) and that a high abundance
of Parabacteroides can exacerbate neurodegeneration (Blacher
et al., 2019). Further LEfSe analysis revealed that Lactobacillales
(order), Clostridiaceae (class), Alistipes (genus), and Roseburia
(genus) were the dominant microbiota constituents in the LW
group. Lactobacillales regulates intestinal microbes and enhances
immunity and antioxidation (De-Filippis et al., 2020). Previous
studies have confirmed that Lactobacillales can improve the gut

microbiota in aging rats (Hor et al., 2019), inhibit oxidative
stress (Wang et al., 2021), and improve cognitive function in
aged mice (Ni et al,, 2019). Higher Clostridiaceae abundance
correlates with better “attention continuity” (Komanduri et al.,
2021). Previous studies have shown that a high abundance of
Alistipes can effectively suppress intestinal inflammation and
oxidative stress (Wan et al.,, 2021). Roseburia produces short-
chain fatty acids, affects intestinal motility, has anti-inflammatory
properties and is considered the cornerstone of gut biodiversity
(Tamanai-Shacoori et al., 2017). Finally, we found that glycan
biosynthesis and metabolism, lipid metabolism, metabolism of
other amino acids, exogenous compound biodegradation and
metabolism, transport and catabolism, and the nervous system
might be the main metabolic pathways in the differential flora
through PICRUSt2 analysis.

Increasing evidence suggests that metabolic changes
associated with the gut microbiota are important factors
associated with various diseases (Liu et al., 2022). Mammalian
humoral and tissue metabolomes are greatly influenced by the
microbiome, and many health-related metabolites are considered
“mammal-microbial cometabolites” (Heinken and Thiele, 2015;
Chen et al., 2018). Based on the combined GC-MS and LC-
MS/MS whole-spectrum metabolomics platform used in this
study, we systematically analyzed endogenous metabolites in the
hippocampus of aging mice treated with LW and identified 14
differentially abundant metabolites as potential LW metabolic
markers for effects on aging mice. These potential metabolic
markers mainly include metabolites closely related to lipid
metabolism, such as phosphatidylcholine (PC) and lysoPC.
LysoPCs are the most biologically active lysophospholipids; they
are key signaling molecules in cell and tissue metabolism and
are involved in plasma membrane formation (Shindou et al,
2013), cell growth and death (Makide et al., 2009). In addition,
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sphingosine-1-phosphate, a potential metabolic marker, has
the ability to modulate the stress resistance, proliferation,
differentiation and maturation phenotype of cells in the nervous
system (Czubowicz et al, 2019). Studies have confirmed
that sphingosine-1-phosphate content in the hippocampus
decreases gradually with age (Couttas et al.,, 2018), and that
activation of sphingosine-1-phosphate reduces AP deposition
and improves cognitive function in Alzheimer’s disease (AD)
rats (Wang and Yang, 2021). KEGG enrichment analysis revealed
that apelin signaling, calcium signaling, phospholipase D
signaling, sphingolipid metabolism, neuroactive ligand-receptor
interaction and glycerophospholipid metabolism may be the
main metabolic pathways involved in the mechanism of action
of LW. Apelin, a cytokine produced and secreted by adipocytes,
has been shown to be involved in processes such as the
regulation of fluid homeostasis, food intake, cell proliferation,
and angiogenesis (Zhou et al, 2018). Moreover, apelin has
been recently identified as an adipokine involved in energy
metabolism, which can act together with leptin and adiponectin
on glucose metabolism and lipid metabolism (Bertrand et al,
2015). In an apelin knockout mouse model, the aging rate was
accelerated. When apelin content was restored, it was found
that not only the vitality of the mice was enhanced but also
the behavior and circadian rhythm phenotypes were restored,
suggesting that apelin may be an antiaging factor (Raietal., 2017).
Sphingolipids are lipids that are highly enriched in the CNS and
are involved in membrane formation and signal transduction, cell
proliferation, apoptosis, migration and invasion, inflammation
and nervous system development. Disorders of sphingolipid
metabolism mediate the occurrence and development of many
neurological diseases, such as Parkinson’s disease, multiple
sclerosis and AD (Alaamery et al., 2021).

Notably, the enrichment analysis based on 16S rRNA
sequencing and differential metabolomics in the hippocampus
suggested that LW may play a therapeutic role by affecting
lipid metabolism in the body. Some studies have suggested
that abnormal lipid metabolism is closely related to cognitive
dysfunction (Bowers et al., 2020). Therefore, we further explored
the effect of LW on the lipid metabolism-related factors ApoE,
adiponectin, and FFA in the serum of rapidly aging mice. The
results suggested that LW treatment can affect the levels of
ApoE, adiponectin and FFA in the serum of aging mice. ApoE
is mainly produced in the liver, is able to transport lipids, and
plays a central role in lipid metabolism (Yin and Wang, 2018).
There is recent evidence for a similar role for ApoE in the brain
(Holtzman et al., 2012): as the major CNS apolipoprotein, ApoE
is responsible for regulating much of brain lipid metabolism, in
particular the transfer of cholesterol and phospholipids from glial
cells to neurons (Hudry et al., 2019). Furthermore, loss of ApoE
disrupts the blood-brain barrier (BBB) in aging mice (Mulder
etal., 2001) and leads to cognitive dysfunction (Zerbi et al., 2014)
and cerebrovascular dysfunction (Bell et al., 2012). Adiponectin
is a plasma protein capable of crossing the BBB, exerting its
modulation and signaling effects through its receptors (Bloemer
et al.,, 2018). Adiponectin has been found to regulate glucose
metabolism in hippocampal neurons, increasing rates of glucose
uptake, glycolysis and ATP production (Cisternas et al., 2019).

St Studies have shown that circulating adiponectin levels are
decreased in mild cognitive impairment and AD (Teixeira et al.,
2013) and that tail vein injection of adiponectin-overexpressing
endothelial progenitor cells can improve cognitive function
in aging rats (Huang J. et al., 2020). FFA is closely related
to lipid metabolism, and clinical studies have shown that
high FFA plasma concentrations are associated with reduced
cognitive function (Holloway et al., 2011). Disturbances in
lipid metabolism are often accompanied by oxidative stress
(Zarrouk et al., 2020), which is often also an important risk
factor for aging and cognitive dysfunction (Mecocci et al., 2018).
Abnormal oxidative stress can cause protein degeneration, lipid
peroxidation, DNA damage and other physiological function
changes in cells or tissues, leading to apoptosis and tissue damage,
and is a major risk factor for neurodegenerative conditions such
as aging (Vatner et al, 2020). Our research shows that the
MDA content in the serum and hippocampus of aging mice
is significantly increased and that the total SOD (T-SOD) and
GSH-Px activities are significantly reduced. LW delays aging
and inhibits oxidative damage. Our study showed that the MDA
content in the serum and hippocampus of aging mice was
significantly increased and that the T-SOD and GSH-Px activities
were significantly decreased. Intervention with LW reversed the
above changes, suggesting that LW can improve the antioxidant
capacity of cells, delay aging and inhibit oxidative damage.

Recently, the microbiota-gut-brain axis has gained extensive
attention as a channel for communication and physiological
regulation (Li et al, 2020). Experimental evidence suggests
that the gut microbiota can alter the levels of multiple
cytokines, which in turn can have a significant effect on
several brain functions (Giau et al., 2018). Bacteria have
recently been identified in the brains of AD patients, suggesting
that the microbiota may be a contributing factor to related
neuroinflammation (Emery et al., 2017). Probiotics can modulate
gut microbiota dysbiosis and microbiota-gut-brain axis deficits
to improve cognitive dysfunction in aged mice (Yang et al., 2020).
Furthermore, gut microbiome activity may promote abnormal
lipid deposition and oxidation that damage the brain (Shao et al,,
2020). Regulating the composition of the intestinal flora and
the abundance of beneficial bacteria (including Enterorhabdus,
Clostridium, Bifidobacterium, and Parvibacter) were able to slow
down D-gal-induced oxidative stress damage and apoptosis
of neurons (Liu et al.,, 2021c). We found that Proteobacteria
was positively correlated with FFA and MDA (p < 0.05 or
p < 0.01) and negatively correlated with ApoE, GSH-Px,
adiponectin, and SOD (p < 0.05), suggesting that the high
abundance of Proteobacteria may aggravate lipid deposition and
promote oxidative stress. Conversely, the high abundance of
Fibrobacterota may inhibit oxidative stress. Based on the above
studies, we speculated that LW might regulate the levels of
Proteobacteria and Fibrobacterota to affect lipid metabolism and
oxidative stress to improve age-related cognitive dysfunction, but
the mechanism remains to be further investigated.

Notably, there are some limitations of this study. We did not
use germ-free mice or fecal bacterial transplantation to determine
which flora constituents are related to the therapeutic effect of
LW. In addition, the findings still need to be clinically validated,

Frontiers in Neuroscience | www.frontiersin.org

July 2022 | Volume 16 | Article 949298


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Liu et al.

Liuwei Dihuang and Aging

and the specific mechanisms of differentially abundant bacteria
or metabolites and lipid metabolism were not explored in depth
and need further investigation.

CONCLUSION

In summary, this study confirmed the ability of LW to
improve cognitive function and hippocampal synaptic structure
in aging mice, modulate the gut microbial composition and
hippocampal metabolic profile in aging mice, and modulate
lipid metabolism and oxidative stress. Moreover, this study
also showed that the changes in the Proteobacteria and
Fibrobacterota induced by LW may have a potential link
with lipid metabolism and oxidative stress, which deserves
further investigation.
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Background: Subcortical vascular mild cognitive impairment (svMCl) is one
of the most treatable cognitive impairments, but could be hampered by the
high clinical heterogeneities. Further classification by Chinese Medicine (CM)
patterns has been proved to stratify its clinical heterogeneities. It remains
largely unknown of the spontaneous brain activities regarding deficiency
patterns (DPs) and excess patterns (EPs) of svMCI patients based on fMRI data.

Objective: We aim to provide neuroimaging evidence of altered resting-state
brain activities associated with DPs and EPs in svMCI patients.

Methods: Thirty-seven svMCl patients (PAs) and 23 healthy controls (CNs)
were consecutively enrolled. All patients were categorized into either the EP
group (n = 16) and the DP group (n = 21) based on a quantitative CM scale.
The fractional amplitude of low-frequency fluctuation (fALFF) value was used
to make comparisons between different subgroups.

Results: The DP group showed significant differences of fALFF values in
the right middle frontal gyrus and the right cerebellum, while the EP group
showed significant differences in the left orbitofrontal gyrus and the left
cerebellum, when compared with the CN group. When compared with the EP
group, the DP group had markedly increased fALFF values in the left superior
temporal gyrus, right middle temporal gyrus and brainstem. The decreased
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fALFF values was shown in the right anterior cingulate and paracingulate gyri.
Among the extensive areas of frontotemporal lobe, the Montreal Cognitive
Assessment (MoCA) scores were significantly correlated with the reduced
fALFF value of the right middle frontal gyrus and the left orbitofrontal gyrus.

Conclusion: Our results indicated that the DPs and EPs presented the
lateralization pattern in the bilateral frontal gyrus, which will probably benefit
the future investigation of the pathogenesis of svMCI patients.

subcortical vascular mild cognitive impairment, fALFF, fMRI, Chinese medicine,
syndrome differentiation, deficiency pattern, excess pattern, lateralization

Introduction

Subcortical vascular mild cognitive impairment (svMCI)
refers to mild cognitive disorder with underlying subcortical
lacunar stroke or white matter hyperintensities (WMHs)
(T O’Brien et al., 2003). It is one of the most treatable
dementia (Rockwood et al, 2000), and has been proposed
as a relatively homogeneous subtype of all causes of vascular
dementia. However, clinical presentations often differ greatly
because of variations in differential subsets of conventional
vascular neuroimaging structure (e.g., lacunar and CMBs with
differential location, size, and volume, etc.). The resting-
state functional magnetic resonance imaging (rs-fMRI) is an
emerging and non-invasive technique to detect the brain
intrinsic functional architecture and meanwhile overcome
the unbalanced distribution of conventional vascular lesions
(Vinciguerra et al., 2020; Wang R. et al,, 2020). Inspired by the
milestone fMRI study to establish subtypes for heterogeneous
disease (Drysdale et al., 2017), there is much interest in
using rs-fMRI to explore the association of phenotypes and
neurobiological subtypes in svMCI.

Interestingly, it is the essence of Chinese medicine (CM)
and prerequisite of CM treatment to classify the same biological
disease into different etiopathological patterns/subtypes (Tang
et al, 2008; Lu et al, 2012). A total of 196 CM patterns
have been included in the latest International Classification
of Diseases 11th version (ICD-11) coding system (WHO,
2019). Among them, deficiency pattern (DP) and excess pattern

Abbreviations: svMCI, subcortical vascular mild cognitive impairment;
fMRI, functional magnetic resonance imaging; DP, deficiency pattern;
EP, excess pattern; PA, patient; CN, control; fALFF, fractional amplitude
of low-frequency fluctuation; WMHSs, white matter hyperintensities; rs-
fMRI, resting-state functional magnetic resonance imaging; CM, Chinese
medicine; SDSVD, syndrome differentiation score of vascular dementia;
MoCA, Montreal Cognitive Assessment; TR, repetition time; TE, echo
time; FA, flip angle; FOV, field of view; MNI, Montreal Neurological
Institute; FWHM, full-width at half maximum; GS, global signals; WM,
white matter; CSF, cerebrospinal fluid; FD, frame-wise displacement.
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(EP), consisting of two contrary and complementary clinical
manifestations, have been utilized as two basic patterns/subtypes
to ensure reasonable treatment of diseases (Tang et al., 2008).
This strategy is especially effective for complicated diseases
and has been used in China, Japan, Korea, and elsewhere
worldwide (Lam et al, 2019). In a multicenter cohort study
of vascular cognitive impairment, DPs exhibited significantly
lower naming factor scores relative to EPs (Zheng et al., 2022a),
sharpening specific clinical characteristics and treatment targets.
The underlying neural mechanisms regarding DPs and EPs in
svMCI patients remain to be further elucidated.

It is increasingly accepted that fMRI could help to
understand the neural basis behind different CM patterns of
disease. Taking major depression for example, the EP subtype
is often comorbid with nervousness and irritability, whereas the
DP subtype is characterized by excessive pensiveness, suspicion,
and timorousness. The functional connectivity of the insular
(Liu et al., 2019) and posterior cingulate cortex (Zhang et al.,
2015) was found to explain the neural basis of the above clinical
alterations, and indicated the sad-face processing variation
between DPs and EPs of major depression (Wang et al., 2019).
There were also fMRI studies demonstrating the altered resting-
state brain activities with different CM patterns in depression
with anxiety (Xu et al., 2018; Du et al., 2020) and psychogenic
erectile dysfunction (Liu et al., 2015). These studies indicate
the methodological possibilities for researching altered cerebral
activities based on DPs and EPs in svMCI patients. Further,
as an advancing approach to detect spontaneous brain activity
with much higher sensitivity and specificity (Zou et al., 2008),
the fractional amplitude of low-frequency fluctuations (fALFF)
value provides a promising avenue for exploring cerebral
alterations that are associated with symptomatic variations
between DPs and EPs in svMCI patients.

Taking together, the current study aimed to provide
physiological evidence, using functional magnetic resonance
imaging (fMRI), to identify altered resting-state brain activity
associated with DP and EP patterns in svMCI patients. We
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hypothesize that fALFF values in the DP and EP subgroups of
svMCI patients (PAs) were significantly altered compared with
healthy controls (CNs). To test this hypothesis, we examined
fALFF value differences between (1) PAs and CNs, (2) DPs and
CNs, EPs vs. CNs, and DPs vs. EPs.

Material and methods

Participants

We consecutively recruited a total of 60 right-handed
participants (Han Chinese) from February 2017 to January 2019.
They consisted of 37 svMCI patients and 23 demographically
matched healthy controls. All svMCI patients were enrolled
from a previous randomized control study (Zheng et al,
2022b), whereas healthy participants were enrolled from
community residents by advertisements. Complete recruitment
details were described in our prior work (Lyu et al, 2019;
J. et al., 2020; Xu J. et al, 2020; Xu Z. et al,
2020). Briefly, the diagnosis criteria of svMCI were performed
according to Petersen’s criteria (Petersen, 2004). T2 FLAIR
images showed WMHs with a Fazekas rating scale score > 2,

Wang

or multiple (> 3) supratentorial subcortical small infarcts
(< 20 mm), or one/more subcortical small infarcts in the
caudate nucleus, Globus pallidus, or thalamus (Jia et al,
2016). We excluded patients presenting secondary causes of
cognitive deficits according to previously described criteria
(Roman et al., 2002; Moorhouse and Rockwood, 2008; Jia et al.,
2016). Healthy controls had no history of any neurological
or psychiatric disorders, no cognitive complaints, and no
abnormalities on their conventional brain MRI images. All
subjects provided written informed consent to participate
in the study. All aspects of this study were approved
by the Institutional Review Board of Shenzhen Traditional
CM Hospital.

Clinical measures

All subjects underwent a clinical evaluation that assessed
their demographic characteristics (age, sex, and level of
education), various vascular risk factors (smoking, alcohol,
hypertension, diabetes mellitus, and body mass index), as well as
brain MRI scanning. All participants underwent a standardized
neurological examination and assessment of the Beijing version
of the Montreal Cognitive Assessment (MoCA). The scale
for the differentiation of syndromes of vascular dementia
(SDSVD) = was developed in 2002 (Tian et al., 2002) to power
the standardized evaluation of CM syndrome in trials of vascular
cognitive impairment (Shi et al., 2014). It was included in the
present study to quantitatively assess all patients and divided
them into four subtypes, namely kidney essence deficiency
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(KED), qi and blood deficiency (QBD), phlegm obstruction
of orifices (POO), and stasis blocking channels (SBC). KED
and QBD are representative of DPs, and POO and SBC are
representative of EPs. Each subtype is assigned a score from 0
to 30, with a sum score of at least 7 indicating confirmation
of the subtype. If the patients meet more than 2 subtypes,
the subtype with the highest score is labeled as the dominant
CM pattern, by which the DPs or EPs will be determined
(Tian et al., 2002).

Functional magnetic resonance
imaging data acquisition

MRI images were acquired using a GE Discovery MR750
3.0T MRI scanner (General Electric Medical Systems,
Milwaukee, WI, United States) at the Shenzhen Hospital
of Traditional CM. For all subjects, high-resolution structural
images were acquired with a three-dimensional MRI sequence
using an axial fast spoiled gradient recalled sequence with the
following parameters: repetition time (TR) = 8.62 ms, echo time
(TE) = 3.224 ms, flip angle (FA) = 12°, data matrix = 512 x 512,
field of view (FOV) = 256 x 256 mm?, and continuous sagittal
slices = 152 with 1 mm thickness. Functional images were
acquired with an echo-planar imaging (EPI) sequence with the
following parameters: TR = 2,000 ms, TE = 35 ms, FA = 90°,
data matrix = 64 x 64, resolution = 3.75 x 3.75 mm?, slices
thickness = 4 mm with no inter-slice gap, and volumes = 240
with 38 axial slices. All subjects were required to lie flat, close
their eyes, and relax while remaining awake during the scanning
process. After the data scanning, all subjects verified that
they remained awake during the scan, and the neuroimaging
quality was checked.

Functional magnetic resonance
imaging data processing

Data preprocessing was performed using statistical
parametric mapping (SPM8)* (Friston et al., 1994) and DPABI?
(Yan et al., 2016), following standardized principles and quality
control procedures (Polli et al., 2016; Takeuchi et al., 2017;
Chen et al., 2018). First, the first 10 volumes in the time
series were discarded to avoid non-equilibrium effects in
the MR signal. Then the functional images were slice-timing
corrected, which was performed by interpolating the voxel
time using slice interpolation. Next, all functional images were
spatially realigned and co-registered to their corresponding
anatomical images. Then, the resulting images were spatially

1 https://www:fil.ion.ucl.ac.uk/spm/

2 http://www.rfmri.org/dpabi
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normalized to Montreal Neurological Institute (MNI) space,
resampled to 3 mm X 3 mm x 3 mm voxels and further
spatially smoothed using a Gaussian kernel with 6 mm full-
width at half maximum (FWHM) (Tahmasebi et al., 2009).
Finally, potential sources of 24 head motion parameters, global
signals (GSs), white matter (WM) signals and cerebrospinal
fluid (CSF) signals were regressed out to remove their effects
(Murphy et al., 2009). Particularly, given a possible confounding
effect of micromovements (Dijk et al., 2012), the framewise
displacement (FD) values, which reflected the temporal
derivative of the movement parameters (Power et al., 2012; Yang
et al., 2014), were calculated for each subject. One subject with
svMCI and two healthy subjects who had a mean FD = 0.5 mm
or translation > 2 mm or rotation > 2 degrees were excluded.
In total, data from the remaining 37 patients with svMCI and
23 healthy controls were used for further analysis.

Fractional amplitude of low-frequency
fluctuation analysis

After preprocessing, the linear trend was removed and
fALFF analysis was carried out using DPABI software (Yan
et al.,, 2016). The analysis procedure for fALFF was carried out
according to the method of previous studies (Zou et al., 2008;
Liu et al,, 2017). fALFF values were computed in a voxel-wise
manner using volumetric fMRI data. The BOLD time series of
all brain voxels were converted to the frequency domain via
the fast Fourier transform (FFT; MATLAB), and normalized
power spectrums were subsequently obtained. The fALFF index
was computed in a voxel-wise manner as the sum of power
in the 0.01-0.1 Hz frequency band divided by the sum of
power of the entire frequency range (0.01-0.25 Hz). Finally,
the subject-level voxel-wise fALFF maps were standardized
into subject-level Z-score maps by subtracting the mean voxel-
wise fALFF obtained for the whole brain and dividing by the
standard deviation.

Statistics analysis

Participants’ baseline characteristics, including
demographic information (i.e., age, sex, and body mass index)
and clinical scores (i.e., SDSVD and MoCA) were compared
between groups. Two-tailed two-sample ¢-tests were performed
to examine the significant group-level differences between the
PA group and CN group, DP/EP group and CN group, as well as
differences between the DP group and EP group. The statistical
significance level was set at p < 0.05. All statistical tests were
performed in IBM SPSS Statistics 21.0 software.

To investigate the effect of differences in fALFF values at the
group level, a two-tailed two-sample ¢-test was performed on the

individual fALFF maps between different groups (PAs vs. CNs,
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DPs vs. CNs, EPs vs. CNs and DPs vs. EPs). In particular, age,
sex and education level were considered variables of no interest
and were regressed out to remove their effects. The threshold of
significance was set at a p = 0.05 combined with correction for
multiple comparisons using the AlphaSim method (a minimum
cluster threshold of 178 voxels of 3-mm cubic in MNI space).

Moreover, to identify the relationship of the fALFF values
in regions with significant group-level differences and clinical
characteristics, the mean fALFF values were calculated first.
Then, Pearson’s correlation analysis was performed between
the mean fALFF values and the cognitive performance of the
patients (MoCA).

Results

Demographic and clinical
characteristics of subjects

A total of 37 svMCI patients and 23 healthy controls were
included for analysis in the present study. Thirty-seven svMCI
patients in the PA group were further divided into the EP group
(n = 16) and DP group (n = 21). Demographic and clinical
data for all subjects are shown in Table 1. MoCA scores were
significantly lower in the PA group, DP group and EP group
than that in the CN group. The ratio of hypertension in both
the DP and EP groups, as well as the education level and
age in the DP group, were significantly different from those
in the CN group.

Group comparisons

The results obtained from the two-sample t-test clearly
demonstrated that there were significant differences between
different groups when comparing each patient group to the
CN group. The PA group exhibited significantly reduced fALFF
values in the left superior and medial frontal gyrus, and
significantly increased fALFF values in the right cerebellum
(Supplementary Table 1 and Figure 1A). However, when the
PA group was divided into the DP and EP groups, the DP group
exhibited significantly reduced fALFF values in the right middle
frontal gyrus, and significantly increased fALFF values in the
right cerebellum (Supplementary Table 1 and Figure 1B). In
contrast, the EP group exhibited significantly reduced fALFF
values in the left orbitofrontal gyrus, and increased fALFF values
in the left cerebellum (Supplementary Table 1 and Figure 1C).
Further, when the DP group was compared to the EP group, we
found significantly increased fALFF values in the left superior
temporal gyrus, right middle temporal gyrus, and brainstem,
and significantly decreased fALFF values in the right anterior
cingulate and paracingulate gyri (Supplementary Table 1 and
Supplementary Figure 1).
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TABLE 1 Demographic and clinical characteristics in the PA group, DP group, EP group and CN group.

Groups PA DP EP CN p-value
(N=37) (N=21) (N=16) (N=23)
PAvs.CN DPvs.CN EPvs.CN DPvs. EP

Gender (male/female)? 19/18 9/12 10/6 9/14 0.36 0.80 0.15 0.24
Age (years, mean & SD)® 63.86 £ 6.91 65.67 £ 6.38 61.50 £ 7.05 61.91 +4.86 0.24 0.03* 0.83 0.07
Education (years, mean =+ SD)® 8.27 +3.73 7.33 +3.09 9.50 + 4.23 9.83 +3.55 0.12 0.02* 0.80 0.08
BMI (mean =+ SD)® 23.63 £2.73 23.47 £ 2.61 23.84 £2.96 23.17 £2.36 0.51 0.69 0.44 0.69
Smoking (yes/no)* 15/22 9/12 6/10 4/19 0.06 0.06 0.264 0.74
Alcohol (yes/no)? 9/28 5/16 4/12 4/19 0.754 0.722 0.694 0.934
Hypertension (yes/no)* 26/11 14/7 12/4 5/18 <0.001* 0.003* 0.001* 0.58%
Diabetes mellitus (yes/no)* 13/24 5/16 8/8 4/19 0.14 0.72% 0.042 0.10
Hyperlipidemia (yes/no)? 10/27 5/16 5/11 3/20 0.332 0.45% 0.24% 0.61
MoCA (mean = SD)® 19.49 =+ 2.06 18.95 4 1.91 20.19 £2.10 28.83 £ 1.11 <0.001* <0.001* < 0.001* 0.07

2Binary variables were analyzed using the chi-square test.
bQuantitative parameters were analyzed using a two-sample t-test.
*Represents a significant difference between the two groups.

2 Fisher’s exact test.

PA, patient; DP, deficiency pattern; EP, excess pattern; CN, control; BMI, body mass index; MoCA, Montreal cognitive assessment.

PA vs CN

FIGURE 1

Brain regions that showed significant alterations in fALFF values. (A) the PA group vs. the CN group, (B) the DP group vs. the CN group; and (C)
the EP group vs. the CN group. fALFF, fractional amplitude of low-frequency fluctuation; PA, patient; DP, deficiency pattern; EP, excess pattern;

CN, control; R, right; L, left.

Correlation analysis

The MoCA scores were positively correlated with the fALFF
value of the right frontal middle gyrus (r = 0.544, p <
0.001) (Figure 2A) and the left orbitofrontal gyrus (r = 0.649,
p < 0.001) (Figure 2B). Non-significant correlations were
observed between the MoCA scores and the fALFF value of any
interested gyrus in the comparison of DP and EP. The whole
correlation analysis results can be found in Supplementary
Table 2.
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Discussion

In the present study, we measured fALFF value alterations
before and after svMCI patients were categorized into DP and
EP subgroups. We found altered resting-state brain activities
in cerebellum, brainstem and widespread frontotemporal area
extending to the right middle frontal gyrus, right anterior
cingulate gyrus, right middle temporal gyrus, left superior
temporal gyrus, and right anterior cingulate and paracingulate.
The lateralized activation of the right middle frontal gyrus and
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Correlation analysis. (A) The fALFF value of the right frontal middle gyrus and the MoCA score; (B) The fALFF value of the left orbitofrontal gyrus
and the MoCA score. fALFF, fractional amplitude of low-frequency fluctuation; DP, deficiency pattern; EP, excess pattern; CN, control; MoCA,

the Montreal Cognitive Assessment.

the left orbitofrontal gyrus were found steady and significantly
correlated with the MoCA scores. Our findings provide the
initial evidence of lateralized brain activation of two contrary
CM patterns of DPs and EPs in svMCI patients. These finding
might extend our present understanding and allow better
stratification of heterogeneous svMCI patients.

We repeatedly found that svMCI patients showed lower
prefrontal fALFF values and higher cerebellar fALFF values both
before and after the classification of CM patterns. The frontal
lobe is one of the most important brain regions subserving
cognitive regulation (MacDonald et al., 2000; Arnsten et al.,
2021). Dysregulation of the dorsolateral prefrontal cortex leads
to clinical cognitive decline and provides the most commonly
used targets for non-invasive brain stimulation (Birba et al.,
2017). The increased fALFF values were associated with
significant improvement of cognitive function after treatment
(Qin et al., 2022). According to the “disconnection hypothesis”
(Galluzzi et al., 2008), disruption by WMHs or lacunar infarcts
of the prefrontal-frontal circuits implicated in the cortical
loops and interhemispheric connectivity may primarily result
in cognition decline (Puglisi et al., 2018; Vinciguerra et al,
2019; Cantone et al.,, 2020). Thus, it was not surprising that
we found altered frontal fALFF values in svMCI patients
due to vascular lesions leading to disrupted plasticity (Yi
et al, 2012). Further, we found the increased activities of
cerebellar significantly correlated with cognition performance,
which could be supported by the recent paradigm shift
of cerebellar neuroscience involved in cognition regulation
(Schmahmann et al., 2019; Lin et al., 2022). Our study supported
the robust biological findings in svMCI patients even in
different CM patterns.

It is interesting that we observed opposite sides of brain
activation corresponding to DPs and EPs in svMCI patients.
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Especially, the fALFF value of bilateral clusters of interest was
significantly correlated with the disease severity. It is known
that EPs and DPs have been clinically utilized for subtype
identification and treatment decision making for thousands of
years (Jiang et al., 2012; Lee et al., 2015). Functional MRI-
derived brain activity has been introduced to explore this
mystery based on the development of cognitive neuroscience
(Liu et al., 2015; Xu et al., 2018). Consistent with the lateralized
pattern in our study, the main differences in posterior cingulate
cortex (PCC) functional connectivity between EPs and DPs
occurred in the left PCC in depressive patients (Zhang et al.,
2015). Meanwhile, we found that the differences in EPs vs.
CNs and DPs vs. CNs were totally different from the findings
in DPs vs. EPs. This tendency was replicated in functional
connectivity analysis in major depression (Zhang et al., 2015),
which arises further interests in exploring neural mechanisms
behind different CM patterns. Currently, the cell type-specific
signature genes were found to significantly correlate with
cerebral cortical differences (Li et al., 2021), which provided
a novel approach to interpret our findings based on the gene
enrichment of the difference map of EPs and DPs. Notably,
whenever compared with CNs or EPs, DPs showed decreased
resting-state brain activity in the right middle frontal gyrus and
anterior cingulate gyrus. These regions are critical for intrinsic
connectivity networks that mediated cognitive processing (Zhao
et al,, 2019). Especially, the reduced activity of the right middle
frontal gyrus contributed to the worse cognitive performance.
This was of great practical significance because the classical CM
theory holds the view that the DP patients always exhibit a long-
lasting course of disease with concomitant cognitive impairment
(Lin et al., 2020; Wang B. Q. et al., 2020). Interestingly, Ning
et al. (2018) demonstrated that the DP individuals had memory
and attention impairments by nature even in healthy subjects,
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to which the abnormal functional connectivity of the executive
control network was attributed. Thus, our study provided
neuroimaging response for DPs in svMCI patients and extended
our insights into CM patterns with cerebral plasticity.

There are several limitations of this study. First, as
participants were recruited from a previous randomized control
study (Zheng et al,, 2022b) and composed of only partial
CM patterns defined by SDSVD, the altered neural activities
behind all DPs and EPs should be explained with caution
considering the selection bias. Second, the relatively small
sample size and potential confounders (e.g., unclear medication
consumption) might have compromised the statistical power
and the external validity of the analysis. Third, all patients had
numerous neuroimaging lesions with small subcortical infarcts
and/or randomly distributed WMHs. We cannot exclude the
potential effects of these lesions, since it was difficult to assess
the randomly distributed location and relatively small volume
of all the lesions.

Conclusion

The “DP and EP” theory has long time been utilized
for patient treatment in the field of CM. The present study
showed a lateralized neural activation paradigm in the bilateral
frontal gyrus that may distinguish DPs from EPs in svMCI
patients. The right middle frontal gyrus might serve as a
brain response to endogenic cognitive impairments of DPs
in svMCI patients. Understanding the neural mechanism
underlying differential CM patterns will probably benefit the
future investigation of the pathogenesis of svMCI, which might
improve treatment approaches.
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Background: Although blood pressure variability (BPV) has emerged as a novel
risk factor for Alzheimer's disease, few studies have examined the effects
of night BPV on brain structure and function. This study investigated the
association of night BPV with brain atrophy and cognitive function changes.

Methods: The analysis included 1,398 participants with valid ambulatory blood
pressure (BP) monitoring at baseline and both baseline and 4-year follow-up
brain magnetic resonance images who were recruited from the Korean
Genome and Epidemiology Study. Participants underwent a comprehensive
neuropsychological test battery. BPV was derived from ambulatory BP
monitoring and calculated as a standard deviation (SD) of 24-h and daytime
and nighttime BP.

Results: During the median follow-up of 4.3 years, increased SD of night
systolic or diastolic BP was an indicator of total brain volume reduction, while
daytime BPV or night average BP was not associated with total brain volume
changes. High SD of night systolic BP was associated with reduced gray matter
(GM) volume, independent of average night BP, and use of antihypertensive
drugs. It also was associated with a reduction of temporal GM volume, mostly
driven by atrophy in the left entorhinal cortex and the right fusiform gyrus. In
cognitive performance, high variability of night systolic BP was associated with
a decrease in visual delayed recall memory and verbal fluency for the category.

Conclusion: Increased night BPV, rather than night mean BP, was associated
with reduced brain volume and cognitive decline. High night BPV could be an
independent predictor for rapid brain aging in a middle-aged population.
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Introduction

High blood pressure (BP) has been shown to be associated
with brain atrophy and cognitive dysfunctions (1-3). Nocturnal
hypertension showed significant associations with brain volume
and cognitive impairment (1, 4, 5). In addition to the effect of
BP level on brain function, the importance of dynamic changes
in BP level in cerebrovascular disease has been supported by
several observations. Past studies have focused on the effect of
circadian BP variation, such as nocturnal BP dipping or non-
dipping, and both patterns had adverse effects on brain health.
Non-dippers are defined as night BP decrease <10% of the day-
time level and showed more frequent silent cerebral infarction
than dippers, with a night BP decrease >10% (6). In contrast,
the very large nocturnal BP decrease of an extreme dipper
could induce cerebral vascular insufficiency (7). Since the advent
of 24-h non-invasive ambulatory BP monitoring, most studies
have evaluated the association between short-term BP variability
(BPV) and cerebral outcomes. High BPV was associated with an
increased risk of cerebral small vessel disease, stroke, dementia,
and cognitive decline (8-13). Evidence has shown that greater
BPV leads to diffuse atherosclerotic progression represented by
increased left ventricular mass index or carotid-intima media
thickness value (14, 15).

Despite these observations, the relationship between
increased nighttime BPV and brain volume atrophy or cognitive
function remains poorly understood. Previous studies are
limited by small sample sizes (16) or cross-sectional associations
with inconsistent results (17-19). Moreover, it is not clear which
regional area of the brain is most associated with high night
BPV and how it relates to changes in cognitive functions.

In this study, we investigated whether increased night BPV is
associated with brain volume atrophy and cognitive decline in a
middle-aged population. We analyzed longitudinal associations
between night BPV at baseline and changes in brain volume and
cognitive function across 4 years.

Materials and methods

Subjects

The study subjects were from the Ansan cohort of the
Korean Genome Epidemiology Study (KoGES), an ongoing
population-based cohort study that began in 2001. The
demographics, medical illness, and medications of KoGES
participants have been biennially evaluated. During the 6th
and 7th examinations (2011-2014), baseline brain magnetic
resonance imaging (MRI) scans and cognitive function tests
were acquired. Follow-up brain MRI scans and cognitive
function tests were conducted during the 8th and 9th
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examinations (2015-2018). Further details are described
elsewhere (20).

This study included 1,967 subjects who examined 24-
h ABPM during the baseline period (2011-2014) (Figure 1).
We excluded 224 subjects with the following conditions: (1)
valid 24-h ABPM < 70% of the readings of total 24-h BP
measurements (n = 202); (2) cerebrovascular disease (n =
10); and (3) any cancer (n = 12). Among the remaining
1,743 subjects, 1,438 individuals underwent both baseline and
follow-up brain MRI scans. None of them had a history
of dementia or any neuropsychiatric disorders. After the
40), 1,398

participants were finally included in this study. This study

exclusion of subjects with missing data (n =

was performed according to the principles of the Declaration
of Helsinki of the World Medical Association and was
approved by the Institutional Review Board of Korea University
Ansan Hospital.

Assessments

Demographic, anthropometric, and laboratory
measurements

All participants responded to an interviewer-administered
questionnaire and underwent physical examinations.
Lifestyle characteristics, such as smoking status and alcohol
consumption, were categorized as never, former, and current.
Regular exercise was defined as at least three times a week for
30 min per session during the previous month. Education level
was categorized into primary, secondary, and college/university
levels. Height was measured to the nearest 0.1cm using a
fixed wall-scale measuring device. Weight was measured to the
nearest 0.1 kg using an electronic scale that was calibrated before
each measurement. Body mass index (BMI) was calculated as
weight in kilograms divided by height in meters squared. Blood

was drawn for biochemical analysis after an overnight fast.

24 h ABPM

A Mobil-O-Graph NGversion20, which is a non-invasive
oscillometric device, and its hypertension management software
(LE.M. GmbH, Stolberg, Germany) were used for ABPM. A
trained researcher informed the participant during a clinic visit
how to use the home 24-h ABPM device. A BP cuff was placed on
the upper region of the non-dominant arm, and BP was recorded
automatically every 30 min (0600-2,300 h) or every hour (2,300-
0600 h). The participant was asked to record the time of waking
and sleeping over a 24-h period. Daytime and nighttime for each
of the participants were ascertained based on the awake and

asleep times.
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The Ansan cohort of the Korean Genome
Epidemiology Study (KoGES)
fromthe 6" to 9" examinations

1967 examined 24-h ABPM
during the 6™ and 7" KoGES

Exclusion (n=224)
- Valid measurements <70% of
the total 24-h ABPM (n=202)
- Cerebrovasculardisease (n=10)
- Any cancer (n=12)

1743 subjects with 24-h ABPM

1673 underwent baseline brain MRI
during the 6™ and 7" KoGES

1438 underwent follow-up brain MRI
during the 8™ and 9" KoGES

Missing data (n=40)

1398 includedin the study

FIGURE 1

A flowchart of the selection process. ABPM, ambulatory blood pressure measurement; MRI, magnetic resonance imaging

Brain MRI

All 3D T1 MRI scans were acquired using a GE Signa
HDxt 1-5T MRI scanner with an 8-channel head coil. The
detailed MRI protocols are described in a previous study (20).
Brain MRI images were processed through a well-established
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fully automated procedure, the BRAINS AutoWorkup in the
BRAINSTOOLSs package (21, 22). The MRI processing starts
with spatial normalization using landmark detection (23),
bias-field correction with tissue classification (22), and finally
segmentation using ANTs Joint Fusion (24). Two hundred

frontiersin.org


https://doi.org/10.3389/fneur.2022.963648
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Yu et al.

TABLE 1 Baseline characteristics of the study subjects.

N =1,398
Age, years 59.7+6.7
Age group
<60 years 796 (56.9)
60-69 years 454 (32.5)
>70 years 148 (10.6)
Sex, men 643 (46.0)
Current smoker 132 (9.4)
Current drinker 597 (42.7)
Regular exercise 527 (37.7)
Education, elementary or less 183 (13.1)
Primary 183 (13.1)
Secondary 912 (65.2)
College/university 303 (21.7)
BMI, kg/m? 246 £2.9
Day SBP, mmHg 122.6 £12.0
Day DBP, mmHg 80.7 £10.1
Night SBP, mmHg 112.3 £ 12.8
Night DBP, mmHg 72.1 +10.0
SD of day SBP 12.6 £4.0
SD of day DBP 9.6 +2.5
SD of night SBP 10.1 £4.5
SD of night DBP 8.6 +£3.5
ICV, mL 1396.1 £ 137.1
DM 444 (31.8)
Hypertension 538 (38.5)
Antihypertensive medications 454 (32.5)
Heart disease 107 (7.7)
Obesity 605 (43.3)
Sleep duration, h 6.0+ 1.2
Snoring 1,072 (77.2)

Data are presented as mean & SD or number (%).
BMI, body mass index; DBP, diastolic blood pressure; DM, diabetes mellitus; ICV,
intracranial volume; SBP, systolic blood pressure; SD, standard deviation.

fifteen independent brain subcompartments were automatically
delineated, and the volumes were measured. The high reliability
of the longitudinal measurement of two-time point MRI
using the BRAINS AutoWorkup has been previously described
(20). The sub-compartments were merged into three tissue
classes: GM, WM, and cerebrospinal fluid. All the volume
measurements were extracted from an individual’s original
anatomical space. GM and WM volumes were summed to obtain
total brain volume.

Neuropsychological tests
KoGES participants
neuropsychological

the
battery described below

were administered

assessment

Frontiersin Neurology

33

10.3389/fneur.2022.963648

during the regular examination cycle as part of the baseline
measurement of the aging study: (1) story recall test, immediate
and delayed recall, and recognition; (2) visual reproduction,
immediate and delayed recall, and recognition; (3) verbal
fluency; (4) trail making tests; (5) Digit Symbol-coding,
incidental learning, and free recall; and (6) Korean-Color
Word Stroop Test, word reading, and color reading. Standard
administration protocols were used for each testing session,
and the tests were conducted by well-trained and experienced
examiners. Further details described

psychological
elsewhere (25).

are

Definitions of diabetes mellitus (DM),
hypertension, heart disease, and obesity

DM was diagnosed as fasting plasma glucose >7.0
mmol/L, 2-h plasma glucose >11.1 mmol/L after a 75g
oral glucose tolerance test or use of anti-diabetic medication
(26). Hypertension was diagnosed as systolic BP (SBP) or
diastolic BP (DBP) equal to or higher than 140 or 90 mmHg,
respectively, or use of antihypertensive medications. Participants
with a documented history of myocardial infarction, angina, or
congestive heart failure were considered to have heart disease.
Obesity was defined as BMI >25 kg/m?.

Sleep duration and snoring measurements

All participants were asked to answer sleep-related questions
based on the average sleep pattern during the past month. Sleep
duration was determined as the answer to, “How many hours did
you usually sleep per day during the last month?” Participants
were asked if they had ever been reported to snore. Snoring
status was confirmed by a bed partner or a family member who
lived with the participant for more than 1 year. Further details
are described elsewhere (27).

Statistical analysis

As measures of short-term reading-to-reading BPV, we used
the SD over daytime and nighttime. Baseline characteristics are
presented as number (%) or mean £ SD. The brain volume
change was calculated by subtracting the baseline brain volume
from the follow-up brain volume. Multivariate linear regression
analyses were conducted to evaluate the effects of BPV on brain
volume or cognitive function changes. The regression models
included brain volume changes as the dependent variable;
ICV, age, sex, smoking, alcohol, exercise, education, an average
of daytime and nighttime BP, antihypertensive medications,
DM, heart disease, baseline brain volume, and time intervals
between baseline and follow-up MRI scans were included as the
independent variables. For analysis of associations with night
systolic BPV, the average SBP during the day and that during
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TABLE 2 Associations between 24-h BP indicators and total brain volume changes.

SBP
N =1398 {8 Estimate SE
Mean day 0.058 0.063
Mean night 0.0004 0.059
SD day —0.055 0.158
SD night —0.278 0.119

DBP
P B Estimate SE P
0.357 0.059 0.081 0.470
0.995 0.022 0.078 0.773
0.728 —0.054 0.220 0.807
0.020 —0.375 0.154 0.015

All models are adjusted for baseline intracranial volume, age, sex, smoking, alcohol, exercise, education, mean day BP, mean night BP, anti-hypertensive medications, DM, heart disease,

time between MRI scans, and baseline brain volume. Brain volume changes were calculated by subtracting baseline brain volumes from follow-up brain volumes.

BP, blood pressure; DBP, diastolic blood pressure; DM, diabetes mellitus; MRI, magnetic resonance imaging; SBP, systolic blood pressure; SD, standard deviation. Bold values indicate P

value < 0.05.

the night were included in the regression models; for analysis of
night diastolic BPV, the average DBP values during both days
and night were included. The association of night BPV with
brain regional volume changes was further analyzed in sub-
compartments of WM and temporal GM. The cognitive function
change was calculated by subtracting the baseline cognitive
scores from the follow-up scores. The regression models
included cognitive function change as the dependent variable,
and baseline cognitive scores and time between cognitive tests
were entered as variables along with those mentioned above.
Sobel’s tests were performed to examine whether GM volume
atrophy mediated any associations between night systolic BPV
and decline in cognition. Statistical significance for non-
normally distributed cognitive variables was estimated after
logarithmic transformation. A P-value <0.05 was considered
statistically significant. Statistical analyses were performed
using SAS version 9.1 for Windows (SAS Institute Inc., Cary,
NG, USA).

Results

Subject characteristics

The descriptive and clinical characteristics of the study
population at baseline are presented in Table 1. The mean age of
all participants was 59.7 & 6.7 years (range, 49-79), and 46.0% of
the individuals were men. The mean BMI was 24.6 + 2.9 kg/mz,
and 43.3% of the participants were obese. Approximately, 38.5%
of patients had hypertension and 31.8% had diabetes mellitus
at baseline. In addition, 13.1% of participants had an education
level of elementary school or lower.

Associations between BPV and total brain
volume changes

Table 2 presents the associations between the 24-h

ambulatory BP indicators and total brain volume changes. The
average period between baseline and follow-up brain MRI scans
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was 4.3 & 0.5 years. The mean BP during daytime or nighttime
was not associated with total brain volume changes. In relation
to BPV, only SD of night BP was significantly associated with
total brain volume changes. Higher SD of night SBP or DBP
was significantly associated with greater total brain volume
reduction after full adjustment (P = 0.020 for SD of night SBP,
P =0.015 for SD of night DBP; Table 2). Further adjustment for
sleep duration, snoring, or BMI did not alter the significance of
these associations. The SD of night SBP or DBP was positively
associated with age, BMI, and an average of day and night BP in
the multivariable regression analysis (Supplementary Table 1).
Sleep parameters such as sleep duration or snoring were not
associated with night BPV.

Effects of night BPV on regional brain
volume changes

We evaluated the effects of night BPV on regional brain
volume changes, and the results are shown in Table 3. Increased
SD of night SBP was associated with greater atrophy in GM
volume (P = 0.033), particularly with decreased temporal GM
(P = 0.021). The significance of this finding did not change
even after further adjustment for sleep duration, snoring, or
BMI. The relationship between night systolic BPV and temporal
GM was mostly driven by atrophy of the left entorhinal cortex
(P = 0.010) and right fusiform gyrus (P = 0.039) (Figure 2;
Supplementary Table 2). Atrophy of the right fusiform gyrus was
also associated with increased SD of night DBP (P = 0.018).

SD of night DBP showed a negative association with WM
volume changes (P = 0.049; Table 3). Higher night diastolic
BPV was associated with greater regional WM atrophy in the
right precentral (P = 0.045), left paracentral (P = 0.025),
right rostral middle frontal (P = 0.048), both superior frontal
(P = 0.024 for left, 0.049 for right), left precuneus (P =
0.033), left transverse temporal (P = 0.027), both lingual (P
= 0.016 for left, 0.034 for right), and right cuneus (P =
0.029) gyri (Supplementary Table 3). The volume changes of the
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FIGURE 2

Subregions of temporal GM with significant atrophy associated with night systolic BPV. The left entorhinal cortex (marked in pink, P = 0.010) and
the right fusiform gyrus (marked in red, P = 0.039) showed significantly greater atrophy associated with increased night systolic BPV.

hippocampus were not associated with night systolic or diastolic
BPV (data not shown).

Effects of night BPV on cognitive
performance changes

Table 4 shows the associations between night systolic BPV
and cognitive performance changes. High SD of night SBP
was significantly associated with a greater decline in visual
delayed recall memory (P = 0.028) and verbal fluency for
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category (P = 0.029) and with a slower decline in verbal
recognition memory (P = 0.010) during the follow-up period.
Further adjustment for sleep duration and snoring did not alter
the significance of these associations. In contrast, night mean
SBP or DBP was not associated with any cognitive functional
changes (Supplementary Table 4). Night diastolic BPV was also
not significantly associated with cognitive decline (data not
shown).

We examined whether the relation between night systolic
BPV and decline in cognitive function was mediated by GM
atrophy (Supplementary Table 5). There was no significant
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TABLE 3 Linear regression analyses between night BPV and regional brain volume changes.

SD of night SBP
A ml (n=1,398) B Estimate SE
A GM —0.168 0.079
A Frontal GM —0.035 0.043
A Parietal GM —0.033 0.019
A Temporal GM —0.039 0.017
A Occipital GM —0.014 0.015
AWM —0.127 0.092
A Frontal WM —0.039 0.039
A Parietal WM —0.037 0.026
A Temporal WM —0.003 0.019
A Occipital WM —0.013 0.009

SD of night DBP
P B Estimate SE P
0.033 —0.159 0.102 0.121
0.422 —0.039 0.056 0.485
0.090 —0.021 0.025 0.411
0.021 —0.018 0.022 0.407
0.335 —0.015 0.019 0.442
0.168 —0.234 0.119 0.049
0.318 —0.096 0.050 0.055
0.160 —0.060 0.034 0.073
0.885 —0.013 0.025 0.592
0.171 —0.015 0.012 0.225

All models were adjusted for baseline intracranial volume, age, sex, smoking, alcohol, exercise, education, mean day BP, mean night BP, anti-hypertensive medications, DM, heart disease,

time between MRI scans, and baseline brain volume.

Regional brain volume changes were calculated by subtracting baseline regional brain volumes from follow-up volumes.

BP, blood pressure; DBP, diastolic blood pressure; DM, diabetes mellitus; GM, gray matter; MRI, magnetic resonance imaging; SBP, systolic blood pressure; SD, standard deviation; WM,

white matter.

evidence of mediation by GM volume atrophy in the relationship
between night systolic BPV and cognitive decline in visual
delayed recall memory (Sobel’s test = 0.437, P = 0.662) or verbal
fluency for category (Sobels test = 0.432, P = 0.666).

Discussion

We found that higher systolic BPV during the night was
associated with the greater decline in brain volume and cognitive
function over a mean follow-up of 4.3 years in a Korean
population. Increased night BPV was associated with total
brain volume atrophy, independent of average BP and the use
of antihypertensive drugs. High variability of night SBP was
associated with GM volume atrophy, especially temporal GM
atrophy. Furthermore, the increase in night systolic BPV was
associated with a greater decline in visual delayed recall memory
and verbal fluency for category.

In our study, total brain volume atrophy and cognitive
decline were associated with increased night BPV, but not with
night mean BP. It is well-known that high BP contributes to
cognitive impairments and dementia (3, 28). However, despite
excellent BP control in a post-hoc analysis of the SPRINT
MIND trial, higher BPV was associated with an increased risk
of dementia (29), suggesting that increased BPV might be an
independent factor associated with brain damage. Recent meta-
analyses have demonstrated that increased BPV was associated
with cerebral small vessel disease progression (10, 30), which is
a major cause of cognitive decline (31-33). BPV also increased
with age and mean BP level in our study. Therefore, high
night BPV might be an epiphenomenon accompanied by the
coexistence of various comorbidities or frailty in older adults.
Increased BPV was associated with a greater risk of frailty
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(34), showing a significant correlation with cognitive decline,
particularly in elderly hypertensive individuals (35-38).

Temporal GM was the area most affected by high night
systolic BPV in our study. The relationship between night
systolic BPV and temporal GM was driven most highly by
atrophy of the left entorhinal cortex and right fusiform gyrus.
To the best of our knowledge, this is the first study to identify
the regional area of the brain most affected by night systolic
and diastolic BPV. The entorhinal cortex is located in the
medial temporal lobe, which functions as a widespread network
hub for memory, navigation, and the perception of time (39).
The fusiform gyrus is the largest macro-anatomical structure
within the ventral temporal cortex and is considered a key
structure for functionally specialized computations of high-level
vision, such as face perception, object recognition, reading,
and visual processing of letters and words (40). However, GM
atrophy did not mediate the relationship between increased
night systolic BPV and impaired visual delayed recall memory
or verbal categorical fluency in our study. It remains to be seen
whether brain regional connectivity or microstructural changes
are involved in this relationship. More long-term follow-up
studies are warranted to clarify the relevant mechanisms. It is
unclear why the increased variation in night SBP was associated
with slower decline in verbal recognition memory.

High night diastolic BPV was significantly related to
WM atrophy, while the increase in night systolic BPV was
associated with GM volume reduction in our study. It remains
a matter of debate whether the variability of SBP or DBP
contributes separately to GM and WM atrophy. Several studies
have reported that DBP was strongly associated with WM
hyperintensities (41, 42). It has been suggested that large artery
stiffness leads to elevated SBP and pulse pressure, whereas
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TABLE 4 Linear regression analyses between night systolic BPV and cognitive performance changes.

n
Story Recall Test-Immediate Recall 1,376
Story recall test-delayed recall 1,367
Story recall test-recognition® 1,379
Visual reproductions-immediate recall 1,384
Visual reproductions-delayed recall 1,377
Visual reproductions-recognition 1,380
Verbal fluency-phonemic 1,347
Verbal fluency-category 1,347
Digit symbol-coding 1,361
Digit symbol-incidental learning® 1,343
Digit symbol-free recall 1,358
Trails A-Time® 1,378
Stroop-color reading 1,333
Stroop-word reading 1,307

Estimate SE P
0.015 0.023 0.507
0.016 0.023 0.490
0.003 0.001 0.010

—0.019 0.014 0.150
—0.032 0.015 0.028
—0.004 0.006 0.567
0.013 0.045 0.768
—0.044 0.020 0.029
—0.022 0.042 0.598
0.002 0.004 0.660
—0.003 0.008 0.727
0.003 0.002 0.078
0.127 0.137 0.352
0.022 0.046 0.633

All models were adjusted for baseline intracranial volume, age, sex, smoking, alcohol, exercise, education, mean day BP, mean night BP, anti-hypertensive medications, DM, heart disease,

the time between cognitive tests, and baseline cognitive scores.

Cognitive performance changes were calculated by subtracting baseline cognitive scores from follow-up scores of cognitive tests.

2Statistical significance was estimated after logarithmic transformation.

BP, blood pressure; DM, diabetes mellitus; SBP, systolic blood pressure; SD, standard deviation. Bold values indicate P value < 0.05.

DBP is reflecting peripheral vascular resistance (43). Brain
pathology studies have demonstrated venous collagenosis in
periventricular WM lesions (44). Therefore, it can be inferred
that WM atrophy or lesion loads might be susceptible to changes
in peripheral vascular resistance associated with DBP.

The exact mechanism by which increased night BPV,
rather than daytime BPV, showed a significant correlation
with cognitive decline and brain atrophy remains unknown.
Daytime BPV might be directly affected by physical activities or
emotional stress that occur during the day, whereas nocturnal
BP monitoring could be less influenced by external stimuli.
Increased night BPV might better reflect pathophysiological
conditions such as baroreflex dysfunction, arterial stiffness
neurohormonal activation, or sleep apnea than increased
daytime BPV (45). Sleep is another possible key mechanism
linked to fluctuations in nighttime BP. Sleep deprivation or
fragmentation has been shown to be associated with increased
night BPV through sympathetic neuronal activation (46, 47).
Poor sleep quality has been linked to reduced brain volume
and cognitive deficits (48, 49). However, in our study, there
was no association between night BPV and sleep duration or
snoring, and the significance of the results was not changed
after adjustment for sleep-related indicators. The comprehensive
association of several factors might account for the mechanisms
associated with negative effects of high night BPV on cerebral
vessels, brain structure, and function. Additional longitudinal
studies are needed to determine whether dementia occurs
more frequently in individuals with increased night BPV and
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if selective reduction of night BPV in this population could
improve outcomes associated with brain health.

Our study has several strengths. First, our study is a 4-
year, longitudinal, population-based study with a large sample
size and brain MRI imaging data. Second, this study is the
first to follow changes in detailed cognitive function tests in
conjunction with brain imaging in relation to night BPV.
Third, we examined sleep-related indicators as factors that
could be associated with an increase in night BPV, although
they were based on surveys. However, some limitations of
this study should be noted. First, WM hyperintensities or
diffusion MRI-based estimates of white matter microstructure
were not measured in this study. These indicators of vascular
brain injuries might be more sensitive to night BPV than
brain volume loss, and further studies will be needed. Second,
we did not address any associated neurohormonal changes
during nighttime, which made it difficult to elucidate the
mechanisms associated with increased night BPV. Third, there is
a limit on the determination of the causal relationship between
brain structural changes associated with high night BPV and
cognitive decline.

To summarize, our study showed that increased nighttime
BPV, rather than night mean BP, was associated with total
brain volume atrophy and cognitive decline. High night systolic
BPV was associated with temporal GM atrophy and impaired
visual memory and verbal fluency. Increased nighttime BPV
could be an independent predictor for rapid brain aging in a
middle-aged population.
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Psychiatric and neurodegenerative diseases, including major depression
disorder (MDD), bipolar disorder, and Alzheimer's disease, are a burden
to society. Deficits of adult hippocampal neurogenesis (AHN) have been
widely considered the main hallmark of psychiatric diseases as well as
neurodegeneration. Herein, exploring applicable targets for improving
hippocampal neural plasticity could provide a breakthrough for the
development of new treatments. Emerging evidence indicates the broad
functions of mitochondria in regulating cellular behaviors of neural stem cells,
neural progenitors, and mature neurons in adulthood could offer multiple
neural plasticities for behavioral modulation. Normalizing mitochondrial
functions could be a new direction for neural plasticity enhancement.
Exercise, a highly encouraged integrative method for preventing disease, has
been indicated to be an effective pathway to improving both mitochondrial
functions and AHN. Herein, the relative mechanisms of mitochondria in
regulating neurogenesis and its effects in linking the effects of exercise
to neurological diseases requires a systematic summary. In this review,
we have assessed the relationship between mitochondrial functions and
AHN to see whether mitochondria can be potential targets for treating
neurological diseases. Moreover, as for one of well-established alternative
therapeutic approaches, we summarized the evidence to show the underlying
mechanisms of exercise to improve mitochondrial functions and AHN.

KEYWORDS

mitochondria, exercise, psychiatric diseases, neurodegenerative diseases, adult
neurogenesis

Introduction

In recent decades, psychiatric or neurodegenerative diseases have attracted increased
attention due to the growing number of patients. Psychiatric diseases such as depression
disorder (MDD) and bipolar disorder usually see patients suffering from anxiety or
depressive moods and changes in physical and emotional reactions that would be
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exacerbated by even minor environmental changes (1, 2). As
for neurodegenerative diseases such as Alzheimers disease
(AD) and Parkinson’s disease (PD), the progressive death
of neurons commonly induces irreversible neuronal cognitive
deficits, motor disability, and complex behavioral dysregulation
(3). The unidentified etiology of those diseases strongly limited
the development of drugs to prevent the progress of behavioral
abnormality. From the angle of symptomatic treatment, it is
urgent and necessary to explore supplementary or alternative
medicine for improving brain functions.

Neural plasticity provides the ability for the central
nervous system (CNS) to adapt to environmental challenges
under physiological and pathological conditions (4). In the
adult hippocampus, neural plasticity refers to neurogenesis
and synaptic plasticity, both of which perform critical roles
in regulating emotional and cognitive behaviors. Adult
neurogenesis was widely considered as a structural plasticity
through its regulation of the neuronal population in certain
brain regions. As for the target of alternative or integrative
medicine, improving hippocampal neurogenesis could serve
as a key therapeutic paradigm against neurological disorders
without a clear pathological mechanism (5-7). For this reason,
evaluating the mechanism of adult neurogenesis could help
explore an applicable pathway to treat neurological diseases.

Emerging evidence indicates mitochondria have a key
function in regulating the activity and fate commitment of
stem cells (8). In addition, mitochondria have been recognized
as key mediators in response to development of neurological
disease (9). Physical exercise is an effective way to prevent
chronic diseases, including diabetes, neurodegeneration, and
psychiatric disorders (10, 11). Through metabolic regulating,
exercise is beneficial to mitochondrial functions. It is noteworthy
that mitochondria could be the linker between exercise and
neurogenesis. Given this, it is necessary to summarize the effects
of mitochondria in neural functions and its roles in disease
development. In this review, we summarized the functions of
mitochondria to regulate adult hippocampal neurogenesis and
its potential regulators. Furthermore, we discussed the linkage
role of mitochondria to bridge physical exercise and brain
functional improvement.

Hippocampal plasticity and
neurogenesis in neurological
disorders

Adult neurogenesis is a temporal-spatial progress composed
by the self-renewal fate commitment of neural stem cells (NSCs)
as well as the maturation of neural progenitor cells (NPCs).
In the hippocampus, neurogenesis provides the regenerative
resources to clear panic memory (12, 13). The enhancement
of hippocampal neurogenesis was shown to promote pattern
separation behavior, which enables animals to discriminate
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between environmental cues related to stress experience (14).
While declined hippocampal neurogenesis commonly results
in an elevated fear response, which subsequently manifests
as inappropriate, uncontrollable expression of fear in neutral
and safe environments (15). These documents highlight the
critical role of AHN in regulating antidepressant behaviors.
The critical role of hippocampal neurogenesis in depressive
moods could also be seen in an animal model of seizures,
which was demonstrated to be triggered by antidepressants
(16). The seizures animal model showed abnormal increase
of adult neurogenesis with upregulated immature neuronal
numbers in the hippocampal DG region (17). Another type
of neural plasticity besides neurogenesis is synaptic plasticity,
which includes synaptogenesis as well as synaptic functions
like long-term potentiation (LTP) and pre-synaptic plasticity.
Dysregulation of synaptic plasticity was also shown to be related
to the development of neurological disorders. Immobilization-
stressed mice presented intensified fear memory and enhanced
long-term potentiation (LTP) (18). In terms of synaptic
plasticity, adult neurogenesis can provide a regenerative
resource to prevent the neurodegenerative progress and
simultaneously enhance the ability in emotional regulation (19).
Promoting the AHN was documented as an effective approach
against psychiatric disorders, particularly depression. In vivo
calcium imaging to record neuronal activity in the vDG (ventral
dentate gyrus) demonstrated increased neurogenesis correlated
to decreased activity of stress-responsive cells, which are active
during attacks or while mice explore anxiogenic environments
(20). Through conditional knockout of the Bcl-gene in NSCs,
Sahay et al. established that there is enhanced AHN in mice and
found that improving AHN was sufficient to prevent behavioral
dysfunctions in a depression model (21). Additionally, blocking
AHN with temozolomide (TMZ) could also result in the
comprised therapeutic effects of antidepressants such as SSRIs
(selective serotonin reuptake inhibitors) and ketamine (22, 23).
Thus, exploring factors in regulating ANH would offer the new
drug targets for treating neurological diseases.

Mitochondrial function and
hippocampal plasticity and
neurogenesis

Biological regulation of mitochondria involves multiple
aspects, including their metabolism, biogenesis, fission, and
fusion dynamics and degradation via autophagy. Accumulating
evidence has been reported to show that all these biological
events participate in the regulation of AHN at different levels
or conditions (Table 1). Cell metabolism plays a fundamental
role in multiple biological events, including energy supply,
cell growth, differentiation, and death. During the self-renewal
and differentiation process, stem cells undergo a dramatic
metabolic reprogram. At an adult hippocampus, the metabolism
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TABLE 1 Mitochondrial biology in regulating AHNSs in different aspects.

Research model Mitochondrial biology

Normal adult mice Mitochondrial mass and dynamics

Linage tracing mice model Mitochondrial dynamics
Drosophila multipotent ROS scavenge
hematopoietic progenitors
(like human mammalian
myeloid progenitors)
Human embryonic stem cells SIRT1 downregulation
Optic atrophy Perturbation of inner mitochondrial
membrane

Amyotrophic lateral sclerosis

Mitochondrial fragmentation, disruption of

ETC, reduced ATP production and oxidative

stress
Stroke model ETC disruption and impaired ATP
production

Alzheimer’s disease model

pattern of NSCs undergoes the switch from glycolysis to
oxidative phosphorylation (OXPHOS) following the process of
neuronal differentiation (34). In mature neurons, mitochondrial
OXPHOS provides high amounts of energy to meet the
requirement of neuronal electrophysiological activities (35,
36). Numerous mitochondrial mediators could be applied as
therapeutic targets not only for metabolic regulating but also to
improve AHN.

Mitochondrial metabolism in regulating
neurogenesis

Mitochondria have been primarily identified as cellular
organelles that provide energy. In neurons, mitochondrial
to be
neurodegenerative or psychiatric diseases (37, 38). Dysregulated

dysfunction is reported involved in multiple
AHN induced by abnormal mitochondrial function is one
of the main reasons to these diseases. According to the
environmental changes, quiescent NSCs in the hippocampus
are undergoing extensive changes along with proliferative
activity, cellular growth, and synaptic growth. Adult NSCs
display astroglia features, including 100% GFAP expression, as
well as glycolytic cellular metabolisms pattern (39). Following
neurogenesis, mature neurons require high amounts of ATP
for their biological functions, such as presynaptic vesicle
recycling. Mature neurons integrated in neural circuits are
highly dependent on the mitochondrial electron transport chain

(ETC) and OXPHOS (40-42). Single cell transcriptomics shows
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AHNSs events References
Enhanced neuron maturation (24)
Daughter cells directs between self-renew or (25)
differentiation

Prevented the differentiation (26)
Neuroretinal morphogenesis (27)
Atrophy of retinal RGCs (28)
Increase in proliferation in the SVZ but (29, 30)
decrease in proliferation in the SGZ

Increased proliferation and death of (31)
neuroblasts

Increased NSCs and immature neurons in (32, 33)

hippocampus

the dramatic upregulating profile of OXPHOS-related genes
during the neural lineage commitment of hippocampal NSCs.
Moreover, specific ablation of mitochondrial transcription factor
A (Tfam) in adult NSCs reproduces multiple hallmarks of aging
in the hippocampus, including declined neurogenesis. Such
alteration could be reversed by pharmacological enhancement
of mitochondrial function (34). The evidence suggests
mitochondrial metabolism has a critical role in regulating
hippocampal neurogenesis and relative physiological process.
Suppressing mitochondrial OXPHOS could also affect the other
types of adult stem cells. In hematopoietic stem cell (HSCs),
deleting PTEN-like mitochondrial phosphatase Ptpmtl could
lead to defective hematopoiesis with impaired differentiation
of HSCs (43). Additionally, the metabolic pattern of cells
could shift from mitochondrial OXPHOS to glycolysis during
the reprogramming process of the inducible pluripotent
stem cells (iPSCs), indicating that mitochondria also act
critically in embryonic stem cells (44). Generally, switching
of mitochondrial function is commonly associated with the
energetic demands of stem cells to meet the requirement of their
self-renewal or differentiation. Most neurological drugs that
are widely used in clinic reportedly have an effect on metabolic
regulation. Indeed, mitochondria are widely reported as the
target for improving brain functions. The brain functional
recovery drug piracetam was documented to prevent declined
neurogenesis via promoting mitochondrial metabolism in
an aging model (34, 45). Antioxidants could also reserve the
functions of mitochondria (46). However, it is noteworthy
that exercise may elevate the level of radial oxidative species
(ROS), which has been recently declared as a mechanism in
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antidiabetic effects (47). Since antioxidant and exercise can
provide effects similar to those of mitochondria, a certain level
of ROS might serve as the “second messenger” to promote
the fate commitment of the NSCs at the physiological level
(48). Hence, exercise could be an effective way to control
the level of ROS into physiological reasonable by promoting
mitochondrial OXPHOS.

Mitochondria dynamics and NSCs
behaviors

Mitochondria are constantly varying between being
to adapt to the
requirements of cellular functions. According to different

fragmented or filamentous networks
energetic demands of the stem cells stage between self-renewal
and differentiation, dynamics alterations of mitochondrial
regulating (49).
Mitochondrial elongation commonly occurs in aging skeletal

morphology are critical in stemness
muscle cells with increased mitochondrial fusion protein
MEN1/2 and the accumulated mutation of mitochondrial DNA
(50). Following the neural commitment of NSCs, mitochondria
shift from the elongated morphology to fragmentation. On the
cell metabolic level, increasing mitochondrial fragments are
associated with enhanced OXPHOS and production of ROS,
previously mentioned as the second messenger to stimulate
downstream signaling like NRF2 and downregulate Notchl
for lineage commitment determination (48). Sirtuins were
also considered as regulators to link mitochondrial dynamics
with adult neurogenesis (25). Physical exercise, the well-known
upregulator of SIRT3 and lipid metabolism, could enhance adult
neurogenesis in an unpredictable chronic stress depression
model (51). Hypoxia inducible factor (HIF) signaling also
provides the link between oxygen levels and mitochondrial
dynamics (52, 53). The activation of the HIF complex under
hypoxia ensures that energy demands meet pathological
conditions by increasing levels of glycolytic enzymes and
inhibiting oxygen consumption (54). Such mechanisms also
mediate self-derived neural repair under stress. In the hypoxia
condition, activation of HIF induces NSCs proliferation
and switched their migration in subventricular zone, which
promotes regenerative progress in infarction region (55).
HIF deletion, however, can impair the AHN and induce
learning and memory deficit (56). Therefore, mitochondrial
dynamics-mediated redox/oxidative status plays a key role in
regulating AHN.

Mitophagy in regulating neurogenesis
In starvation conditions, autophagy could be rapidly

activated to provides a cell with nutrients to survive (57). The
selective autophagy of mitochondria, also known as mitophagy,
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can be processed such that damaged or unwanted mitochondria
require degradation (58). As differentiation of stem cells
involves extensive cellular remodeling, autophagy ensures the
elimination of unnecessary cellular components to maintain an
optimal cellular status. It was demonstrated that pretreatment
of antioxidant N-acetylcysteine (NAC) attenuated oxidative
stress-induced NSCs’ self-renewal disruption by suppressing
autophagy signaling mTOR and decreased LC3B-II protein
expression (59). In contrast, enhancing autophagy in aged
satellite cells prevented the senescence and restored regenerative
properties (60). Herein, it could hypothesize that mitochondrial
morphology is another effect pathway to regulate mitochondrial
dynamics in NSCs. At a physiological level, certain levels of
mitophagy might be necessary for controlling the differentiation
of adult NSCs. However, there is no systematic evidence that
indicates the exact mechanisms of mitophagy to regulate the
differentiation and self-renewal of adult NSCs.

Targeting mitochondria in
neurological disease treatment

At the cell level, mitochondrial alterations could be regarded
as a hallmark for stem cell differentiation. Consistently,
impairment of AHN is a well-established biological hallmark
of psychiatric diseases and neurodegeneration at the tissue
level. Such a relationship indicates that mitochondria could
perform be a therapeutic target for neurological diseases.
An increasing number of clinical reports have demonstrated
substantial mitochondrial damage could contribute to the
development of depression and cognitive impairments. Deletion
of mtDNA in a child was associated with mitochondrial
disease symptoms and mild—-moderate unipolar depression (61).
Blood sample measurement of mtDNA in bipolar disorder
(BD) and MDD patients also showed a lower mtDNA copy
number than in controls (62). Another report demonstrated
a significant reduction of mtDNA copy numbers in combat
PTSD (63), indicating mtDNA or the mitochondrial mass
abnormality could be the general phenomena correlated with
psychiatric diseases. On the other hand, mitochondria perform
as the therapeutic target to psychiatric diseases. SSRIs (selective
serotonin reuptake inhibitors) like the antidepressant fluoxetine
could promote mitophagy by increasing colocalization of
autophagosomes and mitochondria, which thereby eliminates
damaged mitochondria in corticosterone-treated astrocytes (64).
McCoy et al. compared high novelty responder rats (HRs), which
show highly exploratory behavior in a novel environment as
well as remarkable resilience to chronic mild stress, and low
novelty responder rats (LRs), which are susceptible to chronic
stress. They observed that LRs displayed higher cytochrome
¢ oxidase (COX) activity in the dentate gyrus, prefrontal
cortex, and dorsal raphe compared to HRs (65). Apart from
selected brain regions, a declining skeletal muscle mitochondrial

frontiersin.org


https://doi.org/10.3389/fneur.2022.929781
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Sun et al.

function in aging adults was also shown to be associated with
clinically significant depressive symptoms (66). These lines of
evidence support the critical regulatory roles of mitochondria in
antidepressant functions.

Environmental factors could also induce psychiatric
diseases via affecting mitochondrial functions. Glombik et al.
reported that maternal stress leads to depression-like behaviors
in the offspring of rats; they displayed brain mitochondrial
of
Ndufv2 (complex I) (67). Animal studies have suggested

abnormalities, including significant downregulation
that mitochondrial abnormalities were augmented by stress,
indicating mitochondria are stress-response modulators and
contribute to the stress-induced pathophysiology of psychiatric
diseases (68). A possible mechanism might be an enhanced
requirement of the neural activity during learning or memory
coding, which could induce increased mitochondrial respiration
and thereby produce more metabolic products to influence the
signaling pathways downstream, e.g., ROS and RNS.

that  improving
the of

neurodegeneration (69, 70). The complex I inhibitor rotenone

Accumulating  evidence  suggests

mitochondrial functions could help treatment
could be utilized as a PD model for drug development (71).
The impairment of complex I was associated with reduced ATP
levels, oxidative stress, and calcium-mediated damage in such a
pathological model (72). In post-mortem tissue of sporadic AD,
scientists found mitochondrial dysfunction is correlated with
decreased levels of ATP (73). Growing evidence indicated the
medications targeting on mitochondria exert the therapeutic
effects to neurodegenerative. Metformin, a type-2 diabetes drug
approved by the FDA, was shown to enhance adult neurogenesis
and showed promising effects on an animal model of AD and
PD (74, 75). Another example is the glycogen-like peptide-
(GLP-1) analog. It has been reported that the GLP-1 analog
could promote adult neurogenesis and attenuate the behavioral
dysfunctions in neurodegenerative disorders including PD and
AD (76, 77). Herein, improving mitochondrial functions could
also result in protective effects against neurodegeneration.

Physical exercise and mitochondrial
function

Alternative and integrative medicine are increasingly
proposed as effective strategies to treat psychiatric and
neurodegenerative disorders. Due to safety concerns regarding
the tolerability and risk of medications (78), an effective
alternative therapy is highly requested to attenuate the
As
prevention of the diseases is currently the most effective

behavioral disorders. for neurodegeneration, early
strategy due to the limited effects of drugs to halt or prevent
the progress of the neuron death. Physical exercise is widely
recognized as being part of a healthy lifestyle partly due to

its promotion of the maintenance of lifelong mitochondrial
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quality control (79). Exercise has been increasingly reported for
its improvement of adult neurogenesis in both physiological
(80-82).
mitochondrial functions via its multiple biological effects. It

and pathological conditions Exercise improves
was demonstrated that exercise promoted the production of
brain-derived neurotrophic factor (BDNF) levels and could
alter mitochondrial function, neuroplasticity, and the rate
of apoptosis in the hippocampus and thereby prevented the
occurrence of PTSD (83). In a maternal separation depression
model, exercise could alter mitochondrial function, serotonin
levels, and the rate of apoptosis (84). Herein, mitochondrial
functions perform as the linkage between exercise and its
neuroprotective effects.

Exercise-mediated mitochondrial
functions in neurogenic effects

In aged mice, physical exercise significantly increased DRP1
protein levels and elevated the rates of respiration and ROS
production in mitochondria, which is suggestive of its potential
in improving brain functions via its regulating mitochondrial
electron transport chain function and dynamics (85). In an
animal model of Alzheimer’s disease, 1 h of swimming exercise
for 6 days/week consolidated the intact of mitochondrial cristae
and edges, raised the brain ATP production as well as the
number of synapses by regulating the expression of GLUT1
and GLUT3 expression levels (86). Antidepressant action of
running was highly correlated with an increase of hippocampal
neurogenesis and plasticity (81). Compared with its promotion
of NSCs’ proliferation, the accelerating effects of exercise have
a longer latency period (about 2 weeks) on the maturation
of new neurons (87). Moreover, structural magnetic resonance
imaging suggested hippocampus and brain cortex growth in
schizophrenia patients and healthy controls after the endurance
aerobic physical training. This evidence indicates exercise can
also serve as a promising candidate for pathophysiology-based
add-on interventions for schizophrenia (88). A recent study
indicates that free wheel running could promote the activation
of the quiescent NSCs in the hippocampus by regulating cellular
ROS level (89). Therefore, exercise could engage broad effects of
neural functions via multiple molecular mechanisms.

Multiple effects of exercise in brain tissue

Exercise could exert multiple biological effects in additional
to its roles in mitochondrial functions. Brain inflammation
is another key target of exercise for neural tissue. A
recent study showed the systematic regulatory mechanism
of exercise influenced adult neurogenesis. Injecting plasma
derived from voluntary running mice resulted in elevated
density of hippocampal DCX' neurons correlating with
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improved working memory, which were shown to rely on the
inflammatory regulation via clusterin (90). This report further
suggested the effects of exercise mediated AHN may depend on
its effects on the peripheral circulation system. It was indicated
that LPS could reduce the number of new neurons in aged but
not adult mice, while such dysfunctions could be prevented
by free wheel running (91). Exercise could also attenuate the

10.3389/fneur.2022.929781

inflammatory response in subjects with depression. A study on
61 university students assigned to 6 weeks of different models
of exercise including high-intensity interval training (HIT),
moderate continuous training (MCT), or no exercise (CON)
suggested that MCT exercise could have a positive effect on the
promotion of mental health by decreasing TNF-a level (92).
Neuroinflammation has been suggested to negatively affect adult

TABLE 2 Functional impacts of exercise on neuronal mitochondrial fitness/health.

Exercise model Impacts to mitochondria Impacts to neural tissue References
Wheel running Promoted autophagy/lysosome system No direct evidence (95)
High-intensity exercise Activated partial mitochondrial biogenesis Promoted AHN, attenuated the (96)
inflammation
Regular running exercise Activated POMC neuronal mitohormesis Induced the hypothalamic mediated (97)
thermogenesis
Treadmill exercise Increase mitochondrial biogenesis and Possible protective effects to PD animal (98)
OXPHOS level model
Treadmill exercise Prevented mitochondria-mediated Suppressed neural apoptosis in aging model (99)
caspase-dependent apoptotic pathways
Voluntary exercise Increased oxygen consumption and ATP Improved dopaminergic functions in PD (100)
production via oxidative phosphorylation model
Low-intensity treadmill Attenuated apoptosis, H,O, emission and Elevated cognitive function and neurogenesis (101)
permeability transition pore
Treadmill exercise Increased TFAM Decreased the expression of BAD and BAX, (102)
increased the expression of BCL-2
Treadmill exercise Inhibited mitochondrial outer membrane Reduced neurobehavioral scores and cerebral (103)

permeabilization

infarction volumes in stroke model
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FIGURE 1

Exercise promotes adult neurogenesis via mitochondria. Physical exercise could enhance mitochondrial functions in adult neural stem cells.
Exercise promotes the fission of mitochondria, biogenesis, and OXPHOS metabolism. These alterations result in the fate determination of NSCs
from self-renewal to neural commitment, which thereby promotes adult neurogenesis in both physiological and pathological conditions.
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neurogenesis, and physical exercise could promote AHN by
buffering the inflammation response in neural tissue (93). The
activation of microglia mediated the proinflammatory factors,
including interleukin-6, TNF-a, ROS, and nitric oxide, which
all have anti-neurogenic properties (94). Table 2 summarizes
the recent evidence in support of the effects of exercise,
showing different patterns of mitochondrial biology as well as
neuronal functions (Table 2). However, limited evidence has
shown the possible role of mitochondria during exercise and
their ability to mediate the functions of neural tissue, particularly
adult NSCs.

Conclusion

Mitochondria are key organelles in the mediation of
energy functions. Based on this mechanism, recent studies
have demonstrated that mitochondria mediate multiple cellular
behaviors that are far beyond energy supply, e.g., the fate
commitment and proliferation of somatic stem cells as
well as the reprogramming and differentiation process of
pluripotent stem cells (104, 105). Improving mitochondrial
function has also been considered a therapeutic strategy
against neurological diseases. Therapeutic approaches targeting
mitochondria should focus on future pre-clinical exploration
for treating neurodegenerative and psychiatric disorders.
Mitochondria play the critical roles in regulating stem cell
behaviors including self-renew and fate commitment of the
adult NSCs (Figure 1). Therefore, a systematic strategy to
improve mitochondrial functions throughout the body is
preferable; we should not only promote neuronal regeneration
but also focus on regulating the NSCs environment, including
the peripheral factors and the neurogenic niche. With such
requirements, exercise is the ideal option, accompanied as
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Background: Amyotrophic lateral sclerosis (ALS) has attracted widespread
attention because of its unknown pathogenesis, rapid progression, and
life-threatening and incurable characteristics. A series of complementary
therapies, including Chinese herbal medicine (CHM), is available for use in the
clinic and has been the focus of much research. However, it is unclear as to
whether supplementary CHM relieves disease symptoms or extends life span;
thus, we conducted this updated meta-analysis to validate the efficacy and
safety of this practice.

Methods: We searched six electronic databases for randomized controlled
trials involving CHM and patients with ALS that were published up to April 2022.
Two researchers independently screened the literature, assessed the risk of
bias for each trial, and then extracted data. The methodological quality of the
included trials was assessed using the Cochrane risk of bias tool, and a pooled
data analysis was performed using RevMan 5.3.

Results: A total of 14 trials led to the publication of 15 articles featuring
1,141 participants during the study period; the articles were included in the
systematic review. In terms of increasing ALS functional rating scale (ALSFRS)
scores, CHM was superior to the placebo after 3 months of treatment [mean
difference (MD):0.7; 95% Cl:0.43 t0 0.98; P < 0.01] and to riluzole after 4 weeks
of treatment (MD: 2.87; 95% Cl: 0.81 to 4.93; P < 0.05), and it was superior
to conventional medicine (CM) alone when used as an add-on therapy after 8
weeks of treatment (MD: 3.5; 95% CI: 0.51 to 6.49; P < 0.05). The change in
the modified Norris score (m-Norris) from baseline to the end of more than
3 months of treatment was significantly different when compared between
the CHM plus CM group and the CM alone group (MD: 2.09; 95% CI: 0.62 to
3.55; P < 0.01). In addition, CHM had a significantly better effect on increase in
clinical effective rate (RR: 1.54; 95% CI: 1.23t0 1.92; P < 0.01) and improvement
in forced vital capacity (MD: 7.26; 95% Cl: 2.92 to 11.6; P < 0.01). However,
there was no significant difference between the CHM therapy and CM in terms
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of improving life quality (MD: 5.13; 95% Cl: —7.04 to 17.31; P = 0.41) and
decreasing mortality (RR: 0.41; 95% CI: 0.04 to 4.21; P = 0.46).

Conclusion: The analysis suggested that the short-term adjunct use of CHM
could improve the ALSFRS score and clinical effect with a good safety profile
when compared with the placebo or riluzole alone. However, future research
should be centered on the long-term efficacy of patient-oriented outcomes.

Systematic review registration:

https://www.crd.york.ac.uk/PROSPERO/

display_record.php?RecordID=323047, identifier: CRD42022323047.

Chinese herbal medicine, amyotrophic lateral sclerosis, meta-analysis, systematic
review, randomized controlled (clinical) trial

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative condition involving upper motor neurons
(UMNSs) and lower motor neurons (LMNs) in the cerebral
cortex, brain stem, and spinal cortex. The clinical neurological
of ALS
hyperreflexia, and pathological reflexes as a sign of UMN

manifestations include muscle stiffness, spasm,
injury and muscle weakness and atrophy as a sign of LMN
damage with difficulty walking, speaking, and swallowing
(1, 2). The prognosis of ALS is fatal, resulting in death
due to respiratory failure or other associated conditions.
Furthermore, there is no cure for ALS (1). This condition
progresses rapidly, and the median survival duration is around
3-5 years from primary symptoms to death (3). This disease
has an incidence of 2.5 per 100,000 persons-years and is
more prevalent in men than in women (4). The cause of
ALS has yet to be elucidated; however, ~5-10% of patients
with ALS are thought to suffer from a familial form of
ALS that exerts familial genetic characteristics and feature
mutations in several genes including C9orf72, SODI, FUS,
and TARDBP. The remaining 90% of patients are considered
as sporadic cases of ALS associated with abnormalities of the
immune system, toxic exposure, mitochondrial dysfunction,
oxidative stress, neuroinflammation, or glutamate poisoning
(2-5).

Riluzole, an anti-glutamate drug, is currently the only drug
approved by the Food and Drug Administration (FDA) to
prolong the life span of patients with ALS. However, this
drug is expensive and is associated with several detrimental
side effects including fatigue and diarrhea (4). Furthermore,
an increasing body of evidence supports the fact that
antioxidants may represent a potential treatment without
serious clinical adverse effects although the efficacy of this
treatment remains uncertain (6). Consequently, there is an
urgent need to identify new and effective integrated therapies
to slow the progression of ALS and increase the survival rate
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of patients. According to a previous survey on the use of
integrated therapies conducted in Shanghai, China, Traditional
Chinese Medicine (TCM) is the most commonly used form
of complementary and supplementary therapy for treating
ALS (7).

The clinical symptoms of ALS suggest that it could be
defined as a “wilt disease” in the TCM system. Chinese
Herbal Medicine (CHM), a form of TCM therapy, has been
used to treat a wilt disease for thousands of years (8). A
recent scoping review analyzed the research trends for the
use of traditional herbal medicine in the treatment of ALS
and identified many case reports, clinical observation studies,
and randomized controlled trials (RCTs) involving the use of
traditional herbal medicine for the treatment of ALS in East Asia,
thus indicating that CHM may represent a potentially unique
and effective therapy for ALS (4). However, the mechanisms and
targets of CHM in the treatment of ALS were not described
in this previous scoping review. A preclinical study showed
that TCM compounds could inhibit the deleterious aggregation
of abnormally phosphorylated nerve filaments around the
nucleus, thus maintaining the integrity of the cytoskeleton,
reducing axonal atrophy, and improving axoplasmic transport
to delay neuronal degeneration (9). Over recent years, single
TCM drugs, Chinese medicine compounds, Chinese patent
medicines, and injections of Chinese medicines have all been
proven to be effective in the treatment of ALS in clinical
trials. However, there is insufficient evidence to support the
efficacy and safety of CHM for ALS. Thus, it is necessary to
evaluate the documented efficacy of this form of treatment by
performing a systematic review and meta-analysis of RCTs. We
aimed to answer the following questions: (1) whether CHM can
improve clinical symptoms in patients with ALS, (2) whether
CHM reduces mortality in patients with ALS, (3) whether
CHM improves the quality of life of patients with ALS, (4)
whether CHM improves the clinical effective rate of patients
with ALS, and (5) whether CHM is safe when used alone or as
an adjunct therapy.
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Methods

The review protocol was registered on PROSPERO
(Reference: CRD42022323047) and was performed according
to the checklist of Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (10).

Eligibility criteria

Types of study

Randomized controlled trials (RCTs) on Chinese herbal
medicine for ALS; the publication language was restricted to
English and Chinese.

Participants

Participants with ALS of any age and race were eligible.
The included trials needed to provide definite and universal
diagnostic criteria for ALS formulated by the World Federation
of Neurology Sub-Committee on Neuromuscular Diseases at El
Escorial (11) or the Neurology Branch of the Chinese Medical
Association (12).

Interventions

The Chinese herbal medicine was used on the treatment
group alone or in combination with a conventional medicine
(CM) such as riluzole, mecobalamin, vitamin, and other
antioxidants. The Chinese herbal medicine included Chinese
patent medicine, traditional herbal decoction, and other single
Chinese medicines or compounds. The route of administration
for the Chinese herbal medicine was not restricted. The controls
included placebo or routine pharmacotherapies such as riluzole,
mecobalamin, vitamin, and other antioxidants. When the
treatment group was CHM plus another treatment, the adjunct
therapy needed to be the same as the control.

Outcomes

The primary outcome was the assessment of functional
changes in patients with ALS, as appraised with the ALS
functional rating scales (ALSFRS) or the revised ALS functional
rating scales (ALSFRS-r) and modified Norris scale (m-Norris)
at the end of the treatment duration or after the follow-up.
The ALSFR is a 10-item instrument, while the ALSFRS-r is a
12-item instrument that integrates all aspects of myelination
symptoms, motor symptoms, and respiratory symptoms. The
ALSFRS scores range from 0 to 40 (ALSFRS-r from 0 to 48);
higher scores indicate less severe neurological impairment (13).
m-Norris is a comprehensive scale that is used mainly to
evaluate myelination and limb function; the score ranges from

Frontiersin Neurology

52

10.3389/fneur.2022.988034

0 to 99, with lower values implying more severe functional
impairment (14).

The secondary outcomes were as follows: (1) the overall
clinical effective rate was defined according to universally
approved criteria, which are divided into markedly effective,
effective, and ineffective; (2) changes in the number of points
allocated for TCM syndrome as assessed by main and minor
symptoms. The main symptoms include four items: fleshy
atrophy, wilting limb, swallowing difficulty, and sluggish speech;
these are graded as 0, 2, 4, and 6 points, respectively. The minor
symptoms include shortness of breath, fatigue, spontaneous
sweating, thirst, dry throat, being upset, waist knee soreness, and
tinnitus; each item is graded as 0, 1, 2, and 3 points; (3) the
assessment of life quality in patients with ALS; (4) pulmonary
function, as assessed by forced vital capacity (FVC); (5)
composite endpoint events including mortality, and noninvasive
or invasive ventilation; (6) adverse events (AEs).

Exclusion criteria

Articles were excluded for the following reasons: (1)
repeated publications and not related to ALS, (2) involved
animal research or were not RCTs, (3) devoid of relevant
outcomes or provided an incomplete dataset for analysis, and
(4) the treatment group included acupuncture, moxibustion,
massage, or treatments other than traditional Chinese medicine.

Study selection and data extraction

A systematic and comprehensive literature search was
performed from inception to March 2022 using a range of online
databases including PubMed, Embase, the Cochrane Library,
China National Knowledge Infrastructure, Wangfang, and the
China Biomedical Database. The search terms were as follows:
amyotrophic lateral sclerosis, Chinese herbal, preparation, and
randomized controlled trials. The retrieval strategy is shown in
Appendix. Additional manual searches were based on previous
related studies (4). Two authors (YL and SH) identified and
selected the studies. Based on the above inclusion and exclusion
criteria, titles and abstracts were identified and checked by the
two authors. The full text of all relevant articles was obtained
and screed by the reviewers. Disagreements were resolved
by discussion.

Data extraction was performed independently and involved
a cross-check by the two authors (YL and SH). Then, we
extracted the following information from eligible studies into
Microsoft Excel 2007: (1) basic information including authors,
publication year, study design, and diagnostic criteria of ALS; (2)
patient characteristics including total number, age, gender, and
disease history; (3) types of interventions including intervention
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name, dose, treatment duration, frequency, usage, and follow-
up; (4) outcomes and AEs. Disagreements were resolved
by discussion.

Risk of bias assessment

The two authors (YL and SH) assessed the risk of bias in the
included studies by applying tools developed by the Cochrane
Collaboration. These tools covered the following seven domains:
random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective reporting, and other forms
of bias. The risk of bias judgments was categorized as low, high
or, unclear. Disagreements were resolved by discussion.

Statistical analysis

Data analysis was performed with the Review Manager
software (RevMan version 5.3; The Cochrane Collaboration,
Oxford, United Kingdom). Continuous data are presented as the
mean difference (MD) with 95% CI, while dichotomous data are
presented as relative risk (RR) with 95% CI. The heterogeneity
of the included RCTs was evaluated by chi-squared tests. Fixed-
effects models were used to estimate the effect for studies with
low heterogeneity (I < 50%, P > 0.1). If the I? value was more
than 50%, we performed a subgroup analysis to identify the
source of the heterogeneity. In addition, a subgroup analysis was
carried out for different durations, and random-effects models
were used for estimation. A sensitivity analysis was performed
to assess the robustness of results by only including trials with
a low risk of bias for blinding of participants and allocation
concealment. Funnel plots were used to assess publication bias
if more than 10 RCTs reported the same outcome.

Results

Literature search

The initial search identified 3,586 articles from the selected
databases. According to the eligibility criteria, a total of 26
full texts were further screened after checking the titles and
abstracts. Twelve articles were excluded for the following
reasons: not RCTs, contained invalid data, featured duplicate
data, reported unrelated outcomes, and inappropriate controls.
In some cases, the full text was not available. Finally, 15 articles
were included in our analysis (15-29). However, two articles (17,
18) published different outcomes for the same trial. Therefore, a
total of 14 original studies were included in our meta-analysis.
Supplementary Figure 1 shows a flowchart that describes the
strategy used for screening articles.
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Characteristics of the included studies

All of the included studies, featuring 1,141 participants, were
RCTs and were published between 2006 and 2020 (15-29). One
study was published in English (28), while the remaining articles
were published in Chinese. The treatment duration ranged from
4 weeks to 6 months. Ten studies reported follow-up data at the
end of treatment (16, 20-28). Nine articles mentioned the course
of ALS within 5 years (15-19, 22, 24, 27, 29). In three trials,
the treatment group was treated with CHM combined with
riluzole (16, 21, 22). One trial combined CHM with a coenzyme,
vitamin E, and mecobalamine (20). Eight trials used only CHM
in the experimental group (15, 17-19, 24-26, 28, 29). Two trials
were double-blinded, double-dummy RCTs (23, 27). The control
group was treated with conventional medicine alone or with a
CHM placebo. The most frequent herb was huangqi, followed
by baizhu, shengdi, rensheng, yingyanghuo, dansghe, and fuling.
The most frequent Chinese preparations were Jia Wei Si Jun
Zi decoctions, Ji Wei Ling preparations, and Fu Yuan Sheng Ji
granules. The characteristics of the included studies are shown
in Tables 1, 2.

Risk of bias assessment for the included
studies

Eleven studies (15-18, 20, 21, 23-25, 27-29) reported
appropriate methods of random sequence generation, including
random number tables and computer software. Three other
studies (19, 22, 26) mentioned randomized trials but did
not report the randomization methods in detail. Allocation
concealment was unclear in all the studies because of limited
information, although one study (23) reported the use of
sequentially numbered containers to conceal allocation. Three
trials (15, 19, 24) reported a high risk of blinding because
blindness could have been disrupted by applying different
methods of administration in the control and treatment groups.
Three trials (20, 23, 27) were reported in a double blinded
manner to participants and personnel; we considered this as a
low risk. However, the remaining studies (15-19, 21, 22, 24—
26, 28, 29) did not report blinding to the participants and
personnel. One trial (27) reported the blinding of outcome
assessment, while the other 10 trials (16-18, 20-23, 25, 26,
28, 29) lacked detailed information related to the blinding of
outcome assessment; we considered this as an unclear risk.
One trial (20) reported a dropout but did not provide a clear
reason for the dropout. The reporting bias for all trials (15-29)
was assessed as a low risk because they all reported predefined
outcomes in their Methods sections. For all the studies, other
forms of bias were considered to be an unclear risk because of
lack of information. Detailed results related to risk of bias are
shown in Supplementary Figures 2, 3.
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TABLE 1 Basic features of the included studies.

Included Sample Ages: mean Gender (M/F) Course of Followup Outcome
studies size (T/C) (SD)/range, T/C disease (day)
T C (month) Primary outcome Secondary

outcome

Zhang (15) 42/42 45.36(6.52)/45.51(6.38) 34/8 36/6 6-60 NA ALSFRS-r, clinical effect

Lietal. (16) 30/28 56.43(11.08)/55.79(10.06) 19/11 19/9 2-36 540 m-Norris, FVC, Endpoint events

Wangetal. (17) 100/25 55.11(13.52)/56.64(11.18) 60/40 16/9 <60 NA Clinical effect TCM syndrome score,
AEs

Ren et al. (18) 100/25 55.11(13.52)/56.64(11.18) 60/40 16/9 <60 NA m-Norris, Clinical effect AEs

Chen etal. (19) 240/80 54.67(10.23)/53.56(10.31) 147/93 46/34 6-36 NA Clinical effect

Zhu et al. (20) 24/21 NA 15/9 14/7 NA 365 ALSFRS-r AEs

Wangetal. (21) 30/30 53.07(11.19)/53.07(11.19) 32/28 NA 56 ALSFRS-r Endpoint events,
AEs,FVC

Suetal. (22) 25/10 60.2(14.1)/59.4(9.0) 13/12 6/4 <60 90 m-Norris TCM syndrome score

Pan (23) 38/38 49.38(8.96)/50.05(8.10) 26/12 25/13 NA 90 ALSFRS, m-Norris, Life quality, AEs

Clinical effect

Wang (24) 30/30 44.57(9.55)/48.13(8.54) 20/10 22/8 3-60 28 ALSFRS, Clinical effect Life quality, FVC, AEs

Sui et al. (25) 33/31 54.00(11.96)/54.00(11.92) 18/15 20/11 NA 84 m-Norris, Clinical effect TCM syndrome score,
AEs

Wu et al. (26) 16/16 41.1/42.9 13/3 12/4 NA 90 Clinical effect

Ma (27) 30/30 48.33(10.24)/48.68(11.06) 9/21 10/20 5-28 28 ALSFRS, m-Norris, Life quality, FVC, AEs

Clinical effect

Pan et al. (28) 23/19 51.6(7.2)/50.1(4.2) 14/9 11/8 NA 180 ALSFRS-r Life quality, Endpoint
events, AEs

Wenyjie et al. (29) 40/40 24~76/20~79 25/15 27/13 <60 NA m-Norris, Clinical effect TCM syndrome score,

T, treatment group; C, control group; NA, data are not available; M, male; F, female; ALSFRS-r, revised ALS functional rating scales; ALSFRS, ALS functional rating scales; m-Norris, modified Norris scales; FVC, forced vital capacity; AEs, adverse events;
TCM, Traditional Chinese Medicine.
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TABLE 2 Details of interventions in the included studies.

Included Interventions Principle of syndrome Ingredients of the treatment group Treatment
studies differentiation and treatment duration
T C
Zhang (15) Shen Mai injection 20 ml ivd qd + neurotrophin  Neurotrophin 2000 u ivd qd+ Cobamamide NA hongsheng, maidong 45d
2000 u ivd qd4 Cobamamide 0.5mg po qd + 0.5mg po qd + adenosine triphosphate disodium
adenosine triphosphate disodium tablets 40 mg po tablets 40 mg po qd
qd
Lietal. (16) Fu Yuan Sheng Ji granules 1 pack po bid + Riluzole tablets 50 mg po bid Fortify spleen and tonify kidney huangqi, yingyanghuo, baizhu, shanyurou, shengdi, 180d
Riluzole tablets 50 mg po bid xianlingpi, gancao
Wangetal. (17)  Fu Yuan Sheng Ji granules 15 g po bid Riluzole tablets 50 mg po bid Fortify spleen and tonify kidney huangqi, yingyanghuo, baizhu, shanyurou, shengdi, 84d
xianlingpi, gancao
Ren et al. (18) Fu Yuan Sheng Ji granules 15 g po bid Riluzole tablets 50 mg po bid Fortify spleen and tonify kidney huangqi, yingyanghuo, baizhu, shanyurou, shengdi, 84d
xianlingpi, gancao
Chen etal. (19) Ji Wei Ling injection 48 ml qd ivd+ Ji Wei Ling  Riluzole tablets 50 mg po bid + neurotrophin Reinforce source qi, tonify nutrient aspect  rensheng, lurong, heshouwu 75d
capsule 2000 u ivd qd and promote muscle vitality
Zhu et al. (20) Jia Wei Si Jun Zi decoction 1 pack 4 coenzyme  Placebo + coenzyme Q10 + vitamin E + Fortify spleen and tonify qi huangqi, dangshen, baizhu, fuling, zhigancao, 9m
Q10 + vitamin E + mecobalamine mecobalamine danggui
Wangetal. (21)  Jian Pi Yi Fei granules 1 pack po bid + Riluzole  Riluzole tablets 50 mg po bid Fortify spleen and tonify lung huangqi, dangshen, baizhu, wuweizi, duzhong, 8w
tablets 50 mg po bid tusizi, maidong, chenpi, fabanxia, baijiangcan,
xinren, jiegeng, chaihu, zhimaqianzi, zhigancao
Suetal. (22) Yi Qi Qiang Ji decoction 1 pack po bid + Riluzole Riluzole tablets 50 mg po bid Tonify qi and nourish ying and yang huangqi, dangshen, fuling, gancao, shengdi, 90 d
tablets50 mg po bid yingyanghuo, zhidahuang, shengma,
Pan (23) Shen Zhe Jiang Qi powder 5 g po tid +Riluzole  Shen Zhe Jiang Qi placebo 5 g po tid + Riluzole =~ Regulate qi dangshen, zheshi, guiban, roucongrong, shanzhuyu, 90 d
placebo 50mg po tid tablets 50mg po tid roucongrong, jiegeng, zhike, wugong
Wang (24) Ji Wei Ling injection 24 ml ivd qd Riluzole Tablets 50 mg po bid Reinforce source qi, tonify nutrient aspect  rensheng, lurong, heshouwu 28d
and promote muscle vitality
Sui et al. (25) Huo Ling Sheng Ji decoction 1 pack po bid Riluzole tablets 50 mg po bid Replenish qi and tonify spleen, warm kidney huangqi, yingyanghuo, fuchaobaizhu, shanzhuyu, 12w
fuling, shengdihuang
Wu et al. (26) Huanggqi powder 60 g po tid Riluzole Tablets 50 mg po bid Tonify spleen, lung and kidney, replenish qi huangqi 90d
and blood
Maetal. (27) Ji Wei Ling injection 32 ml ivd qd + Riluzole Ji Wei Ling injection placebo 32 ml ivd Reinforce source qi, tonify nutrient aspect  rensheng, lurong,heshouwu 28d
placebo 50 mg po bid qd+Riluzole tablets 50 mg po bid and promote muscle vitality
Pan et al. (28) Jia Wei Si Jun Zi decoction 1 pack po bid Riluzole tablets 50 mg po bid Nourish spleen and enrich vitality huangqi,renshen, baizhu, fuling, zhigancao, 6m
roucongrong
Wenjie etal. (29)  Zi Ni Fang 1 pack po bid Riluzole tablets 50 mg po bid Tonify kidney, fortify the spleen and soothe huangqi, shengdihuang, xianlingpi, bajitian, 6m

the liver

shanzhuyu, fuling, shihu, huainiuxi, chaihu, yujin

T, treatment group; C: control group; NA, data are not available; d, days; m, months; w, weeks.
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Effects of interventions

Primary outcome measures
CHM alone vs. controls

In terms of assessment of ALS function, one double-blind,
double-dummy RCT with 60 participants measured outcome
with the ALSRF scale and reported that CHM plus a placebo for
riluzole was more effective than riluzole plus a placebo for CHM
after 3 months of treatment (MD: 2.78; 95% CI: 0.15 to 5.41; P <
0.05) (27). Another RCT, with the same methodological design,
measured the outcome with the swallowing item in ALSFRS;
the results showed that the experimental group had a better
effect on improving swallow function than the control group
after 3 months of treatment (MD:0.68; 95% CI: 0.41 to 0.95; P
< 0.01) (23). The results are shown in Figure 1. Another RCT
with 60 participants showed that CHM was superior to riluzole
in improving ALSRF scores after 4 weeks of treatment (MD:
2.87; 95% CI: 0.81 to 4.93; P < 0.05) (24). In terms of ALSRF-
r scores, one trial with 48 participants showed that there was no
significant difference between the CHM group and the riluzole
group after 6 months of treatment (MD: 1.8; 95% CI: —2.62 to
6.22; P > 0.05) (28).

With regard to ALS function, as measured with the m-Norris
scale, CHM plus a placebo for riluzole was not superior to
riluzole plus a placebo for CHM after 3 months of treatment
(MD: 2.57; 95% CI: —3.36 to 8.5; P = 0.4; 12 = 60%; n =2
RCTs; 136 participants) (23, 27). CHM alone was not better than
riluzole in improving the m-Norris scale score after 12 weeks of
treatment (MD: —1.53; 95% CI: —7.22 to 4.17; P =0.6; 2= 0%;
n = 2 RCTs; 189 participants) (18, 25). The results are shown in
Figure 2. The other trial was not analyzed because the data were
reported as medians rather than means; however, there was no
significant difference between the CHM group and the riluzole
group after 6 months of treatment (P > 0.05) (29).

CHM plus conventional medicine vs. controls

With regard to ALS function, as assessed with the ALSFRS-r
scale, one RCT featuring 45 participants showed that CHM was
no more effective than a placebo based on CM after 9 months of
treatment (MD: 5; 95% CI: —0.08 to 10.08; P = 0.05) and after
3 months of follow-up (MD: 1.24; 95% CI: —4.44 to 6.92; P =
0.67) (20). At the end of 7 to 8 weeks of treatment, CHM plus
CM had a better effect than CM alone (MD: 3.9; 95% CI: 2.49 to
5.31; P < 0.001; 2= 0%; n = 2 RCTs; 138 participants) (15, 21).
The results are shown in Figure 3.

With regard to ALS function, as assessed with the m-Norris
scale, two trials reported changes from baseline to the end of
treatment; adding CHM significantly increased this trend for
change when compared to riluzole alone after 3 months of
treatment (MD: 2.09; 95% CI: 0.62 to 3.55; P < 0.01; 2 = 0%;
n = 2 RCTs; 93 participants) (16, 22). The results are shown in
Figure 4.
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Secondary outcomes
Overall clinical effective rate
CHM alone vs. controls

Two RCTs reported clinical effective rate as assessed by ALS
symptoms and life quality; the clinical effect of CHM plus a
placebo for riluzole was better than that of riluzole plus a placebo
for CHM after 4 weeks of treatment (RR: 1.54; 95% CI: 1.23 to
1.92; P < 0.001; 2= 0%; n = 2 RCTs; 136 participants) (23, 27).
The results are shown in Supplementary Figure 4.

Six trials compared CHM with conventional therapy and
assessed the overall effective rate with different criteria (17—
19, 24-26, 29); four trials measured the effective rate with the m-
Norris scale and showed that there was no significant difference
between the two groups (RR:0.94; 95% CI: 0.6 to 1.47; P =
0.78; 1> = 16%; n = 4 RCTSs; 301 participants) (18, 25, 26, 29).
The remaining RCTs measured the effective rate with other
criteria and showed that the CHM group had a better effect
than the TCM group (as assessed by TCM syndrome points:
RR: 2.75; 95% CI: 1.65 to 4.57; P < 0.001; I = 41%; n = 2
RCTs; 269 participants; as assessed by ALS clinical symptoms:
RR: 22.78; 95% CI: 7.5 to 69.21; P < 0.01; n = 1 RCT;
320 participants; as assessed by ALS bulbar paralysis clinical
symptoms scores: RR: 2.38; 95% CI: 1.24 to 4.56; P < 0.01; n
=1 RCT; 60 participants) (17, 19, 24, 25). The results are shown
in Supplementary Figure 5.

CHM plus conventional medicine vs. controls

Only one trial reported the effective rate as assessed by ALS
clinical symptoms and showed that the CHM plus CM group
had a better effect than the CM group (RR: 1.26; 95% CI: 1.03 to
1.53; P <0.05; 84 participants) (15).

Traditional Chinese medicine syndrome

One trial featuring 35 participants reported a change in
TCM syndrome score from baseline to the end of treatment and
showed that CHM plus riluzole had a better effect on reducing
the change in TCM syndrome score than riluzole alone after 3
months of treatment (MD: 3.9; 95% CI: 1.77 to 6.03; P < 0.001)
(22). Another trial showed that CHM had a better effect on
reducing changes in TCM syndrome scores than riluzole after
6 months of treatment (P < 0.05) (29). However, we did not
perform an analysis for this study because data were reported
as medians rather than means (29). Two trials reported TCM
syndrome score after 12 weeks of treatment; the pooled data
showed that the effect of CHM on reducing the TCM syndrome
score was better than that of riluzole (MD: —3.27; 95% CI: —5.4
to —1.14; P < 0.01; I> = 0%; n = 2 RCTs; 189 participants)
(17, 28). However, there was no significant difference between
the two groups with regard to reducing fleshy atrophy symptom
score and limb wilt score (fleshy atrophy symptom score: MD:
—0.25;95% CI: —0.73 t0 0.24; P = 0.89; 12 = 0%; n = 2 RCTs; 189
participants; limb wilt symptom score: MD:0.19; 95% CI: —0.24
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FIGURE 1
Forest plot of ALSRF for ALS compared CHM with controls. ALSFRS, ALS functional rating scales; CHM, Chinese herbal medicine; ALS,
amyotrophic lateral sclerosis.
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FIGURE 2
Forest plot of m-Norris for ALS compared CHM with controls. m-Norris, modified Norris scales; CHM, Chinese herbal medicine; ALS,
amyotrophic lateral sclerosis.
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FIGURE 3
Forest plot of ALSFRS-r for ALS compared CHM plus CM with CM. r-ALSFRS, revised ALS functional rating scales; CHM, Chinese herbal
medicine; ALS, amyotrophic lateral sclerosis; CM, conventional medicine.

Frontiersin Neurology frontiersin.org
57


https://doi.org/10.3389/fneur.2022.988034
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Liao et al.

10.3389/fneur.2022.988034

CHM+CM CcMm Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight [V, Fixed, 95% CI IV, Fixed, 95% CI
LiCs 2011 -9.37 237 30 -11.29 37 28 831% 1.92[0.31,3.53] :.:
Su GL 2006 1 64 25 -1.9 41 10 16.9% 2.90[0.67, 6.47] % =
Total (95% CI) 55 38 100.0% 2.09[0.62, 3.55] -
Heterogeneity: Chi*= 0.24, df=1 (P = 0.62); F= 0% 4 2 3 2 i
Test for overall effect: Z= 2.78 (P = 0.005) CM CHM+CM

FIGURE 4

amyotrophic lateral sclerosis; CM, conventional medicine.

Forest plot of m-Norris for ALS compared CHM plus CM with CM. m-Norris, modified Norris scales; CHM, Chinese herbal medicine; ALS,

t0.62; P = 0.38; 12 = 0%; n = 2 RCTs; 189 participants) (17, 28).
The results are shown in Supplementary Figure 6.

Assessment of life quality of ALS patients
Two double-blinded, double-dummy
the quality of life as measured with the ALS assessment
questionnaire (ALSAQ-40) and showed that there was no
significant difference between the experimental group and the
control group (MD: 5.13; 95% CI: —7.04 to 17.31; P =0.41;
I = 73%; n = 2 RCTs; 136 participants) (23, 27). The results
are shown in Supplementary Figure 7. The other two trials

trials reported

compared CHM with riluzole but used different scales to
measure life quality (24, 28); therefore, we did not perform a
pooled analysis. However, the published results showed that
there was a significant difference between the two groups
[ALSAQ-40: MD: 3.33; 95% CI: —4.02 to 10.68; P = 0.37; n
1 RCT; 60 participants; SF-36 physical functioning (PF)
subscale: MD: 1.30; 95% CI: —2.7 to 5.3; P = 0.52; n = 1 RCT;
42 participants].

Pulmonary function as assessed by forced vital capacity

One trial featuring 60 participants reported FVC data and
showed that CHM plus a placebo for riluzole improved the FVC
in a manner more superior to that of riluzole plus a placebo for
CHM after 4 weeks of treatment (MD: 7.26; 95% CI: 2.92 to 11.6;
P < 0.01) (27). Wang et al. compared CHM plus conventional
therapy with conventional therapy alone and showed that there
was no significant differences between the CHM plus CM group
and the CM alone group after 8 weeks of treatment (MD: 2.14;
95% CI: —7.93 to 12.21; P = 0.68) (21). Two trials reported FVC
changes from baseline to the end of treatment (16, 24). Wang
et al. reported that CHM had a better effect than riluzole on
improving FVC values after 4 weeks of treatment (MD: 2.31; 95%
CI:0.62 to 4; P <0.01) (24). However, Li et al. showed that there
were no significant differences between a CHM plus CM group
and a CM alone group after 6 months of treatment (MD:0.84;
95% CI: —0.4 to 2.08; P = 0.18) (16).
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Composite endpoint events

Three trials (16, 21, 28) reported the outcome after long-
term treatment or follow-up including death, tracheotomy,
gastrostomy, and coma. The incidence of non-favorable clinical
events was 13.6%. One trial featuring 42 participants compared
CHM alone with riluzole with regard to mortality and revealed
that there was no significant difference between the two groups
after 6 months of treatment (RR:0.41; 95% CI: 0.04 to 4.21; P
= 0.46) (28). Another trial featuring 58 participants reported
mortality due to respiratory failure at the end of 18 months
follow-up and showed that there was no significant difference
between the CHM plus riluzole group and the riluzole alone
group (MD:0.35; 95% CI: 0.1 to 1.19; P = 0.09) (16). This
trial also reported that three patients underwent tracheotomy
in the experimental group (16). Wang et al. reported that two
patients underwent tracheotomy with mechanical breathing,
one underwent gastrostomy, and one patient who fell into a
coma after injury, at the end of 2 months of follow-up but did
not mention whether the event occurred in the control group or
the treatment group (21).

Adverse events

Adverse events were monitored in eight studies (17, 18, 20,
21,23-25, 27, 28). Two of these studies found no adverse events
in the two groups (17, 18, 20). Five studies reported that the
incidence of adverse events in the CHM group was around 2%,
and that the incidence of adverse events in the riluzole group was
about 32%. We performed a meta-analysis for the frequency of
adverse events. The results showed that the group that received
CHM plus a placebo for riluzole had fewer adverse events than
the group that received riluzole plus a placebo for CHM (RR:
0.02; 95% CI: 0 to 0.14; P < 0.001; I> = 0%; n = 2 RCTs;
136 participants) (23, 27). The CHM group had fewer adverse
events than the riluzole group (RR:0.15; 95% CI: 0.07 to 0.3; P
< 0.001; I = 0%; n = 3 RCTs; 166 participants) (24, 25, 28).
Furthermore, there was no significant difference between CHM
plus riluzole and riluzole (RR: 1; 95% CIL: 0.36 to 2.75; P =
0.64; n = 1 RCT; 60 participants) (21). The results are shown in
Supplementary Figure 8. The adverse events in the CHM group
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were mainly nausea (n = 3), abdominal distention (n = 2), and
constipation (n = 2). The adverse events in the riluzole group
were mainly nausea (n = 22), dizziness (n = 6), loss of appetite
(n = 11), constipation (n = 3), diarrhea (n = 5), abdominal
distention (n = 10), increased levels of transaminase (n = 49),
fatigue (n = 11), and itchy skin (n = 4).

Other analysis
Subgroup analysis

The subgroup-analysis for ALSFRS or ALSFRS-r based on
treatment duration and CHM preparation is shown in Table 3.
The results of subgroup analyses suggested that there was a
greater effect of CHM on improving functional ability in terms
of ALSFRS or ALSFRS-r when the optimal therapeutic duration
of DZSM seems to be 3 months or administered intravenously.
Table 3 details the full statistical results of the subgroup analyses.
For m-Norris, a subgroup analysis was not performed because of
lack of sufficient number of studies.

Sensitivity analysis and publication bias
Because of the lack of a sufficient number of trials, we could
not perform an additional analysis.

Discussion

Summary of findings and applicability

We comprehensively and systematically searched electronic
databases to perform the updated meta-analysis to evaluate
the efficacy and safety of CHM for ALS. Conventional
pharmacotherapies may sometimes fail to cure ALS, such
as riluzole or other antixodants with disadvantages of being
expensive and having side effects and uncertain efficacy,
whereas ALS is reported to be improved with alternative and
complementary medicine based on traditional Chinese theory
(4). Although there have been some systematic reviews or
scoping reviews on CHM, no study evaluated the overall efficacy
and safety of Chinese patent medicines, traditional herbal
decoctions, or Chinese medicine compounds for ALS based on
a meta-analysis.

In our study, we used the ALSFRS and m-Norris scales as
the primary outcome to assess the efficacy of CHM for ALS
function because these scales are the most representative tools
to evaluate the physical function of daily life in ALS clinical
trials, with tested reliability, sensitivity, and stability (30, 31).
Our findings showed that CHM was superior to both the placebo
and riluzole in terms of ALSFR and was superior to riluzole
alone when used as an add-on therapy in terms of ALSFR after 3
months of treatment. Our subgroup analysis results suggest that
3 months of treatment can significantly improve the ALSFRS or
ALSFRS-t scores, and that the different administrations of CHM
may lead to different effects. These data imply that the course of
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treatment may affect the efficacy of functional change in patients
with ALS as measured by ALSFRS or ALSFRS-r. Furthermore,
we found that the effect was similar between the CHM group
and the placebo or riluzole group with regard to improvements
in m-Norris score after treatment regardless of the length of
treatment. However, the change in m-Norris score from baseline
to the end of more than 3 months of treatment was significantly
different when compared between the CHM plus CM group
and the CM alone group. This means that the determination of
outcome measures may lead to different results.

The other findings in this review, which estimated the effect
on secondary outcome, revealed that CHM had a better effect
than the placebo and CM with regard to increasing the clinical
effective rate and was superior to CM alone when used as an add-
on therapy. In terms of TCM syndrome scores, CHM also had a
better effect than CM although there was no obvious advantage
of CHM with regard to improving fleshy atrophy symptoms
and limb wilt symptoms in the TCM system. Extensive research
is still needed to demonstrate the effectiveness of CHM in
improving TCM syndrome scores. Only one RCT featuring a
double blind and double dummy design reported improvement
in FVC values (27). However, the data do not mean that
CHM could improve pulmonary function in the clinic because
we only used FVC as an evaluation measure. The existing
evidence is insufficient to prove the efficacy of CHM in terms of
improving pulmonary function. In addition, patients appear to
be concerned about whether CHM can prolong survival, reduce
mortality, or improve life quality. Our results showed that CHM
did not significantly improve life quality and did not reduce
endpoint events such as mortality and the need for tracheotomy.
Therefore, we did not find any evidence to support the fact that
CHM did provide a greater benefit with regard to prolonging
survival or improving life quality. A more rigorous and multi-
center study on a larger number of subjects is required to prove
the efficacy in the future.

A previous investigation from China showed that the mean
price of TCM decoctions and compounds range from 10.23 to
72.87 RMB/per day, and that riluzole costs 160 RMB/per day
(7). The trial in our included studies also reported that CHM
was cheaper than riluzole (28). Therefore, CHM could be a
promising therapy for ALS because of its considerable efficacy
and appreciable price. Moreover, this treatment option is safe as
severe adverse events have not been reported. Moreover, there
were fewer adverse events in the CHM group.

Interpretation of different CHM potential
mechanisms

The the of CHM
prescriptions when dealing with ALS remain incompletely

mechanisms effects

underlying

clear; some studies, however, provide evidence for the
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TABLE 3 Subgroup analysis of ALSFRS or ALSFRS-r based on treatment duration and preparation of CHM.

Subgroup

CHM vs. placebo

Treatment duration 3 m 2 105
6m 1 45
9m 1 45

Preparation of CHM  Decoction or granules 2 121
Injection 1 60

CHM vs. riluzole

Treatment duration 3 m 2 108
6m 1 42

Preparation of CHM  Decoction 1 48
Injection 1 60

No. study No. participants Estimated effect (MD, 95% CI)

> Pvalue Analysis model
2.98 [0.77,5.19] 0% <0.01 Fixed model
2.88 [-1.38,7.14] 0.18 Fixed model
5.00 [-0.08,10.08] 0.05 Fixed model
0.69 [0.42,0.97] 43% <0.01 Fixed model
2.78 [0.15,5.41] 0.04 Fixed model
2.68 [0.81,4.55] 0% <0.01 Fixed model
3.80 [-1.41,9.01] 015  Fixed model
1.80 [-2.62,6.22] 0.42 Fixed model
2.87[0.81,4.93] <0.01 Fixed model

T, treatment group; CHM, Chinese herbal medicine; ALSFRS, ALS functional rating scales; ALSFRS-r, revised ALS functional rating scales; m, months; MD, mean difference.

relationship between CHM intake and ALS prognosis, as well as
the mechanisms underlying the effects.

Our studies demonstrated that the most frequent formulae
were Jia Wei Si Jun Zi decoction. Zhu observed the effect of
supplementary Sijunzi decoction on SOD1 transgenic ALS mice
and explored the mechanisms involved; the results showed that
the Sijunzi decoction may reduce the abnormal aggregation
of abnormally phosphorylated neurofilaments around the
nuclei probably by inhibiting the abnormal phosphorylation
of neurofilament, thus maintaining the integrity of the
cytoskeleton, alleviating axonal atrophy, improving axonal
transport, delaying neuronal degeneration, and exerting
neuroprotective effects (9).

ALS is a form of a wilt disease in traditional medicine (32).
TCM physicians believe that the pathogenesis of a wilt disease is
mostly related to deficiencies in the spleen, kidneys, lungs, and
liver, and consider that the therapeutic principles of invigorating
the spleen, soothing the liver, and tonifying the kidneys and
lungs are beneficial for ALS from a syndrome differentiation
point of view; thus, therapeutic prescriptions such as Jianpi
Bushen, Jianpi Yifei, and Bushen Jianpi Shugan prescriptions
are used extensively. Zhu et al. showed that Jianpi Bushen
prescription could improve the activity ability as well as balance
in a ADAR2-knockout ALS mouse; this may be associated with
the delayed degeneration and loss of anterior horn neurons as
well as the inhibition of ADAR2 immunoreaction generated
by CHM (33). Pan et al. found that Jianpi Yifei prescription
may play a neuroprotective role by inhibiting the activation
of microglia and by downregulating the expression of the p38
MAPK protein and inflammatory factors by mediating the
p38 MAPK pathway in a mouse model of ALS (34). These
results demonstrate the potential of a CHM prescription as a
supplementary treatment for ALS.

A previous study analyzed a CHM prescription for a wilt
disease and ALS by data mining and found that the commonly
used herbs were dangshen, huangqi, fuling, baizhu, dihuang,
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and danggui (35); the results were consistent with our present
findings. The TCM theory suggests that dihuang can tonify
the kidney, nourish yin, and fill lean pulps, that dangshen
can replenish the spleen and lung gi, that huangqi, fuling,
and baizhu can tonify gi and strengthen the spleen, and that
danggui can tonify blood circulation and relieve pain. Evidence
from modern medicine shows that the pathogenesis of ALS
mainly involves excitotoxicity, oxidative stress, mitochondrial
abnormality, and immune inflammatory response (36). Patients
with ALS have elevated levels of glutamate (Glu) in the
cerebrospinal fluid and elevated levels of Glu release were found
in the spinal cord of ALS transgenic mice (37), thus aggravating
excitotoxicity. It has been shown that dihuang extract exerts
cytoprotective effects on Glu-induced PCI2 cytotoxic injury
via pathways related to energy metabolism (38). Dangshen,
fuling, and baizhu may benefit ALS by antioxidation (39-42).
On the other hand, the combination of huangqi and danggui
may be beneficial for ALS by regulating the gene expression
of T cells and cytokines, thus playing a role in immune
regulation (43, 44).

Strengths of this study compared to
those published previously

A previous systematic review and meta-analysis on tonic
class prescriptions for ALS was published in 2016 and showed
that CHM was superior to conventional therapy in terms
of improving clinical effects and m-Norris scale score (45).
However, our present study is very different. First, the previous
studies did not register the associated protocol in advance on
PROSPERO or other platforms and used the Jadad scale to
assess the quality of studies. In our study, we registered our
review protocol on PROSPERO (Reference: CRD42022323047)
to avoid selection bias and used the Cochrane risk and bias
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tool to evaluate the quality of the included studies. Second,
we performed our systematic and comprehensive literature
search from inception to March 2022 to gather more up-
to-date trials from six databases. We only included Chinese
herbal compounds or decoctions and excluded other forms of
Chinese medicines such as acupuncture and massage. Third,
we assessed different outcomes from different perspectives
especially patient-centered outcomes such as mortality and
quality of life.

Limitations and implications for research

There are some limitations associated with our meta-
analysis that need to be considered, i.e., the included trials
were conducted in China. In the future, we must incorporate
more RCT results from other countries or different races.
We also restricted the retrieval language to both Chinese
and English; this may have led to a potential publication
bias. ALS is also a progressive disease; we did not collect
detailed characteristics of the disease or grade the severity of
ALS. Therefore, we were unable to evaluate the efficacy of
CHM for different grades of ALS. Furthermore, the outcomes
were mainly subjective, and the blinding of outcome assessors
was mostly unclear; this may have affected the credibility
of the efficacy data. Further studies need to evaluate hard
endpoints such as survival and mortality or consider objective
indices such as electromyogram results. Future research should
exhibit more conformity in terms of outcome measures.
Furthermore, the designs of the included studies were relatively
poor; future studies should involve randomization and triple
blinding and recruit a larger number of participants to
conduct a more rigorous and methodological study. Personnel
should perform follow-up studies to demonstrate the long-
term efficacy of CHM. We were unable to identify a
specific important ingredient. However, Jia Wei Si Jun Zi
decoctions, Ji Wei Ling preparations, and Fu Yuan Sheng
Ji granules had relatively more studies in our review, and
subjects numbers should be priorities for further research.
It is also hoped that future research will continue to
explore the mechanisms and efficacy of specific drugs or
active ingredients.

Conclusion

Our
of
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short-term
ALSFRS
with a

that
improve

effects
compared with a

study
CHM
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and clinical good
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Appendix
Search strategy

#1 “amyotrophic lateral sclerosis”[MeSH Terms]
#2 trial”[tw] OR
clinical trial”’[tw] OR “randomized”[tw] OR “placebo”[tw]
OR “randomly”[tw]

#3 (((((((“Medicine, Chinese Traditional’[Mesh]) OR “Drugs,
Chinese Herbal”[Mesh]) OR “Medicine, Traditional” [Mesh])
OR “Plants, Medicinal” [Mesh]) OR “Phytotherapy” [Mesh])

“randomized  controlled “controlled
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OR “Pharmacognosy” [Mesh]) OR “Plant Extracts” [Mesh]) OR
“Ethnopharmacology” [Mesh]

#4 (traditional [tw] or Chinese [tw] or “traditional
Chinese” [tw] or folk [tw] or therapy [tw] or
preparation [tw]) and (drug? [tw] or herbal [tw] or
plant? [tw] or extract? [tw]) or indigenous [tw] or
Kampo [tw] or Kanpo [tw]) and (medicix[tw] or
remedies[tw] or herb? [tw] or pharmaceutical [tw] or
healing [tw])

#5#3 OR #4

#6 #1 AND #2 AND #5
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Alzheimer's disease is the most common neurodegenerative disease. Prior
to 2017, National Medical Products Administration approved only four drugs
to treat Alzheimer's disease, including three cholinesterase inhibitors and
one N-methyl-D-aspartate receptor antagonist. We queried ClinicalTrials.gov
to better understand Alzheimer’'s drug development over the past 5 years
and found 16 promising candidates that have entered late-stage trials
and analyzed their impact on clinical treatment of Alzheimer’'s disease in
China. The 16 compounds selected include disease-modifying therapies and
symptomatic therapies. The research and development pipeline now focuses
on disease-modifying therapies such as gantenerumab, aducanumab, ALZ-
801, ALZT-OP1, donanemab, lecanemab, simufilam, NE3107, semaglutide,
and GV-971, which could put an end to the situation where Alzheimer's
patients in China have no effective treatment alternatives. The reuse of drugs
or combinations currently under investigation for the psychiatric treatment
of Alzheimer's disease, including AXS-05, AVP-786, nabilone, brexpiprazole,
methylphenidate, and pimavanserin, could provide physicians with additional
treatment options. Although most of these drugs have not been explored in
China yet, due to the current development trend in this field in China, it is
expected that China will be involved in research on these drugs in the future.

KEYWORDS

Alzheimer's disease, clinical trials, drug development, clinical treatment, China

Introduction

Alzheimer’s disease (AD) is a form of dementia that affects memory, thinking, and
behavior. It is the most common disease among neurodegenerative disorders. Symptoms
include cognitive dysfunction, mental problems, behavioral disturbances, and difficulty
performing activities of daily living, all of which have a significant impact on patients’
daily lives (1). As the world’s population continues to age, the incidence of AD is
increasing. According to the 2019 Global Burden of Disease Study, AD is the leading
cause of death in people over 75 years of age (2). Incidence rates in people over 65
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and 85 are 5% and more than 30%, respectively (3). There are an
estimated 50 million worldwide, including 10 million in China.
It is estimated that there will be about 130 million Alzheimer’s
patients worldwide by 2050 (3).

In the Chinese Guidelines for the Diagnosis and Treatment
of Alzheimer’s Disease published in 2020 (4), there are
mainly two types of drugs approved to alleviate cognitive
impairment in AD patients, including cholinesterase inhibitors
(donepezil, rivastigmine, and galantamine) and glutamate
receptor antagonists (memantine), as well as drugs to treat
psychiatric symptoms in AD patients. All of the above
medications treat symptoms only and have limited effects
on AD patients. These medications are far from meeting
the needs of the current medical system in light of the
increasing prevalence of AD. As research found, amyloid-
beta (AP) accumulation, the growth of neurofibrillary
tangles (NFT), and tau protein hyperphosphorylation are
the major causes of AD (5). Increased accumulation of
reactive oxygen species (ROS) induces oxidative stress and
neuronal cell abnormalities which is one of the pathogenesis
of AD (5). Anti-AfB drugs, anti-tau drugs, and antioxidants,
among others, may become promising preventive and
therapeutic species for AD. However, these drugs are still
under active development, and future research results
are unknown.

The development of novel drugs has increased dramatically
due to the enormous and largely unmet clinical need. However,
failures in this area of drug development are common.
According to reliable sources, the failure rate for cancer drug
development is 92%, while the failure rate for AD clinical trial
development can be as high as 99.6% (6). It can be argued
that pharmacological research and development (R&D) in the
field of AD treatment is slow compared to other disease areas
and is in a state of constant wandering and investigation.
Research progress on potentially effective neuroprotectors and
therapeutic strategies that prevent the development of AD is
stalled because of a lack of adequate understanding of the
intricate mechanisms of neurodegeneration (7). Apart from
the above reasons, imperfect preclinical models and lack of
validated diagnosis contribute to the high failure rate in the
development of AD (8). The huge demand for AD drugs and
the high failure rate in R&D require us to capture the latest
AD candidates in late-stage development and then explore
their potential impact on the treatment of AD patients in
China in the future. In this paper, we conduct an annual
review of the AD drug development pipeline and present
the results of our 2017-2021 pipeline analysis as presented
on ClinicalTrials.gov.

A total of 473 studies were included in our database.
These studies are mainly conducted in the United States
(US), Europe, China, and other increasingly aging regions.
Phase I and Phase II studies accounted for a substantial
proportion of the total, 36.36 and 41.86%, respectively. From
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these studies, we selected 16 compounds that are in late-
stage development. Figure 1 illustrates various therapeutic
targets in AD.

Disease-modifying therapy

Anti-amyloid strategies

Aducanumab

Aducanumab, marketed as aduhelm, is an AP-direct
antibody manufactured by Biogen. Treatment with aducanumab
should be initiated in patients with mild cognitive impairment
(MCI) or mild dementia (9). It is suitable for all genotypes
of early AD (10). The chemical structure of aducanumab is
not available online, but studies have found that it binds
to the N-terminus of AP in an extended conformation
(11). Its mechanism of action (MOA) involves binding of
aggregated forms of AP rather than monomers. A may
contribute to cell death and tissue loss in parts of the
brain critical for memory, thinking, learning, and behavior.
In a first-in-human study (NCT01397539), a dose of 30
mg/kg demonstrated an acceptable safety and tolerability
profile, although patients receiving 60 mg/kg of aducanumab
experienced serious adverse events (SAEs) and symptomatic
amyloid-related imaging abnormalities (ARIA) that resolved
at weeks 8-15 (12). Biogen announced in December 2014
that the drug had entered Phase III. However, ARIA-edema
(ARIA-E) and ARIA-hemorrhage (ARIA-H), two of the most
common adverse events (AEs), occurred in 362 of the 1,029
patients (35.2%) in the 10 mg/kg group in the phase 3
randomized clinical trials (RCTs) of aducanumab EMERGE
(NCT02484547) and ENGAGE (NCT02477800) (13). In March
2019, Biogen and Eisai announced that all ongoing aducanumab
trials would be discontinued due to the likelihood that EMERGE
and ENGAGE would miss their primary endpoints in the
interim analysis. Fortunately, Biogen later announced that
EMERGE had met its primary endpoint. Key endpoints were
significantly reduced in participants who received a high
dose, and secondary endpoints declined less. Although patient
progress was delayed in the low-dose group, the differences were
not statistically significant compared with the placebo group.
Although the primary objective of the ENGAGE study was
not met, an exploratory analysis showed that patients taking
10 or more mg/kg deteriorated more slowly (14). Based on
the results of the above studies, aducanumab may produce a
dose-dependent reduction in amyloid and some reduction in
phospho-tau (p-tau) in the cerebrospinal fluid (CSF). The Food
and Drug Administration (FDA) granted fast-track approval for
aducanumab on the condition that Biogen complete a post-
approval clinical trial in August 2021 to confirm the drug’s
efficacy (15).
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Various therapeutic targets in AD and candidates entering late-stage investigations.
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ALZ-801

Alzheon developed ALZ-801 (Figure2A). Several ALZ-
801 molecules surround and engage with AP monomers
using an enveloping MOA, maintaining their structure and
preventing the synthesis of neurotoxic oligomers (16). This
prevents the hippocampus’ shrinkage, which is linked to the
onset and progression of the disease (16). ALZ-801 is an
orally accessible valine-conjugated tramiprosate prodrug (17).
It and tramiprosate are both converted to 3-sulfo-propanic
acid (3-SPA), which is present in the brain and inhibits
AB42 aggregation (17). Compared to tramiprosate, ALZ-
801 has better gastrointestinal tolerability and more stable
plasma levels, resulting in higher brain penetration (18).
Patients with moderate AD and APOE4/4 homozygotes are
the target population (19). Alzheon began a phase II open-
label biomarker study in September 2020 (NCT04693520)
with results expected in July 2023. Patients with early AD
and one or two copies of APOE4 are enrolled in the study.
Alzheon presented interim results in February 2022 on 80
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patients treated for 6 months, reporting a 29% decrease
in plasma P-taul8 from baseline, a similar decrease in
the p-taul81/Ap42 ratio, and improvement in the Rey Auditory
Verbal Learning Test (RAVLT) (20). From May 2021 to April
2024, the phase 3 trial (NCT04770220) is ongoing. It intends
to enroll 300 APOE4 homozygotes with early to mild AD
who receive 265mg of ALZ-801 or placebo twice daily for
18 months. To date, data from these two studies has not
been published. Depending on the progress of the studies,
Alzheon decides to submit its marketing application to the FDA
in 2025.

Gantenerumab

Gantenerumab is a purely human IgG1 antibody developed
by Roche that targets AP fibrils. Its primary study population
consists of patients with early AD of all genotypes. Its chemical
structure remains a mystery. The therapeutic rationale for
this antibody is that it eliminates amyloid plaques via Fcy

frontiersin.org


https://doi.org/10.3389/fneur.2022.1034243
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Cao et al.

10.3389/fneur.2022.1034243

A
(o]
/‘\'/u\u/\/\st,,M
NH

ALZ-801
(o]
NTO
X,
H
Simufilam
E

GV-971

FIGURE 2

Chemical structure of ALZ-801 (A), ALZT-OP1 (B), simufilam (C), NE3107 (D), and GV-971 (E)

B

"] N "o

HO A A OH AN OH
o s o
OH

o

ALZT-OP1
D

NE3107

receptor-mediated microglial phagocytosis and binds with high
affinity to aggregated AB-species (21-23). In vivo, gantenerumab
suppresses oligomeric AB42’s neurotoxic effects (23). The PK
profile of gantenerumab after subcutaneous administration was
shown to attain a peak plasma concentration at a median
time of 119h (about 5 days) and then fell in a mono-
exponential way in a Phase I study (NCT02882009) (24). It
showed that subcutaneous gantenerumab injections at rates of
5 and 15s were well-tolerated in healthy volunteers, potentially
allowing patients with AD or their caretakers to administer
the drug at home (24). AB plaque levels were below the AB
positive criterion in 37 and 51% of patients at years 1 and
2, respectively, in a positron emission tomography (PET) sub-
study interim analysis of Roche’s Scarlet RoAD (NCT01224106)
and Marguerite RoOAD (NCT02051608) (25). At 2 years, 51%
patients receiving up to 1,200 mg of gantenerumab had PET
amyloid levels consistent with sparse to non-neuritic A (25).
In 2021, the FDA designated gantenerumab as a breakthrough
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therapy. According to the favorable procedure of gantenerumab,
Roche intends to submit a new drug application (NDA)
in 2022.

Lecanemab

Biogen and Eisal collaborated on the development of
lecanemab, formerly known as BAN2401. The target population
of lecanemab is early AD patients of all genotypes and
APOE4 carriers (10). There is no information available online
about the chemical structure of lecanemab. Lecanemab is
an antibody that binds to a soluble, poisonous form of Af
(26). The binding is intended to neutralize AP and “tag’
them so that the immune system can clear them from the
brain before they aggregate and become plaques (26). The
humanized IgGl variant of the mouse monoclonal antibody
mAb158 binds preferentially to soluble monomeric forms of
AB. MAbI158 has been shown to reduce AP protofibrils in the
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brain (42% less) and CSF in tg-ArcSwe mice (53% less) (27). In
addition, mAb158 was found to protect neurons and reduce the
toxicity of AB-protofibrils in neuron-glia co-cultures of mice by
counteracting the abnormal accumulation of these protofibrils
in astrocytes (28). Compared with the anti-amyloid antibodies
aducanumab and gantenerumab, lecanemab was found to bind
most strongly to AB-protofibrils, preferring the other highly
aggregated forms (29). The sponsor conducted a combined
single- and multiple-ascending dose study (NCT01767311) in
August 2010 to evaluate the safety, tolerability, immunogenicity,
pharmacodynamic response, and pharmacology of intravenous
lecanemab in participants with mild to moderate AD. The
incidence of ARIA-E/H on magnetic resonance imaging (MRI)
was comparable to that of the placebo group. In all cases,
lecanemab was extremely safe (30). However, the 12-month
primary endpoint was not met (31). According to Bayesian
and frequentist analyses, lecanemab at a dose of 10 mg/kg
every 2 weeks reduced brain amyloid (0.306 SUVTr units) and
showed a difference between drug and placebo in favor of active
treatment by 27 and 30% on the Alzheimer’s Disease Composite
Score (ADCOMS), 56 and 50% on the 14-item Alzheimer’s
Disease Assessment Scale, Cognitive Subscale (ADAS-Cogl4),
and 33 and 26% on the Clinical Dementia Rating Scale-Sum
of Boxes (CDR-SB) compared with placebo at 18 months (31).
Biomarkers in the CSF confirmed the treatment effect (31). Eisal
initiated a phase IIT study called Clarity AD (NCT03887455)
in March 2019 to evaluate the safety and efficacy of lecanemab
in people with early AD. The Alzheimer’s Clinical Trial
Consortium (ACTC) launched a large trial (NCT04468659) next
year that is expected to last until 2027 and was co-funded by
the National Institutes of Health (NIH) and Eisal. The FDA
designated lecanemab as a breakthrough therapy in June 2021
and granted it fast-track designation in late 2021 to expedite
its review. The sponsors submitted the NDA to the FDA for
approval in September 2021.

Donanemab

Lilly is exploring donanemab, a biologic that binds to
deposited amyloid plaques in the brain, for the treatment of
early AD in all genotypes (10). The chemical structure of
donanemab has not yet been published. Donanemab targets an
N-terminal pyroglutamate AP epitope found only in existing
plaques (32-34). It is epitope specific, with no off-target binding
to other AP species, neurotransmitters, or their receptors, and
no known symptomatic effect (35). The MOA of donanemab
is not just about preventing plaque deposition or growth,
but rather about targeting deposited plaques to eliminate the
existing amyloid burden in the brain. Some previous plaque-
binding antibodies have been withdrawn because they caused
microbleeds in the brain (36). Donanemab was well-tolerated
in a dose-escalation study up to 10 mg/kg. And even 10
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mg/kg caused significant changes in amyloid deposition (40—
50%). It was observed that increasing the dose prolonged
the mean terminal elimination half-life (34). Lilly undertook
TRAILBLAZER-ALZ, a Phase II trial (NCT03367403) in early
symptomatic AD to evaluate the safety, tolerability, and efficacy
of donanemab. Reductions in amyloid plaques and global tau
burden with donanemab were 85.06 centiloids and 0.01 greater
than with placebo, respectively, at 76 weeks (35). Despite mixed
secondary outcomes, donanemab has a better composite score
for cognition and ability to perform activities of daily living
than placebo (35). In two phase II studies, both infusion
reactions occurred. Lilly began recruiting in TRAILBLAZER-
ALZ 2 (NCT04437511), a phase II safety and efficacy study,
in October 2020. It was then expanded to a Phase III
registration study with 1,500 participants, with results expected
in the first half of 2023 (36). Lilly is currently conducting
three Phase III studies: TRAILBLAZER-EXT (NCT04640077),
TRAILBLAZER-ALZ 3 (NCT05026866) and TRAILBLAZER-
ALZ 4 (NCT05108922). In June 2021, the FDA granted
donanemab breakthrough therapy designation to accelerate its
development. Lilly submitted a regulatory filing in October 2021,
with study data being submitted on a rolling basis.

ALZT-OP1

ALZT-OP1 is a combination product developed by AZ
Therapies that includes a dry powder inhaler with cromolyn
(ALZT-OPla) and an oral tablet containing ibuprofen (ALZT-
OPI1b) (Figure 2B) (37). The target population is mild AD
APOE4/4 homozygotes (10). Ibuprofen, a non-steroidal anti-
inflammatory drug (NSAID) that is a cyclooxygenase (COX)-
1 and COX-2 inhibitor and an agonist of peroxisome
proliferator-activated receptors (PPARs), reduces nitric oxide
(NO) synthesis, protects neurons from glutamate toxicity, and
decreases production of pro-inflammatory cytokines. Ibuprofen
penetrates the blood-brain barrier (BBB) and decreases neuritic
plaque pathology and inflammation in the brains of people with
AD. Ibuprofen is also a potent free radical scavenger that may
help minimize lipid peroxidation and free radical formation.
Because of its neuroprotective potential, relative safety, and
long-standing use, ibuprofen has the potential to treat AD (38).
Cromolyn sodium has been shown to effectively disrupt A
aggregation in vitro and dramatically reduce the amount of
soluble AP in vivo after 1 week. Cromolyn sodium, alone or in
combination with ibuprofen, significantly reduced aggregated
AP levels and induced a neuroprotective microbial activation
state favoring AP phagocytosis vs. a pro-neuroinflammatory
state in APPSWedish_expressing Tg2576 mice (39). In a Phase
I plasma/CSF PK crossover trial (NCT02482324) conducted in
June and July 2015 with 26 healthy volunteers at Panax Clinical
Research in Florida, AZ Therapies evaluated two ALZT-OP1
dosing regimens, each lasting 2 days. The combination was
found to be safe; three patients reported mild to moderate AEs
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(37). Cromolyn and ibuprofen levels in CSF are thought to
be sufficient to titrate the estimated daily amyloid production
of 17.7 ng and the associated inflammatory response (40).
In September 2015, ALZT-OP1 entered phase III. The study
(NCT02547818) which evaluated the safety and efficacy of
ALZT-OP1 in subjects with early AD, was completed in
November 2020. Further information remains to be seen.

Semaglutide

Semaglutide is being explored to improve insulin resistance
in the treatment of AD. Semaglutide, an approved anti-diabetic
drug, is a synthetic, long-acting version of glucagon-like peptide-
1 (GLP-1) (Figure 3). GLP-1 is a hormone produced in the
gut that stimulates the release of insulin and improves insulin
sensitivity by activating receptors in the pancreas, liver, and gut
(41). GLP-1 has the ability to cross the BBB and may improve
insulin signaling in the brain (42, 43). It also enhances synaptic
plasticity, cognition, and cell survival in the hippocampus
nucleus (44). GLP-1 can be engineered to penetrate the BBB and
exhibit neuroprotective properties via lowering inflammation,
oxidative stress, and other factors (42). Semaglutide has been
shown in preclinical studies to increase LC3II, Beclin-1, and
P62, all of which block AB25-35 and hence accelerate autophagy.
It also prevents apoptosis by reducing Bax expression caused
by AB25 and enhancing Bcl2 expression decreased by AB25-
35 (45). The Alzheimer’s Association’s Part the Cloud program
supported a Phase II trial, yet it has not been registered. Novo
Nordisk ran a Phase IIla trial in December 2020 for people
with early AD. When compared to the placebo group, the
semaglutide group had a 53% lower risk of acquiring dementia.
In March 2021, the sponsor registered two Phase 3 trials, EVOKE
(NCT04777396) and EVOKE Plus (NCT04777409), to evaluate
the efficacy and safety of semaglutide in the treatment of early
AD. Both will last till April 20, 2026.

Anti-tau strategies

Tau proteins currently represent one of most promising
targets to treat AD. Compared to anti-Af therapeutic strategies
with a long history of equivocal results and minimal therapeutic
benefit, anti-tau therapeutic strategies emerged relatively late
and showed the potential for better therapeutic effect. However,
candidates that target only tau are still at an early stage of
development, so they have not been included in this review.

Anti-amyloid and tau strategies
Simufilam

Simufilam, formerly PTI-125, is a unique small-molecule
(oral) agent that represents a completely novel method for
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treating AD (Figure 2C). It returns altered filamin A (FLNA),
a brain scaffolding protein, back to its original structure and
function. FLNA is a scaffolding protein that modulates the actin
cytoskeleton (46). It is required for the normal folding and
function of AP and tau. FLNA in its altered form hinders the
AP and tau proteins from folding properly. This leads them
to cluster together in the brain, forming plaques and tangles.
Simufilam binds to FLNA and attempts to restore its activity,
which may alleviate disease symptom (47). In 2017, Cassava
Sciences launched a Phase I safety study (NCT03784300) in
which 24 healthy adults were given 50, 100, or 200 mg of
simufilam (46). In early 2019, the company conducted a NIH-
funded Phase IIa trial (NCT03748706) in people with mild to
severe AD. The results showed total tau, neurogranin, and the
light chain of the neurofilament all dropped by 20, 32, and
22%, respectively (48). P-tau (pT181) was diminished by 34%
(48). Biomarkers of neuroinflammation in the CSF (YKL-40 and
inflammatory cytokines) dropped by 5-14%, and the outcomes
were similar in plasma (48). AP42 increased somewhat, which
is a nice sign because a low AP42 level implies AD (48).
According to the findings, simufilam prevents disease and slows
neurodegeneration. The organization executed an NIH-funded
Phase IIb study (NCT04079803) at 10 sites across the US from
September 2019 to March 2020. The firm registered two Phase
IIT trials (NCT04994483 and NCT05026177) in the fall of 2021.
However, Cassavass trial data has been extensively attacked, the
clinical trials’ scientific integrity has been called into question,
and some have even urged them to be halted immediately.
Cassava has currently reached an agreement with the FDA to
conduct the Phase III trial. Cassava stated as recently as the
beginning of October that it had begun the analysis of the
late-stage project plan.

NE3107

NE3107 (previously HE 3286) is an anti-inflammatory,
blood-brain permeable small molecule insulin sensitizer
that binds to extracellular regulated protein kinases (ERK)

(Figure 2D) (49). It has been demonstrated to reduce
inflammation-driven ERK- and nuclear factor kappa-B
(NF-kB)-stimulated  inflammatory = mediators, including

tumor necrosis factor (TNF-a), without interfering with their
homeostatic functions (50). NE3107 inhibits inflammation and
improves insulin sensitivity, all of which have been proven
to diminish AD pathogenesis in preclinical and clinical trials.
It reduces inflammation by blocking EPIC, which is located
upstream of A and p-tau. It has no known interactions with
nuclear hormone receptors, passes the BBB, has a high safety
profile, and no indication of immunosuppression (50). The goal
of an ongoing pivotal phase 3 trial in mild and moderate AD
(NCT04669028) that began in May 2021 is to see if NE3107’s
impact on inflammation and insulin resistance will help slow
the rate of cognitive loss. The trial is now enrolling patients
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FIGURE 3
Chemical structure of semaglutide.
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and expanding to 45 sites. The data readout is scheduled
for mid-2023.

GV-971

GV-971, also known as sodium oligomannate, is an
oligosaccharide combination derived from the marine algae
Ecklonia kurome that is used in China to treat AD (Figure 2E)
(51). The agent suppressed neuroinflammation by significantly
modifying gut microbiota composition and modulating
amino acid metabolism (including a significant reduction in
phenylalanine and isoleucine levels) (51). As a result, sodium
oligomannate impaired the relationship between brain Th1 cells
and gut microbiota changes (51). In sodium oligomannate-
treated mice, there was a reduction in brain Th1 cells, microglial
activation, and various brain cytokines, as well as a reduction
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in AP plaque aggregation and tau phosphorylation, as well as
an improvement in discrimination learning (52). The MOA by
which GV-971 may act is yet to be defined. GV-971 has a limited
oral bioavailability, and food has little influence on absorption
of this compound (53). There are no human studies on GV-971
metabolites, and the excretion pathways are unknown (51).
GV-971 PK has not been examined in certain groups, such as
individuals with hepatic or renal impairment (53). Green Valley
began a Phase III trial (NCT02293915) at 34 sites in China in
April 2014. At 4, 12, 24, and 36 weeks, the treatment group
outperformed the placebo group in terms of Alzheimer’s disease
Assessment Scale-Cognitive Subscale (ADAS-Cog) scores, as
reported at Clinical Trials on Alzheimer’s disease (CTAD) 2018.
The Canadian International Business Immigration Consultant
(CIBIC) showed a trend toward improvement, but no other
secondary outcomes changed (54). A subgroup analysis revealed
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that drug effects were larger in those with lower Mini-Mental
State Examination (MMSE) scores at the start of the study.
GV-971 was well-tolerated. The experiment was completed by
80% of participants, and the rates of AEs were comparable in
the treatment and placebo groups. The results of a 36-week
experiment revealed that GV-971 displayed high efficacy in
improving cognition, with persistent improvement throughout
all observation periods (55). In November 2019, GV-971 gained
its first approval in China for the treatment of mild to severe
AD to improve cognitive function (51).

All the Disease-modifying therapy medications cited in this
article have been listed in Table 1.

Symptomatic therapy

Symptomatic for agitation

AXS-05

AXS-05 is an innovative, fixed-dose oral combination
of two authorized medications being developed to treat
agitation in AD (Figure 4A). Dextromethorphan (DM), one
of the ingredients, is a weak antagonist of N-methyl-D-
aspartate (NMDA) receptors, an agonist of sigma 1 receptors
(endoplasmic reticallum membrane molecular chaperones), and
an inhibitor of serotonin and norepinephrine transporters,
nicotinic acetylcholine receptors, and microglial activation.
Bupropion is another component whose major role is to
increase the bioavailability of dextromethorphan by decreasing
its metabolism and boosting its plasma levels while also
reducing norepinephrine (NE) and dopamine reuptake (56).
There is no information on Phase I trials in the trial
register or the peer-reviewed literature. Axsome commenced
a Phase II /III trial called ADVANCE-1 (NCT03226522) in
July 2017 to evaluate the efficacy and safety of AXS-05
for the treatment of agitation in AD patients. The sponsor
announced topline data in April 2020, citing a statistically
significant 15.4 points reduction in Cohen-Mansfield Agitation
Inventory (CMAI) with therapy, compared to 11.5 points
with placebo and 10.0 points with bupropion alone. AXS-
05 fulfilled the primary endpoint and resulted in a clinical
response on the CMAI in over 70% of patients in this trial,
defined as a 30% or higher improvement. It was also statistically
significantly better than bupropion in terms of component
contribution. AXS-05 was generally safe and well-tolerated,
and was not associated with sedation-induced cognitive
impairment (57). The FDA approved AXS-05 breakthrough
therapy designation for treating agitation in AD in June
2020. Alongside that, Axsome announced that two trials to
support the NDA for agitation in AD would begin before
the end of 2020. The first will be a Phase III efficacy study
(NCT04797715) while the second will be an open-label long-
term safety study.
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AVP-786

Avanir and Concert Pharmaceuticals created AVP-786, a
deuterated second-generation version of AVP-923 (Figure 4B).
It comprises DM and quinidine, two approved medicines. DM
is the agent’s neuroactive ingredient (58). Quinidine improves
DM bioavailability by blocking the BBB protein pump P-
glycoprotein and decreasing its oxidative metabolism by the
liver enzyme cytochrome P450-2D6. AVP-923 is linked to
less agitation in people with neurocognitive impairments,
including AD (59). AVP-786 is distinct from AVP-923 in that
it incorporates deuterium into the DM, which has been shown
to reduce first-pass metabolism in the liver. Because of the
lower metabolic rate, AVP-786 requires ultra-low quinidine
doses, which improves overall safety and tolerability by reducing
drug-drug interactions and adverse cardiac effects (60, 61).
The safety, tolerability, and PK of DM dextromethorphan
were evaluated in a phase I trial. At lower quinidine dosages,
AVP-786 had the same steady-state plasma levels of DM
as AVP-923. In November 2015, the FDA fast-tracked AVP-
786 for agitation. The sponsor also ran two Phase III trials
in the same year, TRIAD-1 and TRIAD-2 (NCT02442765
and NCT02442778), to analyze the drug in moderate AD
patients with clinically significant agitation. Avanir revealed
in March 2019 that the TRIAD-1 sequential design study
had accomplished its primary endpoint, whereas TRIAD-2
had failed. There were no treatment-related deaths, although
falls, urinary tract infections, headaches, and diarrhea were
common AEs. The sponsors are currently undertaking the
investigation on AVP-786 in AD agitation globally, with
four trials registered on ClinicalTrials.gov (NCT04464564,
NCT04408755, NCT03393520, and NCT02446132). In the
future, positive outcomes are expected.

Nabilone

Cannabinoids (CB) have previously been shown to
have a neuroprotective impact by activating the G-protein
coupled receptors: CB1 and 2 (CB1/2) receptors (Figure 4C).
CB1 receptors, which are found in the cerebral cortex and
hippocampus, can impair learning and memory function
in Alzheimers patients and are also linked to anxiety-like
and aggressive behavior in animals. CB2 receptors were
engaged at the same time, reducing the generation of pro-
inflammatory chemicals and removing AP plaques (62).
Nabilone, a synthetic CB that acts as an agonist at CB1/2
receptors, has been studied to see if it improves agitation
in AD. Sunnybrook Health Sciences Centre sponsored a
Phase II/III trial (NCT02351882) in January 2015 to test
the impact of 6 weeks of nabilone treatment on agitation
symptoms compared to placebo (63). CMAI, Neuropsychiatric
Inventory-Nursing Home version (NPI-NH) total, NPI-NH
caregiver distress, and standardized MMSE were all favored
by nabilone using a linear mixed model (64). Treatment
differences favored placebo in those who completed the
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TABLE 1 Disease-modifying therapy in active development from 2017 to 2021.

Candidate Target MOA Sponsor Phase Phase in Last Patient Disease stage Reduce AB
globally China completed enrolled or/and tau
trial burden
(Phase)
Aducanumab AB Remove aggregated forms of AR Biogen; Eisai Approved N NCT02484547 (III) 1,643 Early AD +
NCT02477800 (III) 1,653 -
ALZ-801 AB Prevent AB42 from forming oligomers Alzheon 111 N NCT04157712 (I) 127 HV N/A
NCT04585347 (I)
Gantenerumab AB Disassemble and degrade A fibrils Roche 111 111 NCT01224106 (III) 194 Prodromal AD +
NCT04623242 (III) 799 Mild AD +
lecanemab AB Disassemble and degrade A fibrils Eli Lilly I I NCT01767311 (II) 856 Early AD +
Donanemab AB Remove AP plaques Eli Lilly I N NCT03367403 (II) 272 Early AD +
ALZT-OP1 COX-1; PPARs Promote microglia recruitment to AZ Therapies I N NCT02547818 (III) 620 Early AD Unknow
plaques, and phagocytosis of AR
deposits
Semaglutide GLP1 receptor Accelerate autophagy of AB25-35 Novo Nordisk I III / / / /
Simufilam FLNA Restore of normally folded Ap and tau Cassava 11 N NCT03748706 (1) 13 Mild-to-moderate +
proteins Sciences NCT04079803 (II) 64 AD +
NE3107 NF-kB Reduces inflammation by blocking BioVie I N / / / /
EPIC, which is located upstream of AB
and p-tau
GV-971 N/A De-aggregate A and reduce tau Shanghai Approved Approved NCT02293915 (III) 818 Mild-to-moderate N/A
hyperphosphorylation Green Valley AD
Pharmaceutical

N/A, Not applicable.
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FIGURE 4
Chemical structure of AXS-05 (A), AVP-786 (B), nabilone (C), brexpiprazole (D), methylphenidate (E), and pimavanserin (F).

25) (64). The
(CGIC)
improvement between nabilone (47%) and placebo (23%)

simultaneous integrated boost (SIB) (n =
difference in Certified Gastroenterology Coder
was not statistically significant (McNemar’s test, exact p =
0.09) (64). Sedation was higher during the nabilone (45%)
vs. placebo (16%) phases (McNemar’s test, exact p = 0.02),
although treatment-limiting sedation was not substantially
different (McNemar’s test, exact p = 0.22), hence sedation
and cognitive function must be continuously monitored (64).
Following the completion of the study, the sponsor commenced
a Phase 3 trial (NCT04516057) in February 2021. It will last
until October 2025.

Brexpiprazole

Brexpiprazole is a unique third-generation antipsychotic
that functions as a partial agonist for dopamine D2 receptors, a
partial agonist for serotonin 5-HT1A receptors, an antagonist for
serotonin 5-HT2A/5-HT2B receptors, and a partial antagonist
alB/a2C (Figure 4D) (65).
Brexpiprazole may be beneficial in the treatment of dementia

for noradrenaline receptors

sufferers since serotonin, dopamine, and noradrenaline

neurotransmitter systems are linked to behavioral symptoms
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of dementia, such as agitation (66). Otuska and Lundbeck
collaborated in 2013 to conduct two 12-week Phase III
studies (NCT01862640 and NCT01922258) to assess the
efficacy, safety, and tolerability of brexpiprazole in patients
with agitation associated with AD dementia. In the study
(NCT01862640), brexpiprazole 2mg and 1mg significantly
reduced total CMAI scores by 21.6 and 17.6 points, respectively,
at 12 weeks, compared to 17.8 points in the placebo group,
and greatly decreased NPI-NH agitation/aggression scores
by 58.34 and 51.71%, respectively, at 12 weeks, compared
to 47.12% for placebo (66). Brexpiprazole 0.5-2 mg/day
did not establish statistical advantage over placebo in study
(NCT01922258). In post-hoc
titrated to the maximal brexpiprazole dose of 2 mg/day
indicated a benefit when compared to similarly titrated placebo
patients (66). Brexpiprazole provoked treatment-emergent

studies, however, patients

adverse events (TEAEs) in both studies, including headache,
insomnia, urinary tract infection, and others. The bulk of the
TEAEs were mild to moderate in severity (66). In 2018, the
sponsors commenced three Phase III trials 1 (NCT03594123,
NCT03548584, and NCT03724942) and one Phase II/III
trial (NCT03620981), all of which are scheduled to run
through 2022.
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Symptomatic for apathy

Methylphenidate

Methylphenidate has been approved for narcolepsy and
attention deficit hyperactivity disorder (ADHD) (Figure 4E).
Methylphenidate hinders presynaptic neurons from reabsorbing
two neurotransmitters, adrenaline and dopamine. It inhibits the
transporters of these neurotransmitters, resulting in an increase
in dopamine and adrenaline levels in the synaptic cleft (67). It
is also a mild agonist at the 5-HT1A receptor, which is another
mechanism that contributes to higher dopamine levels (68).
Methylphenidate can promote neuroprotection via increasing
dopamine levels (69). Apathy in people with AD is thought to
be caused by reduced dopaminergic neurotransmission (70). It
is being investigated as a treatment for apathy in patients with
AD as a mild CNS stimulant. Methylphenidate may benefit non-
cognitive, apathy-like behavior (as demonstrated by decreased
exploration) in the 5XFAD mouse model, but it has little ability
to enhance chronic Alzheimer’s typical learning and memory
deficiencies (71). It was shown that methylphenidate was well-
tolerated and alleviated apathy in patients with AD in two open-
label studies (72, 73). Another placebo-controlled crossover trial
found that, in comparison to placebo, methylphenidate patients’
apathy was considerably improved (74). A Phase II study called
ADMET (NCT01117181) was established in June 2010 to further
verify methylphenidate’s involvement in AD. Methylphenidate
improved NPI apathy scores by 1.8 points more than placebo,
and further findings showed that methylphenidate reduced
apathy in Alzheimer’s patients and enhanced global cognition
with few AEs (75). Methylphenidate was then evaluated in
Phase III (NCT02346201) in 2016 for its ability to minimize
the severity of apathy in AD. The NPI apathy score in those
receiving methylphenidate decreased more from baseline to 6
months than in those taking placebo, and its safety was clearly
proven in this experiment (76).

Symptomatic for other psychosis

Pimavanserin

Pimavanserin has been approved for the treatment of
Parkinson’s disease psychosis (PDP) (Figure4F). It is a
selective inverse agonist/antagonist of the 5-HT2A receptor
with little affinity for the 5-HT2C receptor and no affinity
for dopaminergic, muscarinic, histaminergic, or adrenergic
receptors (77). Previous research revealed that activation at
the 5-HT2A receptor could possibly help with AD psychosis
(78). Tt is now being developed for the treatment of
psychosis in Alzheimer’s patients. A prior study found that
serotonin signaling attenuated AP in vitro and in animal
models of AD (79). Pimavanserin administration interfered
with AP deposition by altering the balance between two 5-
HT2A signaling pathways that were antagonists of Gq/1l
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signaling and agonists of Gail signaling, according to the
findings (80). From November 2013 through September 2019,
Acadia launched a Phase II trial (NCT02035553). At the
primary endpoint (week 6), pimavanserin had an effect on
psychosis and was well-tolerated. Further follow-up through
week 12 revealed no meaningful benefits for pimavanserin as
compared to placebo (81). A subsequent subgroup analysis
revealed that >30% improvement was 88.9 vs. 43.3% (p <
0.001) and >50% improvement was 77.8 vs. 43.3% (p =
0.008) for pimavanserin and placebo, respectively, in this
severe subgroup with a baseline Neuropsychiatric Inventory-
Nursing Home Version psychosis score (NPI-NH-PS) >12
(n = 27 pimavanserin; n = 30 placebo) (82). The next
Phase II study, SERENE (NCT03118947), was terminated
in February 2017. The findings of this experiment do not
support pimavanserin’s function. Pimavanserin entered Phase
III from 2017 to 2019. The trial (NCT03325556) sought
to examine the efficacy of pimavanserin vs. placebo in
preventing the return of psychotic symptoms in dementia-
related psychosis patients who responded to 12 weeks of open-
label pimavanserin treatment. According to the findings, 13%
of the pimavanserin group relapsed, compared to 28% of the
placebo group. The trial was also halted due to ineffectiveness.
Longer and larger trials are needed to confirm the efficacy of
pimavanserin on psychosis in AD (83). The sponsors submitted
an NDA to the FDA in December 2021 for permission to
treat AD.

All the symptomatic therapy medications cited in this article
have been cited in Table 2.

Conclusion and future expectations

Available drugs for AD are only symptomatic in China,
and even in the world. Prior to 2017, the four approved
drugs for AD were acetylcholinesterase (AChE) inhibitors
and NMDA By lowering AChE
these medications temporarily halt the loss of cognitive

antagonists. activity,
function, resulting in increased ACh levels and enhanced
brain function (84). However, they only provide minor
benefits in terms of symptom management and do not
prevent neuronal death, brain shrinkage, and cognitive
decline (85).

Due to a lack of powerful drugs to slow the progression of
AD, huge efforts have been undertaken to find novel molecules
with the potential to change the illness’s course: disease-
modifying therapy (DMT) (86). Since AD evolves concurrently
with the accumulation of AP, causing the expansion of
tau pathology (87), these prospective DMT are essentially
addressing the two pathogenic hallmarks of AD: AP and tau-
protein (86). The amyloid hypothesis has been the subject of
contemporary study (86). AP is the most popular target in
Phase III drug development programs (87). Gantenerumab,
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TABLE 2 Symptomatic therapy in active development from 2017 to 2021.

Candidate Target MOA Sponsor Phase Phase in Last Patient Disease Relieve
globally China completed enrolled stage symptoms
trial
(Phase)
AXS-05 NMDA Inhibit serotonin and NA transporters, Axsome I N NCT03226522 (II/III) 366 AD agitation +
receptor; N acetylcholine receptors, and Therapeutics
Sigma 1 microglial activation
receptor
AVP-786 NMDA Inhibit serotonin and NA transporters, Avanir 11T N NCT02442765 (IIT) 410 AD agitation +
receptor; N acetylcholine receptors, and Pharmaceuticals; NCT02442778 (IIT) 522 -
Sigma 1 microglial activation Concert
receptor Pharmaceuticals;
Otsuka
Pharmaceutical
Nabilone CB1/2 Reduce the generation of Other 11 N NCT02351882 (II/11I) 38 AD agitation +
receptor pro-inflammatory chemicals; Remove Hospital/Academic/
AB plaques Medical Center
Brexpiprazole D2 receptor; D2 and 5-HT1A receptor partial agonist; Lundbeck III N NCT01862640 (III) 433 AD agitation +
5-HT1A 5-HT2A/5-HT2B receptor antagonist; NCT01922258 (IIT) 270 +
receptor; NAa1B/o2C partial antagonist NCT03724942 (III) 164 Unknown
5-HT2A/B NCT03548584 (III) 345 Unknown
receptor;
NAal1B/a2C
Methylphenidate ~ 5-HTI1A Block NE and DA reuptake; 5-HT1A Other v N NCT02346201 (III) 200 AD apathy +
receptor; receptor agonist Hospital/
SLC6A2 Academic/Medical
Center
Pimavanserin 5-HT2A 5-HT2A receptor agonist ACADIA 111 N NCT03325556 (I1I) 392 AD psychosis +
receptor Pharmaceuticals
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aducanumab, ALZ-801, ALZT-OP1, donanemab, lecanemab,
and semaglutide are among the selected agents aimed at
eliminating AB. They are engaged in secondary prevention trials
in people with preclinical, prodromal, mild, or moderate-to-
severe AD (87). The risk of AD is 60-80% heritable, with
more than 40 AD-associated genetic risk loci already identified,
the APOE alleles having the strongest association with the
disease (87). AD patients with APOE4/4 homozygotes are the
target population for ALZ-801 and ALZT-OP1. Gantenerumab,
aducanumab, and donanemab are beneficial in all genotypes
of AD patients. Lecanemab is distinct in that it is intended
for patients of all genotypes, including APOE4/4 homozygotes
(19). According to prior studies, insulin resistance has been
linked to neurodegeneration (88). Semaglutide is an anti-
diabetic medication that has been approved in China. A trial
in China is now underway to treat MCI and mild dementia
caused by AD. Other agents, such as aducanumab, which has
been approved in the US and is advised for clinical therapy,
have not been studied in China aside from gantenerumab,
lecanemab, and semaglutide. China has been paying attention
to drug R&D in this field in recent years, and these promising
candidates are expected to be expanded to China for future
research. Tau biology adds to the list of potentially relevant
targets for DMT (89). The anti-tau strategies, on the other
hand, are still in the early stages of clinical studies (86).
However, there are candidates that target both AB and tau,
such as simufilam, NE3107, and GV-971. FLNA is a unique
target in that recovered FLNA can restore normal Ap and tau
function. According to the existing data, simufilam is rather
effective in AD. Neuro-inflammation is recognized as a major
component of the pathology of AD, contributing to disease
progression and neurodegeneration (87), in addition to aberrant
AP protein deposition and hyperphosphorylation of tau protein.
Therefore, medications targeting this pathway are also being
developed to alleviate the condition of AD patients. NE3107 is
a candidate that significantly targets inflammation, and some
other candidates have anti-inflammatory properties as well.
In addition to its anti-inflammatory properties, NE3107 has
the potential to reduce insulin resistance. However, NE3107
is presently only being tested in clinical studies in the
US. GV-971 belongs to DMT as well, although its MOA
is undetermined and may be related to gut flora. It was
approved in China in 2019, following a phase III trial that
indicated cognitive enhancement in the same country (52).
However, due to the difficulties to get more clinical reports
for GV-971 in order to assess the quality of the evidence, the
current Chinese guidelines have been unable to make adequate
recommendations, and we only hope to augment it when the
guidelines are revised in the future (4). All the agents described
above were devised to combat the pathogenic mechanism of
AD and, therefore, can interfere with the disease process.
And, in disorders like Alzheimer’s, pathogenic alterations
occur before symptoms manifest. If patients can be diagnosed
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early, these compounds could become the top choice for the
prevention and treatment of AD, changing the existing status of
no cure.

Cognitive impairment and psycho-behavioral dysfunction
are the two primary categories of AD symptoms. The four
approved Alzheimer’s medications are generally used to modify
cognitive impairment, and more are being developed to improve
patients’ cognition by delaying the disease process in the past
5 years. Antipsychotic behavioral disorder drug investigation
accounts for a significant portion of AD symptomatic treatment.
Pimavanserin is an inverse agonist for the 5-HT2A receptor
that has been investigated for dementia-related psychosis
(87). Only the treatment of hallucinations and delusions
associated with psychosis in Parkinson’s disease (PD) has
been studied with pimavanserin in China. However, because
pimavanserin relieves hallucinations and delusions while having
no harmful effects on cognition, the Chinese guideline
makes the following recommendation: Pimavanserin has a
short-term effect on AD dementia mental symptoms (4).
Apathy is one of the symptoms of depression, which is
common in Alzheimer’s patients. The guidelines show that
tandospirone, but not sertraline or mirtazapine, is beneficial
for depression in Alzheimer’s patients (4). In recent research,
methylphenidate has been considered to be an effective
symptom-modifying drug (90). In China, methylphenidate is
recommended for respiratory depression, narcolepsy, ADHD,
and other conditions. Agitation is a prevalent symptom of
dementia, affecting up to 70% of patients with AD during their
illness (91). Some atypical antipsychotics (such as olanzapine,
risperidone, and quetiapine, among others) and serotonin
medications (such as pimavanserin, buspirone, and citalopram,
among others) have been recorded in the guidelines for the
effect of alleviating psychological symptoms, mainly agitation,
in AD patients (4). Recent studies have demonstrated that
AXS-05, AVP-786, nabilone, and brexpiprazole are significantly
effective in treating agitation. Clinical studies for AXS-05 and
AVP-786 are not being conducted in China. As nabilone is
illegal in China, it cannot be used clinically. Brexpiprazole was
initially developed for depression and schizophrenia and has not
been linked to the agitation of AD in China. It's challenging
to compare the efficacy of the above-mentioned drugs since
the primary endpoints of clinical trials are inconsistent,
but they've all shown curative effects, giving doctors more
options to treat AD patients with psychiatric symptoms in
the future.

In the last 5 years, the R&D pipeline for AD has been
primarily focused on DMT, with the goal of improving the
embarrassing status of no viable pharmacological treatment in
clinic. Agents targeting Af have a distinct advantage over late-
stage agents, despite the fact that many agents’ development
processes are tortuous. Tau protein, a new intriguing target,
may be more effective than AP in treating AD, and the
future pipeline may focus on this target. If the tau protein
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study continues to make significant progress, it will be a
tremendous step forward in the treatment of AD. New targets
for different pathogenic pathways, like FLNA and improving
blood glucose, provide new opportunities for future R&D
pipelines. In the R&D pipeline of AD, drugs that relieve
symptoms still have a place. Although the number of potential
pharmaceuticals developed in China is still limited, China
is actively introducing and looking forward to participating
in the development of these drugs. Once approved by the
National Medical Products Administration (NMPA), these
drugs will be able to remedy the shortages of radically
curative drugs and provide more therapeutic alternatives for
symptomatic therapy.
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Alzheimer's disease (AD) is a chronic neurodegenerative disease, and its underlying
genes and treatments are unclear. Abnormalities in copper metabolism can
prevent the clearance of B-amyloid peptides and promote the progression of AD
pathogenesis. Therefore, the present study used a bioinformatics approach to perform
an integrated analysis of the hub gene based on cuproptosis that can influence the
diagnosis and treatment of AD. The gene expression profiles were obtained from the
Gene Expression Omnibus database, including non-demented (ND) and AD samples.
A total of 2,977 cuproptosis genes were retrieved from published articles. The seven
hub genes associated with cuproptosis and AD were obtained from the differentially
expressed genes and WGCNA in brain tissue from GSE33000. The GO analysis
demonstrated that these genes were involved in phosphoribosyl pyrophosphate, lipid,
and glucose metabolism. By stepwise regression and logistic regression analysis, we
screened four of the seven cuproptosis genes to construct a diagnostic model for
AD, which was validated by GES15222, GS48350, and GSE5281. In addition, immune
cell infiltration of samples was investigated for correlation with these hub genes. We
identified six drugs targeting these seven cuproptosis genes in DrugBank. Hence,
these cuproptosis gene signatures may be an important prognostic indicator for AD
and may offer new insights into treatment options.

KEYWORDS

cuproptosis, Alzheimer's disease, diagnostic, drug, immune

Introduction

Alzheimer’s disease is a neurodegenerative disease characterized by aging and irreversibility.
It is predicted that dementia prevalence will double in Europe and triple globally by 2050 (1).
The number of Americans with Alzheimer’s dementia is estimated at 6.5 million over the age
of 65 (2). The number of people with AD is forecast to grow to 13.8 million by 2060 without
medical breakthroughs to prevent, slow, or treat it (2). According to the Alzheimer’s Disease
Foundation, Alzheimer’s disease is the fifth leading cause of death among Americans aged 65
and older (3). It should be noted that about 5% of patients with AD inherit the disease in a
chromosomal-dominant manner, and carriers can develop the disease as late as 40-60 years of
age (3). Heritable familial AD (FAD) is most commonly caused by presenilin and the amyloid
precursor protein (4). A major pathological feature of AD is the deposit of extracellular amyloid
plaques and neurofibrillary tangles (NTFs) in the brain (5). According to the consensus, tau
and amyloid B-protein (AB) are both essential to the neurodegenerative process in AD, and
AP is located upstream of tau in the pathway (5). There is evidence indicating that amyloid
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plaque is not as detrimental as the soluble oligomeric form of AB,
which causes synaptic dysfunction (6). However, the exact pathogenic
form of AP and the molecular mechanism by which pathogenic AB
causes subsequent synaptic and neurotoxic processes are yet unclear
(7). Currently, the U.S. Food and Drug Administration (FDA)
has licensed six medications (including donepezil, rivastigmine,
galantamine, minocycline, and donepezil) to temporarily treat
Alzheimers symptoms without affecting the underlying brain
changes or changing the course of the illness (3). Consequently,
finding novel, potent targeted agents is urgently needed to further AD
diagnosis and care.

In addition to AP and NTFs, neuroinflammation plays a
It has been
shown that AP causes microglia to release cytokines that pass

significant role in the development of AD (1).

through the blood-brain barrier with increasing age, leading to
an accumulation of AB (8-10). AP-activated microglia secrete
neurotoxic cytokines and chemokines (TNE, IL-6, IL-1, and CCL2),
which cause neurological dysfunction and death (11). Clinical studies
suggest anti-inflammatory cytokines (IL-2, IL-4, and IL-33) can
modulate microglia activation and mitigate AD pathology (12,
13). The permeability of immune cells and molecules that pass
through the blood-brain barrier increases with age, contributing to
neurodegeneration in AD (14). Although a relationship between AD
and neuroinflammation has been identified, it is unclear whether it is
a cause or a consequence of the disease. Therefore, further research
into the relationship between AD and inflammation could enhance
our understanding of AD and contribute to developing more effective
AD treatments.

A metal with redox activity, copper is involved in several
metabolic processes in the brain (15). It serves as the active
site for several copper enzymes, including cytochrome oxidase,
ceruloplasmin, SOD1, and lysinase (16). The uptake and secretion
of intracellular and extracellular copper ions are mediated by CTR1
and ATP7A/B (17). There is evidence that ATP7B (K832R) mutations
may increase the risk of AD (18). A large number of copper ions
accumulate in neurons in the brains of patients with Alzheimer’s
disease, primarily in amyloid plaques and tangles (19). It has been
shown that copper ions can reduce copper ions in neurons and
tissues of the brain when APP expression is increased (20, 21). The
deficiency of intracellular copper ions can promote the production of
AP, while the accumulation of extracellular copper ions can promote
the aggregation of AB (22, 23). Copper ions can affect the division and
proliferation of neutrophils in the peripheral circulation and have a
positive correlation with the severity of AD (24). The neutrophil can
cross the blood-brain barrier and aggregate near Af plaques in the
AD mouse model (25). Depletion of neutrophils enhanced cognitive
performance, reduced microglia, and reduced AB 1-42 levels in 3xTg-
AD mouse brain homogenates (26). Thus, regulation of intracellular
and extracellular copper iron transport is still under research for the
treatment of AD. As one of the causes of neuronal ROS, copper
ions combined with Tau protein can lead to the production of H,O,
in vitro. It was shown that intracellular delivery of copper ions
reduced intracellular Tau phosphorylation in a mouse animal model
of AD (APP/PS1) (27). Therefore, the relationship between copper
ion-related metabolism, immune cells, and molecules and AD is
not negligible.

Through the analysis of differentially expressed genes (DEGs) and
Weighted gene co-expression network analysis (WGCNA) between
ND and AD on the GSE33000 dataset, we identified seven hub
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genes related to cuproptosis and AD. The biological processes and
pathways of seven hub genes have been analyzed using GO and gene
set enrichment analysis (GSEA) in patients with AD. We developed
a diagnostic model for AD based on stepwise regression and logistic
regression analyses and validated it in the GSE15222, GSE48350, and
GSE5281 datasets, respectively. It is evident from the AUC value of
ROC that the model has good diagnostic performance and may be
useful in the diagnosis of AD. Symptoms of neuroinflammation can
be accompanied by tangles of tau, which can result from interactions
with amyloid plaques. Thus, the significance of immune infiltrating
cells for these hub genes was explored in AD samples. Finally,
we retrieved drugs targeting seven hub genes from the DrugBank
database, which have implications for the treatment of AD. The
flowchart of the research is shown in Figure 1.

Materials and methods

Data acquisition

In total, 2,977 genes associated with cuproptosis were found in
the published literature (28). In this study, all expression profiles
were obtained from public databases. Gene expression data were
obtained from the GEO database (https://www.ncbinlm.nih.gov/
geo/). GSE33000 expression data were obtained using the GPL10558
platform, containing 155 ND samples and 310 AD samples.
GSE15222 expression data was used with the GPL2700 platform,
containing 40 ND samples and 31 AD samples. GSE48350 expression
data was used with the GPL570 platform, containing 27 ND samples
and 21 AD samples. GSE5281 expression data was used with the
GPL570 platform, containing 11 ND samples and 22 AD samples.

Differential expression analysis

Here, we used the “limma” package (version 3.40.6) for
differential analysis to obtain differential genes between the AD
and ND groups (29). Specifically, we obtained the expression
profile dataset, performed multiple linear regression using the ImFit
function, and further used the eBays function to compute moderated
t-statistics, moderated F-statistics, and log-odds of differential
expression by empirical Bayes moderation of the standard errors
toward a common value, finally obtaining the differential significance
of each gene. The differentially expressed genes (DEGs) between AD
and AD were filtered with the threshold |logFC| > 1 and adj.p.val
< 0.05.

Weighted gene co-expression network
analysis

Weighted gene co-expression network analysis is a method for
analyzing gene expression patterns of multiple samples (30). It can
cluster genes by similar gene expression patterns, form modules,
and analyze the relationships between modules and the clinical
information of patients (30). First, we calculated the MAD (median
absolute deviation) of each gene separately using the gene expression
profile, and then we eliminated the top 50% of genes with the
smallest MAD, removed the outlier genes and samples using the
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goodSamplesGenes method of the R package WGCNA, and further
constructed a scale-free co-expression network using WGCNA. First,
Pearson’s correlation matrices and the average linkage method were
both performed for all pair-wise genes. Then, a weighted adjacency
matrix was constructed using a power function Ay, = |Cmn|ﬁ (Crn
= Pearson’s correlation between Geney, and Geney; A, = adjacency
between Geney, and Gene,). B was a soft-thresholding parameter
that could emphasize strong correlations between genes and penalize
weak correlations. After choosing the power of 7, the adjacency was
transformed into a topological overlap matrix (TOM), which could
measure the network connectivity of a gene defined as the sum
of its adjacency with all other genes for network generation, and
the corresponding dissimilarity (1-TOM) was calculated. To classify
genes with similar expression profiles into gene modules, average
linkage hierarchical clustering was conducted according to the TOM-
based dissimilarity measure with a minimum size (gene group) of 30
for the gene dendrogram. The sensitivity is 3. To further analyze the
module, we calculated the dissimilarity of module eigengenes, chose
a cut line for the module dendrogram, and merged some modules.
In addition, we merged modules with distances <0.25 and finally
obtained 13 co-expression modules. Notably, the gray module was
considered a set of genes that could not be assigned to any module.
Finally, we calculated the correlation between module vectors and
gene expression to obtain MM (MM >0.8), and 206 genes with high
connectivity in the clinically significant module were identified as
hub genes.

Identification of hub genes
To obtain genes related to cuproptosis genes and AD, DEGs,

intersections of genes obtained by WGCNA and cuproptosis genes
were taken using the “VeenDiagram” package in R software. The
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differential expression of the hub gene in ND and AD was represented
using violin plots. The hypothesis tests used were the t-test and the
Mann-Whitney U-test. The former was used if the data conformed to
a normal distribution, and the latter if not. Significance was defined
as p < 0.05.

Enrichment analysis

To investigate the biological mechanisms affecting the hub gene
for AD, we performed a functional enrichment analysis. We first
analyzed the biological process (BP) of gene ontology (GO) in which
these genes are involved and presented the final results as a chord plot
using the “GOplot” package in the R software. We obtained the GSEA
software (version 4.3) from the GSEA (http://software.broadinstitute.
org/gsea/index.jsp) website, divided the samples into high (>50%)
and low (<50%) expression groups based on the expression levels of
hub genes, and downloaded the c2.cp.kegg.v7.5.1.symbols.gmt subset
from the Molecular Signatures Database (http://www.gsea-msigdb.
org/gsea/downloads.jsp); the c2.cp.kegg.v7.5.1.symbols.gmt subset
was downloaded to evaluate the relevant pathways and molecular
mechanisms based on gene expression profiles and phenotypic
groupings, setting a minimum gene set of 5 and a maximum gene
set of 5,000, with 1,000 resamples. Screening conditions of p < 0.05
and FDR < 0.25 were considered to be statistically significant.

We used a query of multiple protein names (“IFI30,” “CLIC1;
“LYZ, “PYGL) “PLA1A “ALOX5AP” and “A4GALT”) and
organisms (“Homo sapiens”) to search the STRING website (https://
string-db.org/). Following that, we set the following main parameters,
namely, network type (“full STRING network”), network edge
meaning (“evidence”), active interaction sources (“experiments”), the
minimum required interaction score [“low confidence (0.150)”], and
the maximum number of interactors to show (“no more than 50
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interactors” in the first shell). Finally, the available experimentally
determined binding proteins were obtained and visualized by
Cytoscape software (version 3.9.1).

Signature for patients with AD

A logistic model is a statistical model that simulates the
probability of an event by making the logarithm of the event a linear
combination of one or more independent variables and is often used
in disease diagnosis (31). In this study, logistic regression with two
response variables was used, with 1 representing the AD sample
and 0 representing the ND sample. Stepwise regression analysis was
used to eliminate factors that were not significant for the response
variable and only those that were significant were retained to simplify
the model. Stepwise regression iteratively adds or removes variables
from the model until the statistical value of the Akaike information
criterion (AIC) is minimized. After that, logistic regression was
used to fit the relationship between these significant factors and the
response variables.

Finally, we performed ROC analysis using the R package pROC
(version 1.18.0) to obtain the AUC. Specifically, we obtained the
patient’s risk score, performed ROC analysis using the roc function
of pROC, and evaluated the AUC and confidence interval using the ci
function of pROC to obtain the final AUC result of 0.91.

Immune infiltration

CIBERSORT, a deconvolution algorithm, was used to estimate
22 types of infiltration immune cells in patients with ND and AD
by using the normalized gene expression (32). In this study, we
analyzed the abundance of infiltrating immune cells in ND and
AD tissues using CIBERSORT of the LM22 gene file, including
plasma cells, naive B cells, memory B cells, memory CD4T T cells
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(activated and resting), naive CD4™ T cells, CD8" T cells, follicular
helper T cells, y8 T cells, Tregs, macrophages (M0, M1, and M2),
mast cells (activated and resting), dendritic cells (activated and
resting), NK cells (activated and resting), neutrophils, monocytes,
and eosinophils.

Drugs from the DrugBank

DrugBank (www.drugbank.ca) is a comprehensive, freely
available web resource containing detailed drug, drug target, drug
action, and drug interaction information on FDA-approved drugs
and experimental drugs undergoing the FDA approval process (33).
In this research, the “Targets” module of the DrugBank database was
used to analyze the seven hub genes of drug targeting.

Statistical analysis

All statistical analyses in this study were performed using the R
language. The t-test and the Mann-Whitney U-test were selected
according to whether the data conformed to a normal distribution.
Statistical significance was defined as p < 0.05.

Results

Identification of hub genes for AD and
cuproptosis

To identify genes associated with AD, we analyzed a total of 299
differential genes between ND and AD in the GSE33000 dataset using
the limma package with the screening criteria of adj.p.val < 0.05 and
[logFC|> 1, including 139 upregulated genes and 160 downregulated
genes (Supplementary Table S1). Expression differential genes were
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presented in a volcano plot (Figure 2A), and heat maps of the
top 10 differentially expressed genes that were upregulated and
downregulated, respectively, were plotted (Figure 2B).

After
goodSamplesGenes method in the WGCNA package, the expression
profiles of 7,595 genes and 465 samples were taken from GSE33000
for constructing a weighted gene co-expression network (soft

removing outlier genes and samples using the

threshold force: 7, scale independence: 0.86, average linkage:
120.74, Figures 3A, B). The 13 different co-expression modules
were obtained through dynamic tree cutting (module merging
threshold: 0.25, minimum module: 30, Figure 3C). The correlation
analysis was then performed for each module with clinical traits.
It was shown that the midnight blue (r = 0.64, p = 8.6e-53) and
dark red module (r = —0.62, p = 3.2e-55) had the highest positive
and negative correlation with AD, respectively (Figure 3D). Thus,
we selected the midnight blue module (containing 453 genes)
with the highest correlation coefficients for further analysis. GS-
and MM-related scatterplots showed that these genes were highly
correlated with both modules and phenotypes (cor = 0.90, p < 0.001;
Figure 3E).

By taking the intersection of 299 differential genes in GSE33000,
453 genes in the midnight blue module of WGCNA, and 2,977 genes
related to cuproptosis genes, we finally obtained the seven hub genes
of cuproptosis associated with AD (Figure 4A). The results of the
violin plot showed that the seven hub genes were highly expressed
in patients with AD (p < 0.05, Figure 5). In addition, the expression
of these genes in GSE15222, GSE48350, and GSE5281 is shown in
Supplementary Figure S1.

Enrichment for the hub gene
To further investigate the molecular mechanism of the seven
hub genes in AD, we attempted to screen out the targeting of the

hub gene binding protein. Based on the STRING tool, we found a
total of binding proteins, which were validated by experimental data
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(Supplementary Figure S2). We performed an enrichment analysis
to investigate the potential biological role of these hub genes.
The GO analysis showed that four of the seven hub genes were
involved in biological processes (BP), including phosphoribosyl
pyrophosphate biosynthetic process, phosphoribosyl pyrophosphate
metabolic process, lipoxin metabolic process, lipoxin biosynthetic
process, cellular lipid metabolic process, and glycogen catabolic
process (Figure 4B).

The results of the GSEA analysis showed that these hub
genes were associated with neurodegenerative diseases (AD
and Parkinson’s disease), oxidative phosphorylation, leukocyte
transendothelial migration, leishmania infection, hematopoietic
cell lineage, complement and coagulation cascades, citrate cycle
(TCA cycle), B cell receptor signaling pathway, systemic lupus
erythematosus, cytokine receptor interaction, ECM receptor
interaction, and Jak stat signaling pathway (Figure 6).

Construction and validation of diagnostic
models

Logistic regression was used to perform a multi-gene prediction
model based on GSE33000. Logistic regression was used to
perform a multi-gene prediction model based on GSE33000. The
prediction model was constructed for four of the seven cuproptosis
genes, including IFI30, PLAIA, ALOX5AP, and A4GALT. The
results showed that the constructed model had good diagnostic
performance, and the area under the ROC curve was 0.91
(Figure 7A). We used the GSE48350, GSE15222, and GSE5281
datasets for validation, and the results showed that the area under
the ROC curve was 0.75, 0.76, and 0.91, respectively (Figures 7B—
D). The formula was as follows: [expression level of IFI30 x
(—0.7449)] + [expression level of PLAIA x 0.6557] + [Expression
level of ALOX5AP x 1.1483)] + [expression level of A4GALT x
1.4343] + 0.8891.

frontiersin.org


https://doi.org/10.3389/fneur.2022.1064639
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

10.3389/fneur.2022.1064639

Zhang et al.
A B C
6 | 3.1e-38 3.0e-41 3.0e-31
-— 4 —_— —_—m—
c S 4
il ) A
24 8 5
g 2 2
X o 2 30
22 < 5
X
P4 4 V)
% £ <
o0 o Z 07
o ] o; €
[T
= O N
" 5]
-2
-4 L . -4 4 ] !
AD ND AD ND
D E F
2.5e-39 4 | 4.2e-34
4- —reeee c T —
o
c 's 41 3
Re] 7 o
2 o $2
o s X2
g 2 3 2] <
[} < Z
< z o
z [ 1S
o £ Q0 -
= 0 < 0; =
4 . >
g 3 3
o o <
-2 =21
-2
AD ND AD ND
G
3]
(=
il
7}
2 2.
)
3
< 1
Z
E
0-
5
<<
Q -1
<<
-2
FIGURE 5
The hub genes expression in the ND and AD samples of GSE33000. (A) IFI30, (B) CLIC1, (C) LYZ, (D) PYGL, (E) PLA1A, (F) ALOX5AP, and (G) A4GALT.

Immune infiltration in patients with AD diagnosis. In this study, we used CIBERSORT to compare the
proportion of 22 immune infiltrating cells in ND and AD samples

Immune cells, extracellular matrix, and other factors in the  (Figure 8A). The immune cell infiltration was compared between AD
body are important for clinical therapeutic sensitivity and disease ~ and ND samples in the boxplot (Figure 8B). The results showed that
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memory B cells, naive CD4™T T cells, resting memory CD4™T T cells,
NK cells resting, macrophages M2, activated mast cells, eosinophils,
and neutrophils were significantly higher in patients with AD. In
contrast, plasma cells, CD8T T cells, activated memory Ch4t T
cells, follicular helper T cells, regulatory T cells (Tregs), activated
NK cells and resting mast cells were significantly lower in patients
with AD.

Subsequently, the relationship between hub genes and immune
infiltration was analyzed. The hub genes were significantly negatively
associated with plasma cells, CD8T T cells, activated memory
CD4T T cells, follicular helper T cells, Tregs, activated NK cells,
and resting mast cells, while the opposite was true with resting
memory CD4" T cells, resting NK cells, monocytes, macrophages
M1, macrophages M2, and neutrophils (Figure9). The results
suggest that the hub genes may play an important role in the
immune microenvironment.

Drug from DrugBank
In this study, we searched the DrugBank database for drugs

targeting seven cuproptosis genes (Table 1). The FDA has approved
six of these drugs; several others are being investigated intermittently;
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and one drug has been discontinued. There are no studies available
for the A4GALT, PLAIA, and PYGL genes. It is believed that copper
(DB09130) does have an effect on the CLICI gene and is mostly used
in emergency contraception, non-traceable elements, and dietary
supplements, although the exact mechanism is unknown due to
the wide spectrum of enzymes that use copper ions as co-factors.
Acting as a ligand for CLICI target genes, Artenimol (DB11638) also
acts as a regulator of the cell cycle and inserts into membranes to
form chloride channels at appropriate pH levels (34). In tissues and
body fluids, sucrose (DB02772) acts as a nutritional supplement to
Lysozyme C (encoded by the LYZ gene), which has an important role
in enhancing immune responses (35, 36). As a feed additive, arsanilic
acid (DB03006) is a toxic compound containing arsenic that induces
blindness in animals. It has received approval for use in veterinary
medicine for treating intestinal diseases in pigs and poultry (36). It
is known that propyl alcohol (DB03175) is one of the best targets for
lysozyme C and is primarily used for skin disinfection as well as a
preservative that can be used in both clinical and domestic settings
(35). Known as part of the non-essential amino acid family, aspartic
acid (DB00128) can act on lysozyme C, but it needs to be studied
further. Rose bengal (DB11182) is used as a diagnostic agent and
is recommended for eye examinations, cornea, or conjunctiva (37)
(Supplementary Table S2).

frontiersin.org


https://doi.org/10.3389/fneur.2022.1064639
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

10.3389/fneur.2022.1064639

Zhang et al.
A B
GSE33000 10 GSE48350
0.8
= £ 0.6
= =
5 S 0.4]
n n K
02y AUC(95%Cl) 020/ AUC(95%Cl)
0.91(0.94-0.88) 0.75(0.90-0.61)
0.0+ . . ! ! 0.0 ! ! ' .
00 02 04 06 08 1.0 00 02 04 06 08 1.0
1-Specificities 1-Specificities
(o] D
GSE15222 GSE5281
1.0
= 1.0
_ 08 08
ko) ko
Z 06 206
(72] . (72]
5 5
»n 04 N4
0.2 I 0.2 |
AUC(95%ClI) : AUC(95%ClI)
0.0L" 0.76(0.88-0.65) 0.91(1.00-0.82)
00 02 04 06 08 10 %00 02 04 06 08 1.0
1-Specificities 1-Specificities
gzz:is/;r operating characteristic (ROC) curves and corresponding AUC values for the four expression cohorts. (A) GSE33000, (B) GSE48350, (C)
GSE15222, and (D) GSE5281.

Discussion

In this study, seven cuproptosis genes were screened for
association with AD using the public dataset GSE33000. GO analysis
showed that they were involved in the phosphoribosyl pyrophosphate
and lipoxin biological processes, as well as the cellular lipid metabolic
process and glycogen catabolic process. There is no doubt that
elevated levels of PRPP in humans are associated with an excess of
uric acid production and accumulation, which is negatively correlated
with Alzheimer’s disease prevalence (38). Neuroinflammation may
be beneficial for patients with early-onset Alzheimer’s disease, and
it may help reverse or at least slow tau protein accumulation
in the brain, preventing dementia (25). By helping macrophage
differentiation and activation, lipoxin, derived from arachidonic acid,
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could reduce the immune response in early patients with AD by
releasing cytokines that decrease inflammation (39, 40). Based on
these cuproptosis genes, prediction models were developed and
validated using the GSE48350, GSE5281, and GSE15222 datasets,
respectively. Furthermore, GSEA demonstrated that all of these
pivotal genes were associated with neurodegenerative diseases,
particularly AD, which validated these gene selections to some extent
(Figure 6).

The diagnostic models developed from four of the seven
cuproptosis genes (including IFI30, PLA1A, ALOXS5AP, and
A4GALT) can serve as a guide to the clinical diagnosis of AD.
An antigen-presenting cell (APC)-expressing gamma-interferon-
induced lysosomal thiol reductase (GILT, encoded by IFI30)
reduces disulfide bonds through endocytic proteins, presenting
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FIGURE 8
Immune cell infiltration between ND and AD samples. (A) The percentage of 22 immune cells in each sample. (B) Different levels of immune infiltrating
cells between ND and AD samples.

immunogenic peptides bound to the major histocompatibility
complex (MHC) class II (41). Consistent with our findings that
the IFI30 gene is highly expressed in patients with AD, GILT
is highly expressed in microglia surrounding AP and is involved
in AP clearance (42, 43). Abnormalities of lipid metabolism in
the brain are characteristic of AD (44, 45). It is possible to
reduce the risk of AD by converting phosphatidylcholine to
lysophosphatidylcholine-DHA in liver tissues and transporting it
into the brain across the blood-brain barrier (46, 47). The 5-
lipoxygenase-activating protein (FLAP, encoded by ALOX5AP) is
widely distributed in the central nervous system and functions
to regulate the activation of the 5-lipoxygenase enzyme (48). It
has been shown that selective pharmacological inhibition of FLAP
significantly reduces A levels and deposition in amyloid precursor
protein (APP) transgenic mice (49) and regulates endogenous tau
metabolism in vivo (50). A4GALT is involved in regulating the
synthesis of glycosphingolipids, which is associated with several
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neurodegenerative diseases, including AD and Parkinson’s disease
(36, 37). Neuroinflammation is more prevalent in patients with mild
cognitive impairment and AD. There is research showing that a
combination therapy that reduces amyloid plaque formation and
limits neuroinflammation may be more effective than treating either
alone (51).

Here, we further explored the level of infiltration of immune
infiltrating cells in patients with AD. The results showed that
the MO macrophages were not significantly different in both
AD and ND, while the M1/M2 macrophages were significantly
lower in AD. According to the results, increased activation and
differentiation of M0 macrophages into M2 macrophages reduces
inflammation and contributes to delaying the onset of AD. Tregs,
the subset of CD41 T cells, are essential for maintaining immune
homeostasis and downregulating patients with AD. The results have
shown that early depletion of Tregs is associated with accelerated
cognitive impairment and that restoring Tregs reduces A deposition
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Correlation between the hub genes and immune infiltrating cells. **p < 0.01, ***p < 0.001.
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and improves cognition, but the results of this study remain
controversial (52). Neutrophils are also upregulated in AD. A
significant increase in neutrophils was found in AD brains and
AD model mice, and hyperactivity of neutrophils is associated
with AD (53). It was found that neutrophils may play a role in
AD as they produce large quantities of reactive oxygen species,
thereby causing AD and cognitive decline through the LFA-1
integrin (25).

The gamma interferon-inducible lysosomal thiol reductase
(GILT, encoded by IFI30) is expressed in antigen-presenting
cells (APCs), such as dendritic cells, monocytes/macrophages,
and B cells, and it is highly expressed in microglia in the
AD brain (42). The chloride intracellular channel 1 (CLIC1)
protein, a potential marker of neurodegenerative processes, is
significantly increased in peripheral blood mononuclear cells of
patients with AD (54). The LYZ gene, a significant member
of non-specific immunity, is upregulated in the cerebrospinal
fluid (CSF) of patients with AD and inhibits the appearance
of toxic AP oligomers (55). Abnormal brain glucose catabolic
processes are associated with the formation of amyloid plaques
in the brain and the onset of memory loss (56). In contrast, the
relationship between PYGL (glucose metabolizing enzyme) and AD
remains unclear.

Finally, the drugs targeting the above genes were retrieved from
the DrugBank database. An excess of copper (DB09130) acts as a
catalyst for a variety of biological processes (57), accumulating in
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neurofibrillary tangles and regulating APP gene expression (45, 46).
AP peptide interaction with copper and other metals is thought to
promote gain-of-function activity and lead to neurotoxicity (15).
As an immunomodulator and neuroinflammatory drug, Artenimol
(DB11638) inhibits neuronal apoptosis, modulates Tau autophagy,
and protects AD mice from neuronal damage (58-60). There is no
doubt that sucrose (DB02772) is a valuable nutritional supplement,
but excessive consumption can lead to type 2 diabetes, and type 2
diabetes is associated with a high incidence of Alzheimer’s disease
(61). There is an increase in LYZ in the brains of transgenic
mice and humans with AD, pointing to new therapeutic strategies
to slow its progression (55). Propyl alcohol (DB03175) acts on
the LYZ target, but its function still needs further study. In
addition to its functionality in protein synthesis, aspartic acid
(DB00128) is also involved in the urea cycle and gluconeogenesis
and affects AD indirectly (62, 63). There is a xanthene dye, rose
bengal (DB11182), which has been used to treat colon cancer
(64). Furthermore, rose bengal inhibits the toxic effects caused
by AP aggregation (65) and has a therapeutic effect on Tau
aggregation (66).

Conclusion

In summary, we investigated seven cuproptosis genes and
AD-related hub genes by using bioinformatics techniques. The
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TABLE 1 Drugs targeting these seven hub genes obtained from the DrugBank database.

Protein UniProt  DrugBank Drug group Actions
1FI30 Tryptophan-tRNA ligase, P23381 DB00150 Tryptophan Approved, nutraceutical, Inhibitor
cytoplasmic withdrawn
DB01831 Tryptophanyl-5amp Experimental
DB04537 Tryptophanamide Experimental
A4GALT
ALOX5AP Arachidonate P20292 DB05225 AM103 Investigational Inhibitor
5-lipoxygenase-activating protein
DB04929 DGO031 Investigational
DB06346 Fiboflapon Investigational
DB16739 MK-886 Experimental Inhibitor
DB16346 Veliflapon Investigational Inhibitor
CLIC1 Chloride intracellular channel 000299 DB09130 Copper Approved, investigational
protein 1
DB11638 Artenimol Approved, experimental, Ligand
investigational
LYZ Lysozyme C P61626 DB02772 Sucrose Approved, experimental,
investigational
DB03006 Arsanilic acid Experimental, vet_approved
DB03120 p-Toluenesulfonic acid Experimental
DB03189 Cu-Cyclam Experimental
DB03487 (S)-Aspartimide Experimental
DB02759 4-methyl-umbelliferyl-N-acetyl- Experimental
chitobiose
DB03013 N-acetyl-beta-D-glucosaminyl-(1- Experimental
>4)-N-acetyl-beta-D-glucosamine
DB03175 Propyl alcohol Approved
DB02159 (R)-Propylene glycol Experimental
DB04194 Triacetylchitotriose Experimental
DB04268 Methylumbelliferyl chitotriose Experimental
DB00128 Aspartic acid Approved, nutraceutical
DB06912 UNDECA-3,7-DIENE-1,3,7,11- Experimental
TETRACARBALDEHYDE
DB03967 Dodecyl sulfate Experimental
DB11182 Rose bengal Approved, investigational ligand
PLAIA Phospholipase A1 member A Q53H76
PYGL Glycogen phosphorylase, liver P06737
form

biological role of these genes in AD development was explored.
Further experiments are needed to confirm the function. Based
on logistic regression analysis, we constructed a diagnostic model
that can diagnose patients with AD by detecting the expression
of several genes in the brain tissues. Additionally, immune
cells expressed themselves more strongly in AD, indicating that
they may be crucial to the immunological microenvironment.
However, further research is needed to explore their specific effects.
Currently, only a few drugs targeting these pivotal genes are
predicted to alleviate AD, suggesting that additional drugs need to
be developed.
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Objective: Dementia with Lewy bodies (DLB) and Parkinson'’s disease dementia
(PDD) are collectively known as Lewy body dementia (LBD). Considering the
heterogeneous nature of LBD and the different constellations of symptoms
with which patients can present, the exact molecular mechanism underlying
the differences between these two isoforms is still unknown. Therefore, this
study aimed to explore the biomarkers and potential mechanisms that distinguish
between PDD and DLB.

Methods: The mRNA expression profile dataset of GSE150696 was acquired from
the Gene Expression Omnibus (GEO) database. Differentially expressed genes
(DEGs) between 12 DLB and 12 PDD were identified from Brodmann area 9 of
human postmortem brains using GEOZ2R. A series of bioinformatics methods were
applied to identify the potential signaling pathways involved, and a protein—protein
interaction (PPI) network was constructed. Weighted gene co-expression network
analysis (WGCNA) was used to further investigate the relationship between gene
co-expression and different LBD subtypes. Hub genes that are strongly associated
with PDD and DLB were obtained from the intersection of DEGs and selected
modules by WGCNA.

Results: A total of 1,864 DEGs between PDD and DLB were filtered by the
online analysis tool GEO2R. We found that the most significant GO- and KEGG-
enriched terms are involved in the establishment of the vesicle localization and
pathways of neurodegeneration-multiple diseases. Glycerolipid metabolism and
viral myocarditis were enriched in the PDD group. A B-cell receptor signaling
pathway and one carbon pool by folate correlated with DLB in the results obtained
from the GSEA. We found several clusters of co-expressed genes which we
designated by colors in our WGCNA analysis. Furthermore, we identified seven
upregulated genes, namely, SNAP25, GRIN2A, GABRG2, GABRAL, GRIAL, SLC17A6,
and SYN1, which are significantly correlated with PDD.

Conclusion: The seven hub genes and the signaling pathways we identified may
be involved in the heterogeneous pathogenesis of PDD and DLB.

Lewy body dementias, dementia with Lewy bodies, Parkinson’s disease dementia,
weighted gene co-expression network analysis, hub gene, biomarker
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1. Introduction

Lewy body dementia (LBD) is the second most prevalent form
of neurodegenerative dementia after Alzheimer’s disease (AD) in
patients older than 65 years (1). Parkinson’s disease dementia
(PDD) and dementia with Lewy bodies (DLB), collectively known
as LBD, are synucleinopathies morphologically characterized by
neuronal loss, inclusions containing Lewy body/a-synuclein and -
amyloid, and tau pathologies, often reported as part of the same
spectrum (2, 3). Cognitive decline in the LBD may, in part, be
due to a general loss of synapses and related functional failure
(4, 5). There is an average of 30-40% loss of synapses in the
frontal and the temporal cortex in DLB (6), and in PDD, a
reduction of the synaptophysin immunoreactivity of the cortical
neuropil was 8.2% (7). Synaptic functional failure happens in
the early stages of synucleinopathies due to altered transport
of vesicles, synaptic proteins, and mitochondria, which lead to
presynaptic terminal loss, dendritic damage, axonal dystrophy, and
eventually degeneration of selective neuronal populations within
the striatonigral and cortico-limbic systems, among others (6).
Clinical distinctions between the two refer to the “so-called 1-year
rule” (1, 8, 9), that is, the term DLB is used if dementia occurs
before or concurrently with parkinsonism or within 1 year of onset
of the motor symptoms; PDD describes dementia starting 1 year
or more after Parkinson’s disease (PD) becomes well-established
(1). This mode of distinction is clearly arbitrary and based on
the distinction between the time of onset of cognitive and motor
symptoms (3). The mechanisms underlying these differences in
clinical manifestations are unclear, and it is necessary to explore the
mechanisms by which differences occur to differentiate from the
early stages of the disease or even from differences at the genetic
or molecular level, and hopefully to provide targeted treatments
for these differences. Therefore, it is important to further study the
differences in the pathogenesis between the two dementias (10). To
this end, we used bioinformatics methods to delve deep into the
mechanisms of their heterogeneity.

2. Materials and methods

2.1. Data source

Gene expression datasets were obtained from the GEO
database. After a careful review of the datasets, we chose the
series of mRNA expression profile datasets of GSE150696 (https://
(11).

Consensus criteria used for clinical diagnoses of PDD and DLB

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150696)

with neuropathologic confirmation have been previously described
in detail (12). The samples processed in each group were matched
for age, sex, and postmortem interval. The Brodmann area 9 from
human postmortem brains was chosen for analysis. A total of 12
(6 women/6 men) PDD samples and 12 (6 women/6 men) DLB
samples were retrieved from GSE150696 and published on 24 May
2021. All brain samples were provided by the Brains for Dementia
Research, UK. Data were freely available online, and our study
did not involve any experiments in the lab performed by any of
the authors.
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2.2. Data processing of differentially
expressed genes

The GEO2R online analysis tool (https://www.ncbi.nlm.nih.
gov/geo/geo2r/) was used to detect differentially expressed genes
(DEGs) between PDD and DLB samples, and the P-value and |log
(FC)| (FC-fold change) were calculated. Genes that met the cutoff
criteria, P < 0.05 and |log FC| > 1.0, were considered DEGs (11).
Genes with P < 0.05 and log FC > 1.0 were considered upregulated
genes, and genes with P < 0.05 and log FC < —1.0 were considered
downregulated genes (11). GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA; www.graphpad.com), graphing software that
can perform data analysis and data visualization, was used to
visualize volcano maps of all identified DEGs and a heat map of
the top 50 genes (11).

2.3. GO and KEGG pathway analysis

The R software (version 4.2.1) was used for the GO annotation,
the KEGG pathway enrichment analysis, and the visualization of
DEGs (13). An online analysis tool Metascape website (http://
metascape.org) was used for GO and KEGG analyses of gene
modules selected by weighted gene co-expression network analysis
(WGCNA) (14).

2.4. Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) is a promising and
widely used software package (15) that derives gene sets to find
the different biological functions of the whole genes between PDD
and DLB. The potential contribution of the whole altered genes
to LBD was explored using the GSEA software (version 4.2.3). A
normalized enrichment score (NES) was calculated, and NES is the
enrichment score for the gene set after it has been normalized across
analyzed gene sets. The gene set was deemed to be significantly
enriched when the P-value was <5% and |[NES| was >1 for each
analysis (16).

2.5. Weighted gene co-expression network
analysis

Weighted gene co-expression network analysis (WGCNA) can
cluster genes with higher co-expression levels, assemble them into
modules, and establish connections between their modules and
phenotypes to find the hub genes of the phenotype. We selected
a WGCNA package of the R software to filter the top 6,000
median absolute deviation genes to construct a representation
matrix and the scale-free network (17). The B-value was selected
as long as R*> was >0.8. The B-value was a soft threshold.
The algorithm introduces an approximate scale-free topology
to accurately calculate the soft threshold and then replaces
the hard threshold of the previous traditional algorithm; Scale-
free topologies are more realistic when compared with random
networks (18). Based on the selected soft threshold, network
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FIGURE 1

(A) Volcano maps of all differentially expressed genes (DEGs) between Parkinson’s disease dementia (PDD) and Dementia with Lewy bodies (DLB).
The red color represents upregulated genes, and the green color represents downregulated genes in PDD; gray represents genes that are not
differentially expressed. The dashed horizontal and vertical axes indicate the log fold change absolute threshold of 1 and the P-value threshold of
0.05, respectively. (B) Heat map of the top 50 DEGs. The color gradient from green to red indicates gene regulation from downregulation to
upregulation in PDD or DLB. Numbers 5-20 indicate gene expression levels.
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modules were constructed by clustering the gene topology matrix
using the dynamic shear tree algorithm. The minimum number
of genes included in the network module was set to 20. The
module color was established by using the degree of dissimilarity
automatically by WGCNA software (18). The relationships between
modules and LBD haplotypes are shown with a heatmap. We
measured the module membership (mM) and gene significance
(GS) of individual genes, and the hub genes in the selected modules
with |[mM]| >0.8 and |GS| >0.2 were screened for further analysis
(19, 20).

2.6. Protein—protein interaction network
construction and hub gene identification

We used the online Search Tool for the Retrieval of
database (STRING-DB)  (http://
string-db.org/) to analyze protein-protein interaction (PPI)

Interacting  Genes tool
information (21). PPI pairs were extracted with a combined
score of >0.4, and the results were calculated with their
automatically cited parameters. Subsequently, the PPI network
was visualized using the CytoHubba plug-in in Cytoscape
3.9.1;
used to calculate the degree of each protein node (11). We

software  (version https://www.cytoscape.org/)  was
considered the top 30 identified genes as the hub genes in
our study. Finally, we screened the hub genes by intersecting
them in the selected modules, mentioned earlier, and in the

DEG-PPI network.
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3. Results
3.1. Identification of DEGs

The samples of PDD and DLB obtained from Brodmann
area 9 of postmortem brains were selected for the present study
from the GSE150696 series. On the basis of the criteria of P <
0.05 and |log FC| > 1.0, 1,864 DEGs between PDD and DLB
were filtered by the online analysis tool GEO2R. It included 1240
upregulated and 624 downregulated DEGs in patients with PDD
(Supplementary Table S1). A volcano map of all identified DEGs is
shown in Figure 1A. In addition, a heat map of the top 50 DEGs is
shown in Figure 1B.

3.2. Functional and pathway enrichment

3.2.1. Analyses for DEGs

The GO and KEGG enrichment analyses were performed
on 1,864 DEGs between PDD and DLB, and the findings were
visualized with the cluster profiler package of R software (22). The
mainly enriched biological process of GO analysis included the
establishment of vesicle localization, vesicle-mediated transport in
the synapse, and learning and memory. The cellular component
of GO analysis included the presynapse axon part and the
glutamatergic synapse. The molecular function of GO analysis
included ATPase activity and motor activity (Figure 2A). The
results of GO analysis of up and down DEGs between PDD and
DLB are shown in Supplementary Figures S1A, S2. In addition,
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FIGURE 2

(A) The results of gene ontology (GO) enrichment categories of the DEGs for both Parkinson'’s disease dementia (PDD) and Dementia with Lewy
bodies (DLB) groups including biological process (BP), cellular component (CC), and molecular function (MF). (B) The results of the Kyoto
encyclopedia of genes and genomes (KEGG) pathway enrichment analyses of the DEGs for both PDD and DLB, the abscissa represents GeneRatio
(the number of genes enriched in this KEGG entry/the total number of genes), and the ordinate represents KEGG terms. P-adjust refers to the P-value
after correction, the darker the red color, the greater the correlation. Counts refer to the number of genes enriched in this KEGG entry, the larger the
circle, the more the number of genes.

the results of the KEGG pathway analysis showed that DEGs  (Figure 2B). The results of the KEGG pathway enrichment analysis
were mainly enriched in pathways in neurodegeneration-multiple  in up DEGs are shown in Supplementary Figure S1B (down DEGs
diseases, Amyotrophic lateral sclerosis, and Huntington’s disease ~ were not enriched by the corresponding KEGG pathway).
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3.2.2. Gene set enrichment analysis

The GSEA analysis was used to filter unique pathways involved
in the pathogenesis of PDD or DLB. When the green line plot
was in the negative direction, the gene on the right side of the
maximum enrichment score value was the core gene, the pathway
was positively correlated with the PDD group, contrarily, the
pathway was positively correlated with the DLB group. As shown
in Figures 3A-D, the pathways of glycerolipid metabolism and viral
myocarditis were positively correlated with the PDD group. The
pathways of the B-cell receptor signaling pathway and one carbon
pool by folate signaling pathways were positively correlated with
the DLB group.

3.3. Weighted gene co-expression network
analysis

We used WGCNA software to identify the associations between
the key gene modules related to PDD and DLB. As shown in
Figures 4A, B, the power was set as 6 for further analysis and
satisfied the scale-free co-expression network relationships, with
the mean value of the adjacency function gradually approaching
0. According to the module-trait relationships, eight modules were
identified by the average linkage hierarchical clustering method
from the co-expression network, and the colors were defined by
the software automatically (Figure 4C). Based on the correlation
between different modules and subtypes of LBD shown in the
heatmap, we found the green module was significantly positively
associated with the PDD group (cor = 0.75, P-value < 0.01); the
yellow module was significantly positively associated with the DLB
group (cor = 0.75, P-value < 0.01) (Figure 4D); and the gray
module represented genes that were not assigned to each network.
Other modules such as black, turquoise, red, brown, and blue also
suggest a clear correlation.

3.4. Enrichment analyses of module genes
identified by WGCNA

We used the Metascape tool to perform GO annotation and
KEGG pathway enrichment analyses to analyze the features of
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the module genes. The number of genes within the blue and
yellow modules was 2,530 and 182, respectively. As shown in
Figures 5A, C, genes in the blue module were mainly involved in
the axon, postsynapse, presynapse, neuron projection development,
and pathways of multiple neurodegenerative diseases. Genes
in the yellow module (Figures5B, D) were mainly involved
in the positive regulation of macrophage activation, integrin
binding, side of membrane, and cellular response to hepatocyte
growth factor stimulus. The results of GO and KEGG pathway
enrichment analyses with regard to the green module are shown
in Supplementary Figures S3A, B.

3.5. Identification of hub genes

In the present study, because we found there was an ideal
overlap in the blue module with the top 30 hub DEGs, the
yellow module was significantly positively associated with the
DLB group, and we finally chose blue and yellow modules for
further study. The scattered plots of blue and yellow modules
(Supplementary Figures S4A, B) present significantly positive
correlations (P < 0.01) between PDD and DLB. We identified
815 and 3 hub genes in the blue and yellow modules, respectively
(Supplementary Table S2). Protein interactions among the 1,864
DEGs were predicted using the STRING-DB tool. The top 30 hub
genes in DEGs were evaluated by the maximal clique centrality
method with the Cytohubba plugin. The network of the top 30
hub genes and expanded DEGs included 234 nodes and 878 edges,
visualized by Cytoscape software (Figure 6A). We intersected the
hub genes of the blue module and the top 30 hub genes in DEGs
(Figures 6B, C), and we identified seven overlapping hub genes.
There was no overlap between the top 30 hub genes in DEGs
and the hub genes of the yellow module. As shown in Table 1,
the information about these seven overlapping hub genes included
in the blue module (SNAP25, 163 GRIN2A, GABRG2, GABRAI,
GRIA1, SLC17A6, and SYNI) is mentioned in more detail.

4. Discussion

The significantly enriched entries for GO and KEGG

enrichment analyses demonstrated that the 1,864 DEGs
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mainly enriched the functions of vesicles and synapses in
neurodegenerative diseases. This study supports the mechanistic
role of disturbed vesicle trafficking in neurodegenerative diseases
(23). Positron emission computed tomography-based study
suggests that the loss of synaptic density contributes to dysfunction
and cognitive decline in patients with LBD (4). Presynaptic
and postsynaptic proteins modulate axonal/dendritic growth
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and remodeling, thus representing likely key players in the
synaptic dysfunction in neurodegenerative diseases (5). Synaptic
disruption is a key pathophysiological mechanism leading to
neurodegeneration (24). DLB and PDD differ in terms of not
only the time of onset of cognitive deficits but also variability
in affected functions (2). Patients with DLB present more severe
and widespread cognitive dysfunction than those with PDD,
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FIGURE 5

GO and KEGG enrichment analyses of module genes recognized by the WGCNA analysis. (A) Blue module. (B) Yellow module, bar plots colored by

p-values. (C) Blue module. (D) Yellow module, Networks colored by genes.
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particularly in attentive and visuospatial domains, executive
functions, constructional tasks (25, 26), and episodic verbal
memory (27). Hence, the Mini-Mental State Examination score
is lower in patients with DLB than in those with PDD (28). The
percentage of patients with DLB who fail to finish the Montreal
Cognitive Assessment subitem analysis on the Digit Span Forward
was higher than that of patients with PDD, possibly because the
former is associated with a more severe attentive deficit than the
latter (2). This may explain the enrichment of DEGs.

Due to acting in contrast to each other, DLB and PDD have
opposite correlations to enriched pathways as shown in Figure 3.
The GSEA data suggested that glycerolipid metabolism and viral
myocarditis were positively correlated with PDD. Lipid metabolic
dysregulation is involved in the pathogenesis of PDD; a-synuclein
may induce dementia in patients with PD possibly through lipid
metabolism (29). Coxsackievirus B3 is considered the dominant
etiological agent of viral myocarditis. Coxsackievirus B3 infection
can induce a-synuclein-associated inclusion body formation in
neurons, which might act as a trigger for PD. Transgenic mice
that express a-synuclein showed enhanced Coxsackievirus B3
replication and exhibited dopaminergic neuronal death in the
substantia nigra (30). A B-cell receptor signaling pathway and one
carbon pool by folate signaling pathways were positively correlated

Frontiersin Neurology

101

with the DLB subset. Accumulating evidence suggests the
involvement of immune mediators in DLB (31, 32). Immunization
of mice with different B-cell epitopes of human a-synuclein
vaccines produced high titers of anti-human a-synuclein antibodies
that bound to Lewy bodies and Lewy neurites in the brain tissue
of patients with DLB and induced robust helper T-cell expression.
Immunotherapeutic approaches that reduce a-synuclein deposits
may provide therapeutic benefits for patients with DLB (33). Folate
is an essential factor involved in nucleotide synthesis, one-carbon
metabolism, and DNA methylation, which have been linked to
cognitive impairment and dementia (34). Homocysteine is a central
metabolite formed as an intermediate product of one-carbon
metabolism, following transmethylation (35). Elevated plasma total
homocysteine levels were independently associated with DLB (34).

To further investigate the relationship between co-expressed
genes and different LBD subtypes, we performed WGCNA.
The results of enrichment for the blue module included axon,
postsynapse, presynapse, and neuron projection development.
Axonal and synaptic pathology is an important feature of LBD
(36). During the early prodromal phase of PD, synaptic alterations
happen before cell death, and these alterations are linked to the
synaptic accumulation of toxic a-synuclein, specifically in the
presynaptic terminals, which affects neurotransmitter release (37).
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diagram. Seven key genes were identified.

Generalized synaptic degeneration and loss of synaptic density
and connectivity may contribute to dysfunction and cognitive
decline in patients with neurodegenerative diseases (4, 5, 38).
Reduced expression of synaptic proteins could be an index of
the degree of synaptic degeneration in the central nervous system
(38). Synaptic proteins reliably discriminated PDD and DLB from
controls with high sensitivity and specificity (39). The particular
synaptic proteins have an important predictive and discriminative
molecular fingerprint in neurodegenerative diseases and could be a
potential target for early disease intervention (39). The results of the
enrichment for the yellow module included positive regulation of
macrophage activation and integrin binding. a-synuclein expressed
in neurons is released into the extracellular space and taken up by
macrophages and microglia; a-synuclein fibrils are considered to be
formed from monomers in macrophages and to spread to neurons
to induce a-synuclein aggregation in PD model (40). Our data
support the difference among axonal and synaptic, inflammation,
and neurodegeneration-multiple diseases.

After taking the intersection of the top 30 hub genes of
DEGs and the hub genes in blue modules, seven key genes
were identified, including SNAP25, GRIN2A, GABRG2, GABRA]I,
GRIA1, SLCI7A6, and SYNI. SNAP25 and SYNI as presynaptic
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proteins are markers of functional synapses (38, 41, 42). SYNI is a
phosphoprotein that coats the cytoplasmic side of synaptic vesicles
and regulates their trafficking within nerve terminals. Inhibition
or knockout of SYNI can reduce the density of excitatory and
inhibitory synapses and impair both glutamatergic and GABAergic
synaptic transmission (43). SNAP25 is a key adhesion molecule for
vesicle docking, trafficking, fusion of membranes, and exocytosis,
and it has also been implicated in axonal outgrowth and neurite
elongation (5). It has been suggested that SNAP25 could be an
effective and accessible biomarker reflecting synaptic integrity and
degeneration in the brain (38, 44). In previous studies, SNAP25
levels were negatively correlated with cognitive functions (38),
and SNAP25 expression was low in patients with PDD and DLB;
however, the decrease was more pronounced in the DLB patient
group (45), which is consistent with our study so that SNAP25 is
a known gene that is more relevant to LBD (44). The GRIN2A
gene encodes a member of the glutamate-gated ion channel protein
family. GRIN2A was found to play important roles not only in
synaptic plasticity but also in learning and memory (46), and
spatial or discrimination learning impairments have been observed
in mice with GRIN2A subunit knockout (47, 48). Studies have
also shown that the suppression of GRIN2A expression impairs
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TABLE 1 The information on seven key genes.

10.3389/fneur.2023.1029370

Symbols Full name logFC P-value Change MM GS Module
SNAP25 synaptosome associated protein 25 1.37 0.02310 UP 0.916355 | 0.431507 | Blue
GRIN2A glutamate ionotropic receptor NMDA type subunit 2A 1.46 0.01190 UpP 0.938563 0.472282 Blue
GABRG2 gamma-aminobutyric acid type A receptor subunit gamma2 1.63 0.00386 UP 0.937568 | 0.532672 | Blue
GABRAIL gamma-aminobutyric acid type A receptor subunit alphal 2.12 0.00895 UP 0.922775 | 0.487116 | Blue
GRIA1 glutamate ionotropic receptor AMPA type subunit 1 1.02 0.00722 UP 0.806288 | 0.505067 | Blue
SLC17A6 solute carrier family 17 member 6 1.82 0.00997 UP 0.864285 | 0.481604 | Blue
SYN1 synapsin I 1.09 0.04010 UP 0.876074 0.394251 Blue

Seven key genes were obtained from the intersection of 30 identified genes in 1,864 differentially expressed genes and 815 hub genes in the blue module. The seven key genes were upregulated

in the Parkinson’s disease dementia group.

the learning of complex motor skills (49). Dendritic branch
pruning along with maturation is accompanied by an elevation
in GRIN2A levels (50). GRIN2A deletion was shown to decrease
the total dendritic length and dendritic complexity in the dentate
gyrus neurons of the hippocampus located in the inner granular
zone (51).

GRIAI is a
methylisoxazole-4-propionic acid subtype of ionotropic glutamate

subunit in the «-amino-3-hydroxy-5-
receptors, which is a primary receptor that mediates excitatory
synaptic transmission at glutamatergic synapses in the central
nervous system and plays key roles in synaptic plasticity, neuronal
development, and neurological diseases (52). The a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid subtype of ionotropic
glutamate receptors mediates most of the fast postsynaptic
responses at glutamatergic synapses (53). Synaptic plasticity
relies on the normal integration of glutamate receptors at the
postsynaptic density (54). The increased translation of GRIAI
facilitates certain forms of hippocampus-dependent synaptic
plasticity and memory (55-57). GO biological process enrichment
analysis showed that SNAP25, GRIN2A, GRIAI, and SYNI were
significantly enriched in learning and memory in our study,
further suggesting that they participate in the neurobiological
basis of pathogenesis by affecting synapse function. KEGG
enrichment analysis of DEGs showed that SNAP25 and SLCI7A6
were enriched in the synaptic vesicle cycle in our study. SLC17A6
is responsible for the uploading of glutamate into presynaptic
vesicles, while SLC17A6 is utilized by a majority of cortical and
subcortical glutamatergic excitatory neurons (58, 59). Kashani
et al. observed that SLC17A6 downregulation was correlated with
the degree of cognitive impairment in Brodmann area 9 in patients
with Alzheimer’s disease (60); the lower the decline in SLC17A6
expression, the greater the degree of cognitive impairment.
Studies suggest that patients with DLB present more severe and
widespread cognitive dysfunction than those with PDD (25-27).
Consistent with the conclusions of our study, GRIAI, GRIN2A,
and SLCI7A6 expressions were more upregulated in patients with
PDD than in those with DLB, further genetically explaining the
cognitive dysfunction is graver in patients with DLB than in those
with PDD. The GABRAI and GABRG?2 genes encode subunits
of the y-aminobutyric acid (GABA) type A receptor family (61).
GABRAI was found to be significantly more downregulated in
the postmortem frontal cortices of patients with DLB than in
those with neuropathological examination normal control (62).
Similarly, GABRG2 expression was found to be significantly
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low in symptomatic mouse models of tauopathy (63). Both
play an important role in the maintenance of normal synaptic
function. RNA-sequencing analysis of mutation of GABRAI in
zebrafish larval brains identified a marked downregulation of
genes encoding inhibitory synaptic components as well as proteins
involved in axon guidance. Immunocytochemical analysis revealed
a marked decrease in the accumulation of GABA synaptic markers;
consistently, transgene GABRG2 mutation resulted in postsynaptic
and presynaptic defects (64, 65). GABRG2 was found to be
associated with suicidal behavior and major depressive disorder
(66). Studies indicated that low brain levels of GABA may be
related to schizophrenia and psychosis (67-69). Fluctuations in
core clinical features of DLB are typically delirium-like, occurring
as spontaneous alterations in cognition, attention, and arousal
(70), which is different from PDD; similarly, in our study, GABRAI
and GABRG2 genes were downregulated in DLB.

These findings suggest the potential roles of SNAP25, GRIN2A,
GABRG2, GABRA1, GRIA1, SLC17A6, and SYNI as biomarkers
to distinguish PDD from DLB. The function of the seven hub
genes participated in the neurobiological basis of pathogenesis
by affecting synaptic function and the GABAergic/glutamatergic
neurotransmitters. GO enrichment analysis showed that SNAP25
was the core gene participating in the neurobiological basis
of pathogenesis by affecting synapse function in our study;
KEGG enrichment analysis of DEGs showed that SNAP25 was
enriched in the synaptic vesicle cycle. SNAP25 may be a
more significant gene distinguishing between PDD and DLB
by the affected synaptic vesicle cycle. In addition, GRIN2A,
GABRG2, GABRAI, GRIAI and SYNI are involved in regulated
GABAergic/glutamatergic functions. Hence, synaptic transmission
impairment and GABAergic/glutamatergic dysfunction may be the
more outstanding difference between PDD and DLB.

5. Supplementary content

We also constructed sets of gene maps based on the online
resource OMIM.org (https://omim.org/) (71) associated with DLB
and PDD, compared the two lists of gene maps with the top 30
hub genes in DEGs and hub genes in the blue module, respectively,
the results suggested that the three lists had no intersection.
There were 15 (GDAPI, ATP1A1, DNAJC6, SNCA, TUBA4A,
VCB GYGI, TRIM2, BMPR2, NEFL, C9orf72, DHX16, FIG4, and
COPA) overlap hub genes with the blue module and gene map in
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PDD (Supplementary Figure S5A; Supplementary Table S3), there
were four (CAMTAI, EXOC6B, ATP6VIBI, and SFPQ) overlap
hub genes with the blue module and gene map in DLB
(Supplementary Figure S5B; Supplementary Table S4).
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