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Abstract

Aims: The accumulation and deposition of B-amyloid (Ap) has always been considered
a major pathological feature of Alzheimer's disease (AD). The latest and mainstream
amyloid cascade hypothesis indicates that all the main pathological changes in AD
are attributed to the accumulation of soluble Ap. However, the exploration of thera-
peutic drugs for Ap toxicity has progressed slowly. This study aims to investigate the
protective effects of Icaritin on the AB-induced Drosophila AD model and its possible
mechanism.

Methods: To identify the effects of Icaritin on AD, we constructed an excellent

Drosophila AD model named AB, . (arctic mutant Ap,,) Drosophila. Climbing ability,

arc
flight ability, and longevity were used to evaluate the effects of Icaritin on AD phe-

notypes. Ap. _was determined by immunostaining and ELISA. To identify the effects

arc
of Icaritin on oxidative stress, we performed the detection of ROS, hydrogen perox-
ide, MDA, SOD, catalase, GST, and Caspase-3. To identify the effects of Icaritin on
energy metabolism, we performed the detection of ATP and lactate. Transcriptome
analysis and gRT-PCR verifications were used to detect the genes directly involved in
oxidative stress and energy metabolism. Mitochondrial structure and function were
detected by an electron microscopy assay, a mitochondrial membrane potential assay,
and a mitochondrial respiration assay.

Results: We discovered that Icaritin almost completely rescues the climbing ability,
Drosophila. AB

Icaritin treatment. We also found that Icaritin significantly reduces oxidative stress

flight ability, and longevity of Ap was dramatically reduced by

arc arc

and greatly improves impaired energy metabolism. Importantly, transcriptome analy-
sis and qRT-PCR verifications showed that many key genes, directly involved in oxi-
dative stress and energy metabolism, are restored by Icaritin. Next, we found that
Icaritin perfectly restores the integrity of mitochondrial structure and function dam-
aged by Ap

Conclusion: This study suggested that Icaritin is a potential drug to deal with the tox-

are tOXicity.

icity of AB, . at least partially realized by restoring the mitochondria/oxidative stress/

energy metabolism axis, and holds potential for translation to human AD.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

CNS Neurosci Ther. 2024,;30:e14527.
https://doi.org/10.1111/cns. 14527

wileyonlinelibrary.com/journal/cns

10f16


https://doi.org/10.1111/cns.14527
www.wileyonlinelibrary.com/journal/cns
mailto:
mailto:
mailto:
https://orcid.org/0009-0003-3512-8645
http://creativecommons.org/licenses/by/4.0/
mailto:qhli1999@glmc.edu.cn
mailto:jietan03@outlook.com
mailto:jietan03@outlook.com
mailto:boxiao@glmc.edu.cn

LI ET AL.

20f16
—I_Wl LEY_ CN'S Neuroscience & Therapeutics

KEYWORDS

Alzheimer's disease, energy metabolism, Icaritin, mitochondria, oxidative stress

1 | INTRODUCTION

Alzheimer's disease (AD) is the most prevalent form of senile de-
mentia, mainly characterized by the presence of -amyloid (Ap) accu-
mulation and deposition.l'2 And the latest and mainstream amyloid
cascade hypothesis indicates that the main pathological changes in
AD, including oxidative stress, energy metabolism damage, synaptic
damage, glial cell activation, inflammation, and Tau protein hyper-
phosphorylation, are all attributed to the accumulation of soluble
A[B».3’4 Hence, the development of therapeutic drugs for the accumu-
lation of Ap could still be the mainstream for dealing with AD.
Drosophila has been extensively used to build AD models due
to its small size, ease of reproduction, and ease of genetic manip-
ulation.>” Drosophila AD models were almost generated by ex-
pression of human AB, APP, presenilin, and BACE.>™™ These AD
models exhibited AD-like pathological and behavioral changes.S’14
Arctic mutant AB,, (E22G) is an important mutation of Ap,, in fa-

milial Alzheimer's disease (FAD).!®> Expression of Ap__ (arctic mu-

arc
tant AB,,) was more neurotoxic than expression of Ag,, and AB,,

in Drosophila**¢

consistent with the aggregative abilities of these
peptides found in vitro.” The declined flight ability and the short-

ened lifespan also occurred firstin AB,  Drosophila, followed by AB,,

arc

and AB,, Drosophila.*® That is to say, Ap
Drosophila AD model to explore drugs for AD treatment.

arc Drosophila is an excellent

Icaritin is a prenylated flavonoid, extracted from Herba epime-
dii, commonly used in Chinese traditional medicine.'® Nowadays,
numerous pre-clinical and clinical studies have investigated that
Icaritin can fight for a variety of cancers, such as hepatocellular car-

1 and leukemia.??

cinoma (HCC),Y breast cancer,?® glioblastoma,?
And Icaritin displayed that only 6.9% of adverse reactions and no
severe (grade 3-4) event occurred in clinical trials, which implied
that Icaritin is convincingly safe.?® More importantly, the Icaritin soft
capsule has been approved by the China National Medical Products
Administration (NMPA) for the treatment of advanced HCC (https://
www.nmpa.gov.cn/datasearch/search-result.html).

Studies on the mechanism have shown that Icaritin exerts ex-
cellent antioxidant stress and anti-inflammatory properties.?*?°
Oxidative stress and neuroinflammation have always been consid-
ered important pathological features of AD.? However, the study of
Icaritin in AD has still been in a relatively blank state so far. Excitedly,
liquid chromatograph mass spectrometer (LC-MS) results showed
that Icaritin can pass through the blood-brain barrier in rat brain
tissue after intragastric administration.?® Therefore, it is necessary
to comprehensively clarify the neuroprotective effect of Icaritin on
AD in vivo.

In this study, we first found that Icaritin greatly diminishes the
toxicity of AB, .. in Ap
pletely rescued the damaged climbing ability, flight ability, and

Drosophila. In detail, Icaritin almost com-

arc arc

.« accumulation. We also found that Icaritin

longevity caused by Ap
significantly reduces the oxidative stress caused by reactive oxygen
species (ROS) and hydrogen peroxide and greatly improves the im-
paired energy metabolism.

Transcriptome analysis showed that Icaritin dramatically restores
the expression of a large number of disorderly expressed genes in
AB,,. Drosophila. Especially, many key genes, directly involved in ox-
idative stress and energy metabolism, were destructively destroyed
by AB

oxidant stress, we found that Icaritin directly recovers the expression

arc toxicity and perfectly repaired by Icaritin treatment. In anti-

of peroxidase, superoxide dismutase, and glutathione s-transferase
(GST) genes damaged by AB
damage, we found that Icaritin recovers the expression of many key

. tOXicity. In anti-energy metabolism
genes directly involved in glycolysis, the tricarboxylic acid (TCA)
cycle, oxidative phosphorylation, and fatty acid p-oxidation.
Numerous previous studies have shown that the integrity of
mitochondrial structure and function is the key to maintaining the
body's redox homeostasis and adequate energy metabolism.?”"2?
Excitedly, we found that Icaritin almost entirely recovers the integ-
rity of mitochondrial structure and function destroyed by Ap,_ tox-
icity. This indicated that mitochondrial repair may be a key process

for Icaritin to rescue AB, _ Drosophila.

arc

In summary, our study implied that Icaritin is a highly competitive
potential natural small-molecule drug for anti-AD, which is realized
at least partly through restoring the mitochondria/oxidative stress/

energy metabolism axis.

2 | MATERIALS AND METHODS

2.1 | Drosophila stocks and genetics

Drosophila stocks were cultured under standard conditions. Briefly,
after pupation, the adult flies were cultured on standard medium:
ddH,O 0.65L/L, baker's yeast 15g/L, corn flour 38.85g/L, agar
5.6g/L, sucrose 15.81g/L, glucose 31.6g/L, and methyl p-hy-
droxybenzoate 0.75g/L (soluble in alcohol 7.5mL) and entrained
into a 12h/12h light/dark cycle at 25°C at a relative humidity of
50%-70%. The wild-type W8 (Bloomington stock, #5905) was
used as a control and purchased from the Drosophila Bloomington
Stock Center (University of Indiana, Bloomington, IN). The up-

stream activating sequence (UAS) transgenic lines (UAS-AB. ) used

)
arc
for expressing the arctic mutant AB,, were generous gift from Dr.
Fu-De Huang (Institute of Neuroscience and State Key Laboratory
of Neuroscience, Shanghai, China),13 in which the recombinant Ag,
DNAs were fused to a secretion signal of the Drosophila necrotic
gene. The P[Gal4]A307%° was used to drive the expression of Af

in the GF system and other components of the nervous system.

arc
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2.2 | Drugtreatment

Icaritin (Yuanye, Shanghai, China, #118525-40-9) was dissolved in
DMSO and then diluted to the final concentrations with ddH,O (di-
lution ratio: 1:1000) in this study. Eighty microliters of Icaritin solu-
tion with the final concentrations (OpM, 10uM, 30uM, 50 uM) were
daily added to the culture vial (with sufficient food) containing 20
newly eclosed subject flies (1-2-day-old) until 25days. The admin-
istration method was completely based on a previous study.31 The

flies were transferred to fresh food every 7 days.

2.3 | Negative geotaxis assay

The climbing assay was performed according to the negative geo-
taxis climbing assay or automatic rapid iterative negative geotaxis
(aRING) assay, as previously described.2 Briefly, a vial of flies (n = 30,
25days after eclosion) was tapped down to the bottom of the
transparent testing vials with a diameter of 2.1cm and a height of
19.0cm. The flies were allowed to climb upwards on the walls of the
tubes due to negative geotaxis. A digital video recorder mounted on
a tripod 50cm in front of the vial was used to record the climbing
process of the flies. Flies were appraised in 3-5 consecutive trials
separated by 60-s intervals. The height of each fly in each vial at 40s
was measured by the software “RflyDetection” to evaluate the fly's

climbing ability. All behavioral recording was done at 25°C.

2.4 | Flight assay

The flight assay was performed as previously study described.'®
Briefly, a single fly was tapped down into a glass cylinder with an
inner diameter of 10cm and a length of 39 cm, which was divided
into 13 zones of 3cm each. The zone in which the fly landed was
recorded and used to estimate the landing height. Thirty flies were
used in each group.

2.5 | Longevity measurement

The longevity assay was evaluated as previously described.®® In
summary, 200 flies from each group were equally separated into 10
vials containing standard fly food and cultured at 29°C. After every
3days, the flies were transferred into vials with fresh food, and the
number of dead flies was counted at that time. Survival quantities

were analyzed with the GraphPad Prism software.

2.6 | ELISA quantification of Ap

arc

The flies (n>50, 25days after eclosion) were homogenized thor-
oughly in cold RIPA buffer (Solarbio, #R0020) supplemented
with cocktail protease inhibitor (bimake, #B14001) with tissue

homogenizer (Next Advance) and incubated on ice for 30min.
Samples were centrifuged at 13800g for 10min at 4°C, and the
supernatants were collected for the ELISA analysis. The determina-
tion of the level of AB, used the Ap,, Human ELISA Kit (Invitrogen,
#KHB3441), according to the manufacturer's instructions.

arc

2.7 | Determination of redox system

The flies (n>50, 25days after eclosion) were homogenized thoroughly
in cold RIPA buffer (Solarbio, #R0020) supplemented with cocktail
protease inhibitor (bimake, #B14001) with tissue homogenizer (Next
Advance) and incubated on ice for 30 min. Samples were centrifuged at
13800 g for 10min at 4°C, and the supernatants were collected for the
redox system analysis. The determination of the content of ROS, hy-
drogen peroxide, and MDA used the Tissue Reactive Oxygen Species
Detection Kit (Bestbio, #BB-470512), Hydrogen Peroxide Assay Kit
(Beyotime, #50038), and Lipid Peroxidation MDA Assay Kit (Beyotime,
#50131S), respectively, according to the manufacturer's instructions.
The determination of the activity of SOD, catalase, GST, and Caspase-3
used the Total Superoxide Dismutase Assay Kit with WST-8 (Beyotime,
#50101S), Catalase Assay Kit (Beyotime, #S0051), GST Activity Assay
Kit (Solarbio, #BC0355), and Caspase-3 Activity Assay Kit (Beyotime,
#C1116), respectively, according to the manufacturer's instructions.

2.8 | Determination of energy system

The flies (n=50, 25days after eclosion) were homogenized thor-
oughly in cold RIPA buffer (Solarbio, #R0020) supplemented with
cocktail protease inhibitor (bimake, #B14001) with tissue homoge-
nizer (Next Advance) and incubated on ice for 30 min. Samples were
centrifuged at 13800g for 10 min at 4°C, and the supernatants were
collected for the energy system analysis. The content of ATP and
lactate was determined by applying the ATP Assay Kit (Beyotime,
#50026) and Lactic Acid Assay Kit (Sigma-Aldrich, MAKO064), re-

spectively, according to the manufacturer's instructions.

2.9 | Immunostaining and imaging

The brains of flies were dissected in pre-cooling PBS and fixed with
4% paraformaldehyde in PBS for 1h, washed with PBS-Triton X-100
(0.3%) for 5min and repeated five times, and then treated with formic
acid (70% in water) for 45min to reexpose the epitope. Preparations
were then washed three times with PBS-Triton X-100 (0.3%) for 5min,
blocked with 5% normal goat serum (Solarbio, #5L038) in PBS-Triton
X-100 (0.3%) at room temperature for at least 30 min. The samples were
then incubated with primary antibodies (B-amyloid, 1:100, Covance,
#S1G-39300; Cleaved Caspase-3, 1:50, Cell Signaling Technology,
#9664) overnight at 4°C, washed with PBS-Triton X-100 (0.3%) for
10min and repeated five times, and then incubated with (ZSGB-BIO,
1:100, #ZF-0315) or 594-conjugated secondary anti-rabbit antibody
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(Cell Signaling Technology, 1:500, #8889) at room temperature for 2h
in the dark, and then confocal imaging. Imaged with a laser scanning
confocal microscope (Olympus FV3000) at a step of 1um to acquire
the projection of Z-stack images. A standard image of Aparc or Cleaved
Caspase-3 in the Ap
of it were used for imaging on all the rest flies.

e fly was taken, and then the imaging parameters

2.10 | Transcriptome analysis

The flies (1250, 25days after eclosion) were dissected in pre-cooling
PBS, and total RNA was extracted using RNAiso Plus (TaKaRa, China).
After a quality check, the RNA was processed for RNA sequencing
by Novogene Co., Ltd (Beijing, China). Differentially expressed genes
(DEGsS) with |log2 (fold change)| >0 and p values <0.05 were consid-
ered significant. GO pathway analysis and KEGG pathway analysis were
performed with the NovoMagic system (https://magic.novogene.com).

2.11 | Quantitative real-time PCR (qQRT-PCR)

To measure the expression levels of genes in Drosophila, 20 flies,
25days after eclosion, were homogenized thoroughly with 1mL
of TRI reagent (MRC, #TR118), and total RNAs were extracted ac-
cording to the manufacturer's instructions. cDNA synthesis was
performed using the PrimeScript™ RT Reagent Kit with the gDNA
Eraser (Takara, #RR047A). And gRT-PCR was performed by the Bio-
Rad CFX96 PCR System with MonAmp™ SYBR® Green qPCR Mix
(Monad, #MQ10101S) according to the manufacturer's instructions.
The expression level of each target gene was normalized to 18S. The

primers used are listed in Table S1.

2.12 | Electron microscopy

The thoraces of flies were dissected, fixed in 2.5% glutaraldehyde
and 1% osmium tetroxide, and embedded in Epon resin according
to standard procedures optimized for Drosophila tissue.®® Ultra-thin
sections were stained with uranyl acetate and lead citrate. HT7700
TEM (HITACHI, Japan) was used for observation. Broken mitochon-
dria were quantified by manual counting.

2.13 | Mitochondrial respiration assay

Mitochondrial respiration was measured at 37°C by using the
Oxygraph-2 K high-resolution respirometry (Oxygraph-2 K 10000-1,
Oroboros, AT). Respiration was assayed by homogenizing 10 flies on
ice using a pestle in MiRO5 respiration buffer (20mM HEPES, 10 mM
KH,PO,, 110mM sucrose, 20mM taurine, 60 mMK-lactobionate,
0.5mM EGTA, 3mM MgCl,, and 1g/L fatty acid-free BSA). Next,
various substrates, uncouplers, and inhibitors for mitochondrial res-
piratory chain complexes were used as follows: substrates including

2M pyruvate, 0.8 M malate, 2M glutamate, 1M succinate, 0.5M
ADP+Mg?*, and 4mM cytochrome C; uncouplers including 1mM
carbonyl cyanide m-chlorophenyl hydrazine; and inhibitors in-
cluding 1 mM rotenone and 5mM antimycin A. Complex | respira-
tion was measured in MiRO5 respiration buffer in the presence of
pyruvate, malate, glutamate, and ADP + Mg2+. Complex Il was as-
sayed in respiration buffer supplemented with rotenone and suc-
cinate. Oxygen concentration and oxygen flux indicating Complex
I and Complex Il function were recorded using DatLab software

(Oroboros Instruments) as previously described.3*

2.14 | Assessment of mitochondrial
membrane potential

Mitochondria were extracted from 50 flies (25days after eclo-
sion) in each group using the Tissue Mitochondria Isolation Kit
(Beyotime, #C3606). Mitochondrial membrane potential was eval-
uated by the Enhanced Mitochondrial Membrane Potential Assay
Kit with JC-1 (Beyotime, #C2003S) according to the manufactur-
er's instructions.

2.15 | Statistical analysis

GraphPad Prism software was used for data analysis. A one-way
ANOVA followed by Tukey's post hoc test was used for statisti-
cal analysis when all groups were compared among them, or a two-
tailed unpaired Student's t-test was used for statistical analysis when
two groups were compared. Significance was considered at *p<0.05,
**p<0.01, **p<0.005, or ****p<0.001 throughout the study. The data
were represented as mean+SD. All experiments were run at least in

wan

triplicate and annotated as “n” in the corresponding figure legends.

3 | RESULTS

3.1 | Icaritin rescues Ap___ Drosophila

arc

The AB
of Icaritin on AD. First, we investigated that the beneficial effect of

e Drosophila was used to study the neuroprotective effects
Icaritin on climbing ability is dose dependent (Figure 1A). The optimal
concentration of Icaritin was determined to be 30uM (Figure 1A). In
the subsequent study, three groups were generated. Wild-type group
(WT): A307>W118, AB,,. expression group (AD): A307>A8,,., and
AB +ICT
30pM. We found that Icaritin successfully attenuates the accumulation

expression plus Icaritin treatment group (ICT): A307 > AB

arc arc

and deposition of AB, _in the brain of AB_ _Drosophila by immunostain-

arc arc

ing (Figure 1B-D). We also found that Icaritin significantly reduces
soluble A, _in AB._Drosophila by ELISA (Figure 1F). The result of qRT-

arc arc

pCR showed that the mRNA levels of AB, . did not change between

the AD and ICT groups (Figure 1E). Behavioral analysis revealed that
Icaritin almost completely rescues the climbing ability, flight ability, and
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FIGURE 1 Icaritin rescues the climbing ability, flight ability, and longevity of Ap, . Drosophila. (A) Determination of the climbing ability in

each group (n=30 in each vial) and the concentrations of Icaritin used are 0, 10, 30, and 50 uM. (B) Immunostaining of Af
n=10). (C, D) Quantitative analysis of (B). (E) Determination of the mRNA levels of Ap,_ . (F) Determination of soluble Ap
Determination of climbing ability (n=30 in each vial) (G), flight ability (n=30) (H), and longevity analysis (l). WT: wild-type group; AD, Ap
expression plus Icaritin 30 uM treatment group. Error bars represent the SD of at least eight independent

expression group; ICT, Ap

arc

arc (Whole brain;
content. (G-1)

arc

arc

experiments. NS represents not significant. Scale bars, 50 pm. *p<0.05, **p<0.01, ***p<0.005, and ****p <0.001 use a one-way ANOVA
followed by Tukey's post hoc test and an unpaired two-tailed Student's t-test.

longevity declined by Ap,,. toxicity (Figure 1G-I). Moreover, we no-
ticed that the survival quantity of the ICT group was higher than that
of the WT group on Day 30 (Figure 1l1). These results indicated that

Icaritin successfully rescues AB, _ Drosophila.

arc

3.2 | Icaritin restores the unbalanced redox
homeostasis in A, _ Drosophila

The unbalanced redox homeostasis is an important feature of AD.
First, we found that Icaritin significantly reduces the increased ROS
rc Drosophila (Figure 2A,B). Second,
Icaritin effectively reduced the increased MDA in A, Drosophila
and attenuated the level of lipid peroxidation (Figure 2C). Third,
Icaritin greatly restored the activity of SOD, catalase, and GST, which
were damaged by Ap Drosophila (Figure 2D-F).

and hydrogen peroxide in Ap

e toxicity in AB_

Additionally, we found that lcaritin dramatically attenuates apopto-

sis, which is induced by Ap_ _ toxicity in Ap,.. Drosophila, by immu-

nostaining the brain with active Caspase-3 (Figure 2G,H). This result
was further supported by the determination of Caspase-3 activity
by ELISA (Figure 2l). Interestingly, the immunostaining result also
showed that the active Caspase-3 positive signal in the ICT group is
much weaker than that in the WT group (Figure 2G). These results
suggested that Icaritin restores the unbalanced redox homeostasis

and repairs the related damage in AB, _ Drosophila.

arc

3.3 | Icaritin repairs the damaged energy
metabolism in Ap_ _Drosophila

The damaged energy metabolism is another important feature of
AD. First, we found that Icaritin greatly restores ATP production
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damaged by AB

Icaritin treatment significantly decreased the lactate level in Ap

orc toxicity in Ap,  Drosophila (Figure 3A). Second,

arc
Drosophila (Figure 3B). Interestingly, we also found that the con-
tent of ATP in the ICT group is more than that in the WT group
(Figure 3A). These results suggested that Icaritin dramatically re-
stores the energy supply of the nervous system, which is damaged
by Ap

arc toxicity.

3.4 | Transcriptome analysis

To elucidate the molecular events occurring during AB. _ expres-

arc
sion and lcaritin treatment, transcriptome analysis was performed.
Expression of 1379 genes was downregulated and expression of
Drosophila (Tables S2 and S3),

of which expression of 588 genes was upregulated and expression

1177 genes was upregulated in A,
of 479 genes was downregulated by Icaritin, respectively (Figure 4A,
Tables S4 and S5). To better understand the biological significance
of the above genes, gene ontology (GO) pathway analysis was per-
formed to obtain the biological information comments from the
aspects of biological process, cellular component, and molecular
function (Figure 4B). Impressively, the oxidation-reduction process
was rescued by Icaritin treatment from the aspect of biological pro-
cesses (Figure 4B). Oxidoreductase activity and NADH dehydroge-
nase activity were rescued by lcaritin treatment from the aspect
of molecular function (Figure 4B). Mitochondria were rescued by
Icaritin treatment from the aspect of cellular component (Figure 4B).
A Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis was conducted, and the top 20 pathways of different groups
were listed (Figure 4C). Most of the pathways were rescued by
Icaritin treatment (Figure 4C). Importantly, carbon metabolism was
the most severely damaged and best rescued (Figure 4C). These re-

sults indicated that Icaritin rescues AB_ _ Drosophila by systemati-

arc
cally repairing multiple important metabolic processes damaged by
Ap

lated to mitochondria.

.rc tOXicity, especially oxidative stress and energy metabolism re-

3.5 | The key genes involved in antioxidant
stress are repaired

Combined with the transcriptome data, we further analyzed the
genes directly related to the maintenance of redox homeostasis. The

heatmap of transcriptome data showed that AB_ _ toxicity downreg-

arc
ulates the expression of Cat, Ccs, Gss1, Trxr-1, and Prx2540, which
is upregulated by lcaritin treatment (Figure 5A). The gene descrip-
tions of Cat, Ccs, Gss1, Trxr-1, and Prx2540 are shown in Figure 5B.
The qRT-PCR results verified that the expression of Cat, Ccs, and
Gss1 is consistent with that of the transcriptome data (Figure 5C).
The expression of Trxr-1 and Prx2540 was unchanged in AB,
Drosophila, which was inconsistent with the results of transcriptome
data, while Icaritin activated the expression of Trxr-1 and Prx2540

(Figure 5C). Additionally, the transcriptome data showed that Ap

arc

WILEY-L7*"™

toxicity downregulates the expression of CG31028 and Cd, which is
not restored by lcaritin treatment (Figure S1A). The gene descrip-
tions of CG31028 and Cd are shown in Figure S1B. But the gRT-PCR
results confirmed that the expression of CG31028 is downregulated

under AB, . expression and recovered by Icaritin treatment, while
the expression of Cd is unchanged by AB,, . expression and Icaritin
treatment (Figure S1C).

The heatmap of transcriptome data also showed that Ag,, tox-
icity downregulates the expression of GstS1, GstZ2, Se, GstE3,
AIMP3, GstE2, and GstT4, which is upregulated by Icaritin treat-
ment (Figure 5D). The gene descriptions of GstS1, GstZ2, Se,
GstE3, AIMP3, GstE2, and GstT4 are shown in Figure 5E. The gRT-
PCR results verified that the expression of GstZ2, GstE3, AIMP3,
GstE2, and GstT4 is consistent with that of the transcriptome data

(Figure 5F). The expression of Se was unchanged in AB___ Drosophila,

arc
which was inconsistent with the results of transcriptome data, while
Icaritin greatly activated the expression of Se (Figure 5F). The ex-

pression of GstS1 was unchanged under Ap_ _expression and Icaritin

arc
treatment, which was inconsistent with the results of transcriptome
data (Figure 5F). Additionally, the transcriptome data showed that
AB,,. toxicity downregulates the expression of GstE8, GstE14, eEF1
gamma, GstE11, and Gfzf in A
by Icaritin treatment (Figure S1D). The gene descriptions of GstES,
GstE14, eEF1 gamma, GstE11, and Gfzf are shown in Figure S1E.
But the gRT-PCR results verified that the expression of GstES,

eEF1 gamma, GstE11, and Gfzf is downregulated under Afarc ex-

are Drosophila, which is not restored

pression and recovered by Icaritin treatment, while the expression
of GstE14 is unchanged by Aparc expression and lcaritin treatment
(Figure S1F).

These results manifested that Icaritin restores the expression
of enzymes, which are directly involved in the antioxidant enzyme

system and damaged by A, _ toxicity, to rebalance the imbalance of

arc

redox homeostasis in AB_ _ Drosophila.

arc

3.6 | The key genes involved in energy
metabolism are repaired

Combined with the transcriptome data, we further analyzed the ex-
pression of the genes directly related to glycolysis, TCA cycle, oxi-
dative phosphorylation, pentose phosphate pathway, and fatty acid
B-oxidation.

In glycolysis, the heatmap of transcriptome data showed that
AB,,. toxicity downregulates the expression of Hex-C, Pgk, and
Taldo in Ap
(Figure 6A). The gene descriptions of Hex-C, Pgk, and Taldo are
shown in Figure 6B. But the qRT-PCR results verified that only the
expression of Pgk is consistent with that of the transcriptome data

.rc Drosophila, which is upregulated by Icaritin treatment

(Figure 6C). The expression of Hex-C was unchanged under Ap, _ex-
pression, while Icaritin activated the expression of Hex-C (Figure 6C).

The expression of Taldo remained unchanged under AB_ _ expres-

arc
sion and Icaritin treatment (Figure 6C). The transcriptome data also

showed that AB, _ toxicity downregulates the expression of Pgi and

arc
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FIGURE 4 Transcriptome analysis. (A) A Venn diagram analyses the count of differentially expressed genes. (B) GO pathway analysis
confirms the biological significance of differentially expressed genes. (C) KEGG pathway analysis confirms the most significantly affected

pathways, and boxes of the same color represent pathways damaged by Aparc toxicity and rescued by Icaritin treatment. AD, Ap
.rc €xpression plus Icaritin 30 uM treatment group; WT, wild-type group. n=3.

expression group; ICT, AB

Pfk in AB,,. Drosophila, which is not restored by Icaritin treatment
(Figure S2A). The gene descriptions of Pgi and Pfk are shown in
Figure S2B. But the gRT-PCR results verified that the expression of
Pgiis downregulated under AB,,_expression and restored by Icaritin
treatment, while the expression of Pfk is unchanged under Ap_ _ex-
pression, and lcaritin activates the expression of Pfk (Figure S2C).
The above genes are all coding genes for important enzymes directly
involved in the glycolytic pathway. These results showed that Icaritin
repairs glycolysis pathway damaged by Ap, .
In the TCA cycle, the heatmap of transcriptome data showed
that Ap,,. toxicity downregulates the expression of SdhC and
Irp-1Ain AB, . Drosophila, which is upregulated by Icaritin treatment
(Figure 6D). The gene descriptions of SdhC and Irp-1A are shown
in Figure 6E. But the qRT-PCR results verified that only the ex-
pression of Irp-1A is consistent with that of the transcriptome data
(Figure 6F). The expression of SdhC was unchanged under Ap, . ex-
pression, while Icaritin activated the expression of SdhC (Figure 6F).
The transcriptome data also showed that AB,,  toxicity downreg-
ulates the expression of AcCoAS and ATPCL in Ap

toxicity.

Drosophila,

arc

arc

which is not restored by Icaritin treatment (Figure S2D). The gene
descriptions of AcCoAS and ATPCL are shown in Figure S2E. But the
gRT-PCR results verified that the expression of AcCoAS is down-
regulated under A, expression and restored by Icaritin treatment,
while the expression of ATPCL remains unchanged under AB, _ ex-
pression, and Icaritin treatment (Figure S2F). The above genes are
all coding genes for important enzymes directly involved in the TCA
cycle pathway. These results showed that lcaritin repairs the TCA
cycle pathway damaged by AB,,_ toxicity.

In oxidative phosphorylation, the heatmap of transcriptome
data showed that A, toxicity downregulates the expression of
15 genes in AB, Drosophila, which is upregulated by Icaritin treat-
ment (Figure 6G). The gene description of the 15 genes showed
that all the genes are important components of Complex | and ATP
synthetase (Figure 6H). The qRT-PCR results verified that the ex-
pression of the 14 genes is consistent with that of the transcrip-
tome data (Figure 6l), while the expression of SdhC is unchanged
under AB, . expression, and Icaritin activates the expression of
SdhC (Figure 6F). The transcriptome data also showed that Ap

arc
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(B) GenelD Gene Name Gene Description
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FBgn0086348 se Glutathione S-transferase, N-terminal domain
FBgn0063497 GstE3 Glutathione S-transferase, C-terminal domain
FBgn0050185 AIMP3 Glutathione S-transferase, C-terminal domain
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Icaritin restores the expression of genes in redox homeostasis. (A-C) Heatmap analysis of the transcriptome data of the

expression of enzymatic genes directly involved in antioxidant stress (A) gene description (B) and qRT-PCR verification (C). (D, F) Heatmap
analysis of the transcriptome data of the expression of GST genes directly involved in internal detoxification (D), gene description (E),
and qRT-PCR verification (F). WT1, WT2, and WT3 represent three independent wild-type groups; AD1, AD2, and AD3 represent three

independent A

arc

expression groups; and ICT1, ICT2, and ICT3 represent three independent Ap

arc €xpression plus Icaritin 30puM treatment

groups. Error bars represent the SD of four independent experiments. NS represents not significant. *p <0.05, **p<0.01, ***p<0.005, and

EEEEY

toxicity downregulates the expression of other 9 genes in A,
Drosophila, which is not restored by Icaritin treatment (Figure S2G).
The gene description of the 9 genes showed that all the genes
are important components of Complex | and ATP synthetase
(Figure S2H). The gRT-PCR results verified that the expression of
8 genes is downregulated under Aparc expression and restored by
Icaritin treatment, while the expression of VhaPPA1-1 remains un-

changed under AP, _ expression, and Icaritin treatment activates

arc
the expression of SdhC (Figure S21). The above genes are all coding
genes for important components of the enzymes directly involved
in the oxidative phosphorylation pathway. These results showed
that Icaritin repairs the oxidative phosphorylation pathway dam-
aged by AB

arc tOXicity.

p<0.001 use a one-way ANOVA followed by Tukey's post hoc test.

In pentose phosphate pathway, the heatmap of transcriptome
data showed that AB, .
Pgd, and Taldo in Ap
treatment (Figure 6J). The gene description of Zw, Pgd, and Taldo

toxicity downregulates the expression of Zw,
..« Drosophila, which is upregulated by Icaritin
was showed in Figure 6K. However, the gRT-PCR results verified
that the expression of Zw, Pgd, and Taldo remains unchanged under
AB
genes are all coding genes for the enzymes directly involved in the

e €xpression and Icaritin treatment (Figure 6C, L). The above

pentose phosphate pathway. These results showed that pentose

phosphate pathway may remain stable under AB_ _ expression and

arc
Icaritin treatment.

In fatty acid p-oxidation, the heatmap of transcriptome data

showed that Ap_ _ toxicity downregulates the expression of eight

arc
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genes in AB, . Drosophila, which is upregulated by Icaritin treat- expression of CG5044 and CG10932 remained unchanged under

ment (Figure 6M). The gene descriptions of the eight genes are
shown in Figure 6N. The gRT-PCR results verified that the expres-
sion of Egm, Echs1, CG3902, and CG8778 is consistent with that
of the transcriptome data (Figure 60). The expression of CG9547

and Yip2 was unchanged under Ap

arc

expression, while Icaritin
activated the expression of CG9547 and Yip2 (Figure 60). The

Ap

arc

scriptome data also showed that Ap

expression of other eight genes in Ap

ified that the expression of ATPCL remains unchanged under Ap

arc

arc
stored by Icaritin treatment (Figure S2)J). The gene descriptions of

expression and Icaritin treatment (Figure 60). The tran-

toxicity downregulates the

Drosophila, which is not re-

the eight genes are shown in Figure S2K. The gRT-PCR results ver-

arc
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FIGURE 6 Icaritin restores the expression of genes in energy metabolism. (A-C) In glycolysis, heatmap analysis of the transcriptome data
of the expression of enzymatic genes directly involved in glycolysis (A), gene description (B), and qRT-PCR verification (C). (D-F) In the TCA
cycle, heatmap analysis of the transcriptome data of the expression of enzymatic genes directly involved in TCA cycle (D), gene description
(E), and qRT-PCR verification (F). (G-1) In oxidative phosphorylation, heatmap analysis of the transcriptome data of the expression of genes
directly encoding important components of Complex | and ATP synthetase (G), gene description (H), and gRT-PCR verification (l). (J-L)

In the pentose phosphate pathway, heatmap analysis of the transcriptome data of the expression of enzymatic genes directly involved in
pentose phosphate pathway (J), gene description (K), and gRT-PCR verification (L). (M-O) In fatty acid p-oxidation, heatmap analysis of the
transcriptome data of the expression of enzymatic genes directly involved in fatty acid p-oxidation (M), gene description (N), and gRT-PCR
verification (O). WT1, WT2, and WT3 represent three independent wild-type groups; AD1, AD2, and AD3 represent three independent
AB,,. expression groups; ICT1, ICT2, and ICT3 represent three independent AB,,_ expression plus Icaritin 30 uM treatment groups. Error bars
represent the SD of four independent experiments. NS represents not significant. *p <0.05, **p <0.01, ***p<0.005, and ****p <0.001 use a
one-way ANOVA followed by Tukey's post hoc test.
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FIGURE 7 Icaritin repairs the damaged mitochondria in Ap, . Drosophila. (A, B) The red dashed line represents mitochondria in each group
(A), quantitative analysis of structurally intact mitochondria (B). (C-E) mitochondrial respiration in each group (C), Complex | respiration

(D), and Complex Il respiration (E) are analyzed according to the mitochondrial respiration assay. (F) Determination of the mitochondrial
membrane potential. AD, AB,  expression group; ICT, A, expression plus Icaritin 30 uM treatment group; WT: wild-type group. Error bars
represent the SD of at least four independent experiments. NS represents not significant. *p <0.05, **p <0.01, ***p<0.005, and ****p<0.001
use a one-way ANOVA followed by Tukey's post hoc test. Scale bars, 500nm.

expression and lcaritin treatment (Figure S2F), and the expression and restored by lcaritin treatment (Figure S2L). The above genes
of CG4594 was unchanged under Ap,  expression while Icaritin are all coding genes for the enzymes directly involved in the fatty
activates the expression of CG4594 (Figure S2L). The expression acid p-oxidation pathway. These results showed that Icaritin re-
of the other six genes was downregulated under Afarc expression pairs the fatty acid p-oxidation pathway damaged by Ap

e tOXicity.
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These results indicated that Ap

the energy metabolism pathways, and Icaritin can systematically

arc tOXicity almost damages all

repairs the entire process of ATP production damaged in AB,

Drosophila.

3.7 | Ilcaritin restores the integrity of mitochondrial
structure and function

Redox homeostasis and energy metabolism are closely related to
mitochondria. Therefore, we detected the structural and func-
tional integrity of mitochondria. First, we found that Icaritin re-
stores the integrity of mitochondrial structure, which is damaged
by Ap

chondrial functional analysis showed that Ap

arc toxicity in Ap,  Drosophila (Figure 7A,B). Second, mito-

toxicity disrupts

arc
the function of complex | and complex Il, and the function of

complex | is extremely restored by Icaritin treatment (Figure 7C-
E). Moreover, mitochondrial membrane potential analysis also
showed that Icaritin repairs the integrity of mitochondrial struc-

tures damaged in A _ Drosophila (Figure 7F). These results indi-

arc
cated that mitochondria may be the targeted organelle for Icaritin

to rescue AP, _ Drosophila.

arc

4 | DISCUSSION

By expressing Ap
13

arc IN the GF system with a tissue-specific pro-

moter,”” we generated an excellent Drosophila AD model for in-
vestigating the neuroprotective effect of Icaritin on AD in vivo.
We found that Ap

viously studies described.*®*¢ Climbing ability, flight ability, and

arc €xactly accumulates in the GF system, as pre-
longevity have always been used as classic phenotypes to evaluate
the disease progression of AD Drosophila.“’35 In this study, Icaritin
almost completely rescued the climbing ability, flight ability, and

longevity declined by A, _ toxicity in Drosophila. The results indi-

arc
cated that Icaritin is a potential promising drug candidate for AD
therapy. Moreover, we observed an interesting phenomenon: the
survival quantity of ICT group was higher than that of the WT
group on Day 30. This implies that the extension of lifespan by
Icaritin may not be limited to AD. This might be related to the ac-
cumulation of beneficial effects caused by long-term oral admin-
istration of Icaritin.

Oxidative stress is a bridge that connects the different hypoth-
eses and mechanisms of AD.%%%8 It is a key process that causes
neuronal damage and occurs in various pathways, such as apop-
tosis.3¢%? So oxidative stress is confirmed as a core component
of AD.*** We found that Icaritin dramatically decreases the in-

creased ROS and hydrogen peroxide in Ap___ Drosophila. We also

arc
found that Icaritin restores the activity of SOD, catalase, and GST
damaged by AB_ _ toxicity. Of course, the high level of MDA in
AB_ _ Drosophila was also downregulated by Icaritin. These results

indicated that Icaritin has a powerful ability to recover the unbal-

arc

arc

anced redox homeostasis in Ap, _ Drosophila. Moreover, oxidative

arc

stress is also one of the important reasons for apoptosis.42 We
found that Icaritin significantly reduces the activity of Caspase-3,
which is considered the main executor of apoptosis.43 Moreover,
immunostaining results also showed that the active Caspase-3
positive signal of the ICT group is significantly lower than that of
the WT group. It implied that inhibition of apoptosis may be an
important reason why lcaritin is not limited to prolonging the lifes-
pan of AB

The brain is a highly energy-consuming organ and relies heav-

arc Drosophila.

ily on efficient ATP production.40 Energy metabolism damage has
always been recognized as a typical feature of AD.*° Fortunately,
we observed that Icaritin greatly increases the level of ATP in AB_
Drosophila. Adequate energy supply provides strong support for the
body to combat the adverse effects of AD, such as impaired mainte-
nance of membrane potentials and increased intracellular Ca?* lev-
els.*° Moreover, energy metabolism also produces a large number
of intermediate products that are widely involved in various cellular
biosynthetic processes, such as oxalacetic acid and a-ketoglutaric
acid.** As two important intermediate products in the TCA cycle,
oxalacetic acid and a-ketoglutaric acid are precursors for the syn-
thesis of aspartic acid and glutamic acid, respectively.44 That is to
say, lcaritin can also help maintain a steady state of biosynthetic me-
tabolism in AD. Moreover, the ATP production in the ICT group is
significantly higher than that of the WT group. This may also be an
important reason why lcaritin is not limited to prolonging the lifes-
pan of AB

Oxidative stress and energy metabolism damage are closely re-

.rc Drosophila.

lated in the pathological process of AD.*%*° In brief, oxidative stress
ecreases the activity of the enzymes involved in energy metabo-
lism, leading to a precipitous fall in ATP production.*> Conversely,
impaired energy metabolism leads to insufficient ATP production.*°
The decrease in ATP causes an imbalance in intracellular homeosta-
sis, such as by increasing mitochondrial membrane permeability.40
The result is the release of mitochondrial inclusions, including a large
amount of ROS, which directly leads to oxidative stress.*® So oxida-
tive stress and energy metabolism damage can fall into a mutually
reinforcing vicious cycle. Incredibly, Icaritin can just break this vi-
cious cycle and recover the unbalanced redox homeostasis and dam-
aged energy metabolism. This may be one of the important reasons

why Icaritin plays an important role in rescuing Ap, . Drosophila.

arc
Transcriptome analysis provided us with a large amount of evi-

dence to further explore the effect of Icaritin on anti-Ap___ toxicity.

arc
We focused on verifying the genes and related pathways that were

re toxic-

rescued by lcaritin treatment after being damaged by Ap
ity, especially in oxidative stress and energy metabolism. However,
the function of a large number of genes with similar expression
changes should also be worth studying. Moreover, a large number
of genes and related pathways that were upregulated by Ap, _ tox-
icity and restored by Icaritin treatment have not been studied yet.
There should be a lot of information worth mining. Of course, if we
excluded Icaritin treatment and focused on observing the changes
caused by Ap
be presented.

would

toxicity, more clues about the toxicity of Ap,

arc
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In antioxidant stress, we found that Icaritin restores the expres-
sion of Ccs (Copper/zinc superoxide dismutase), CG31028 (Copper/
zinc superoxide dismutase), Cat (Catalase), Gss1 (Eukaryotic glu-
Trxr-1
idoreductase, also called thioredoxin reductase), and Prx2540

tathione synthase), (Pyridine nucleotide-disulphide ox-
(Peroxiredoxin), which are directly involved in antioxidant stress and
damaged by Ap

ide ions to hydrogen peroxide.*® Catalase converts hydrogen perox-

arc tOXicity. Superoxide dismutase converts superox-

ide to water and oxygen.47 Glutathione synthase catalyzes de novo
glutathione synthesis, and glutathione plays crucial roles in the anti-
oxidant defense system in neurons.*® The above three enzymes are
the most extensively studied enzymes for antioxidant stress in AD.
However, studies of thioredoxin reductase and peroxiredoxin have
long overshadowed antioxidant defenses in AD.*”°C Peroxiredoxin

can scavenge ROS,49

thioredoxin reductase can neutralize hydro-
gen peroxide.50 The Trx-Prx system can be used as a promising bio-
marker for diagnosing AD.”® We also found that Icaritin restores the
expression of 10 genes encoding the components of GST damaged
by AB,,.

ant enzyme system for antioxidant stress.”!

toxicity. GST has always been considered another import-
But its function has not
been fully studied in AD. These results provided us with direct evi-
dence of the antioxidant stress of Icaritin in AD.

In energy metabolism, glycolysis, the TCA cycle, and oxida-
tive phosphorylation are three necessary pathways for ATP pro-
duction.***2>5 |n glycolysis, we found that Icaritin restores the
expression of Hex-C (Hexokinase), Pfk (Phosphofructokinase), Pgk
(Phosphoglycerate kinase), and Pgi (Phosphoglucose isomerase),
which are directly involved in glycolysis and downregulated by AB, .
toxicity. Hexokinase and phosphofructokinase are considered key en-
zymes that limit the rate of glycolysis.>? In the TCA cycle, we found

Apoptosis

X

Oxidative stress OXPHOS b—

/

Antioxidant
enzyme systems

1\A|3arc

FIGURE 8 Schematic diagram of the mechanism of Icaritin against Ap
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that Icaritin restores the expression of AcCoAS (Acetyl-coenzyme A
synthetase N-terminus), Irp-1A (aconitate hydratase), and SdhC (suc-
cinate dehydrogenase), which are directly involved in the TCA cycle

and downregulated by A, _ toxicity. Acetyl-coenzyme A synthetase

arc
participates in the initiation of the TCA cycle and catalyzes the syn-
thesis of acetyl-coenzyme A from pyruvate.** Aconitate hydratase is
also an important component in the TCA cycle, catalyzing the process
of synthesizing isocitric acid from citric acid.** Succinate dehydroge-
nase is another important component of the TCA cycle that catalyzes
the dehydrogenation of succinic acid to fumaric acid.** In oxidative
phosphorylation, we found that Icaritin restores the expression of a
large number of genes, which encode many important components of
NADH-ubiquinone oxidoreductase and ATP synthase and are down-
regulated by Ap

called Complex I, which is the starting point for electrons to enter the

.+ toxicity. NADH-ubiquinone oxidoreductase is also
respiratory chain and plays a crucial role in the entire oxidative phos-
phorylation reaction process.>* Its dysfunction can cause a decrease
in cellular respiration by at least 40%, leading to various diseases
such as AD and Parkinson's disease.”® ATP synthase, also known as
“Complex V", is the terminal enzyme in the oxidative phosphorylation
pathway‘55 It is a huge protein complex, shaped like a mushroom that
uses energy stored in the transmembrane proton gradient to drive
ADP and phosphate (Pi) to synthesize ATP.>

The pentose phosphate pathway, which branches from glycoly-
sis, is the main pathway of pentose metabolism for a supplement to
glycolysis and the TCA cycle.’® We found that Ap

the expression of Zw (glucose-6-phosphate dehydrogenase) and Pgd

arc toxicity damages

(6-phosphogluconate dehydrogenase). Unfortunately, Icaritin treat-
ment could not restore their expression. The pentose phosphate
pathway also serves as a metabolic pathway for antioxidant stress,

ATP

Glycolysis I— ABarc

e 0.
[3-ox1dat|o /
ABarc—| TCA cycle

[T LN Te [TETIGETIET [P «—— ABarc

Icaritin

Inhibition F—

Intervention ;

toxicity. The blue font represents that Ap

arc arc damages glycolysis,

TCA cycle, OXPHOS, fatty acid p-oxidation, and the antioxidant enzyme system. The green lightning symbols represent the inhibitory effect

of Icaritin on the damage caused by A,

toxicity. OXPHOS, oxidative phosphorylation.
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and its intermediate products provide raw materials for the synthe-
sis of many substances.’® This suggested that repairing the pentose

phosphate pathway may be a target against the Af___ toxicity.

arc

Fatty acid p-oxidation, which acts as the principal pathway for fatty
acid metabolism, is another important energy metabolism pathway.>’
We found that Icaritin restores the expression of a large number of
genes, which are directly involved in fatty acid p-oxidation and down-
regulated by Ap

the fatty acid -oxidation pathway damaged by Ap

. toxicity. That is to say, Icaritin treatment could repair

. toxicity. Although
the brain mainly uses glucose as the sole energy substrate, the repaired
fatty acid p-oxidation pathway may increase ketone body formation,
especially D-B-hydroxybutyrate, which can also serve as another en-
ergy substrate across the blood-brain barrier.>”

The above studies suggested that Icaritin does not just target a
specific point but rather systematically and comprehensively repairs

the entire core process of ATP production in Ap_ _ Drosophila.

arc

One of the main sources of ROS is the respiratory chain in the
inner membrane of mitochondria.>® During the process of electron
transfer in mitochondria, a portion of oxygen is reduced to form a
superoxide anion or hydrogen peroxide.’® Among them, the most
important is superoxide anion, which is the precursor of most ROS
and is mainly produced by Complex | and Il in the respiratory chain
of the mitochondrial inner membrane.’® The central nervous system
relies almost entirely on the supply of blood glucose for energy.59
ATP production from glucose is mainly dependent on the TCA cycle
and oxidative phosphorylation in mitochondria.’® Therefore, ROS,
which causes oxidative stress, and energy metabolism, which pro-
duces ATP, are closely related to the structural and functional in-
tegrity of mitochondria.’®% In this study, we found that Icaritin
can well repair the structure and function of mitochondria damaged
by AB_ _ toxicity. It implied that the anti-Ap
least partially achieved through the repair of mitochondria dam-
aged by Ap
Ap production and A plague deposition.! Therefore, the repair of

effect of Icaritin is at

arc arc

.rc toxicity. Otherwise, mitochondrial dysfunction drives
damaged mitochondria should be one of the mechanisms for Aparc
disappearance.

5 | CONCLUSIONS

In summary, this study systematically elucidated for the first time

that Icaritin greatly rescues Ap_ _Drosophila, and its function is real-

arc
ized at least partly by restoring the mitochondria/oxidative stress/
energy metabolism axis (Figure 8). This indicated that Icaritin is a
highly potential anti-AD drug and highly worthy of translating to

human AD.

AUTHOR CONTRIBUTIONS

B.X.,J.T.,and Q.H.L. proposed the original hypothesis, designed, and
supervised the study. L.X.L., ZW.W,, and Y.F.T. performed the ex-
periments and analyzed the data. M.Y.J., H.Y., and X.L. analyzed the
data. B.X. and L.X.L. wrote and confirmed the manuscript.

FUNDING INFORMATION

This work was supported by the Open Project Program of
Guangxi Key Laboratory of Brain and Cognitive Neuroscience
(GKLBCN-20190103, GKLBCN-20190105-04, and GKLBCN-20210
6-02) and the Young and Middle-aged Teachers' Basic Research
Ability Improvement Project of Universities in
(2023KY0522, 2023KY0541, and 2020KY12012).

Guangxi

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT

The Drosophila brain RNA-seq was deposited at the Sequence Read
Archive with the accession code PRINA971791. Step-by-step proto-
cols are available upon request. Correspondence and requests for all
other material should be addressed to Q.H.L., J.T., and B.X. Source
data is provided with this paper.

ORCID

Bo Xiao " https://orcid.org/0009-0003-3512-8645

REFERENCES

1. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E.
Alzheimer's disease. Lancet. 2011;377(9770):1019-1031.

2. Scheltens P, Blennow K, Breteler MM, et al. Alzheimer's disease.
Lancet. 2016;388(10043):505-517.

3. Scheltens P, De Strooper B, Kivipelto M, et al. Alzheimer's disease.
Lancet. 2021;397(10284):1577-1590.

4. Lane CA, Hardy J, Schott JM. Alzheimer's disease. Eur J Neurol.
2018;25(1):59-70.

5. Bolus H, Crocker K, Boekhoff-Falk G, Chtarbanova S. Modeling
neurodegenerative disorders in Drosophila melanogaster. Int J Mol
Sci. 2020;21(9):3055.

6. PriRing K, Voigt A, Schulz JB. Drosophila melanogaster as a model
organism for Alzheimer's disease. Mol Neurodegener. 2013;8:35.

7. Tue NT, Dat TQ, Ly LL, Anh VD, Yoshida H. Insights from
Drosophila melanogaster model of Alzheimer's disease. Front Biosci.
2020;25(1):134-146.

8. Siddique YH, Rahul A, Ara G, et al. Beneficial effects of apigenin on
the transgenic drosophila model of Alzheimer's disease. Chem Biol
Interact. 2022;366:110120.

9. Shin M, Liu QF, Choi B, et al. Neuroprotective effects of limonene
(+) against Ap42-induced neurotoxicity in a drosophila model of
Alzheimer's disease. Biol Pharm Bull. 2020;43(3):409-417.

10. Suttisansanee U, Charoenkiatkul S, Jongruaysup B, Tabtimsri S,
Siriwan D, Temviriyanukul P. Mulberry fruit cultivar ‘Chiang Mai’
prevents Beta-amyloid toxicity in PC12 neuronal cells and in a dro-
sophila model of Alzheimer's disease. Molecules. 2020;25(8):1837.

11. lijima K, lijima-Ando K. Drosophila models of Alzheimer's amyloido-
sis: the challenge of dissecting the complex mechanisms of toxicity
of amyloid-beta 42. J Alzheimers Dis. 2008;15(4):523-540.

12. Greeve |, Kretzschmar D, Tschéape J-A, et al. Age-dependent neu-
rodegeneration and Alzheimer-amyloid plaque formation in trans-
genic Drosophila. J Neurosci. 2004;24(16):3899-3906.

13. Zhao XL, Wang WA, Tan JX, et al. Expression of beta-amyloid in-
duced age-dependent presynaptic and axonal changes in drosoph-
ila. J Neurosci. 2010;30(4):1512-1522.

14. Crowther DC, Kinghorn KJ, Miranda E, et al. Intraneuronal
Abeta, non-amyloid aggregates and neurodegeneration in


https://orcid.org/0009-0003-3512-8645
https://orcid.org/0009-0003-3512-8645

LI ET AL.

CNS Neuroscience & Therapeutics

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

a drosophila model of Alzheimer's disease. Neuroscience.
2005;132(1):123-135.

Nilsberth C, Westlind-Danielsson A, Eckman CB, et al. The ‘Arctic’
APP mutation (E693G) causes Alzheimer's disease by enhanced
Abeta protofibril formation. Nat Neurosci. 2001;4(9):887-893.
Huang J-K, Ma P-L, Ji S-Y, et al. Age-dependent alterations in the
presynaptic active zone in a drosophila model of Alzheimer's dis-
ease. Neurobiol Dis. 2013;51:161-167.

Murakami K, Irie K, Morimoto A, et al. Synthesis, aggregation, neu-
rotoxicity, and secondary structure of various a beta 1-42 mutants
of familial Alzheimer's disease at positions 21-23. Biochem Biophys
Res Commun. 2002;294(1):5-10.

Li C, Li Q, Mei Q, Lu T. Pharmacological effects and pharmacoki-
netic properties of icariin, the major bioactive component in Herba
Epimedii. Life Sci. 2015;126:57-68.

Bailly C. Molecular and cellular basis of the anticancer activity of
the prenylated flavonoid icaritin in hepatocellular carcinoma. Chem
Biol Interact. 2020;325:109124.

Wang Y, Huang T, Li H, et al. Hydrous icaritin nanorods with excel-
lent stability improves the in vitro and in vivo activity against breast
cancer. Drug Deliv. 2020;27(1):228-237.

Liu Y, Shi L, Liu Y, et al. Activation of PPARgamma mediates icar-
itin-induced cell cycle arrest and apoptosis in glioblastoma multi-
forme. Biomed Pharmacother. 2018;100:358-366.

Zhu J, Li Z, Zhang G, et al. Icaritin shows potent anti-leukemia ac-
tivity on chronic myeloid leukemia in vitro and in vivo by regulat-
ing MAPK/ERK/JNK and JAK2/STAT3 /AKT signalings. PloS One.
2011;6(8):e23720.

Fan Y, Li S, Ding X, et al. First-in-class immune-modulating small
molecule lcaritin in advanced hepatocellular carcinoma: prelimi-
nary results of safety, durable survival and immune biomarkers.
BMC Cancer. 2019;19(1):279.

Wau J, Xu H, Wong PF, Xia S, Xu J, Dong J. Icaritin attenuates ciga-
rette smoke-mediated oxidative stress in human lung epithelial cells
via activation of PIBK-AKT and Nrf2 signaling. Food Chem Toxicol.
2014;64:307-313.

Liu L, Zhao Z, Lu L, Liu J, Sun J, Dong J. Icariin and icaritin ameliorated
hippocampus neuroinflammation via mediating HMGB1 expression in
social defeat model in mice. Int Immunopharmacol. 2019;75:105799.
LiYY, Huang NQ, Feng F, et al. Icaritin improves memory and learn-
ing ability by decreasing BACE-1 expression and the Bax/Bcl-2
ratio in senescence-accelerated mouse prone 8 (SAMP8) mice. Evid
Based Complement Alternat Med. 2020;2020:8963845.

Wang W, Zhao F, Ma X, Perry G, Zhu X. Mitochondria dysfunction
in the pathogenesis of Alzheimer's disease: recent advances. Mol
Neurodegener. 2020;15(1):30.

Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive ox-
ygen species (ROS) and ROS-induced ROS release. Physiol Rev.
2014;94(3):909-950.

Spinelli JB, Haigis MC. The multifaceted contributions of mitochon-
dria to cellular metabolism. Nat Cell Biol. 2018;20(7):745-754.

Allen MJ, Shan X, Caruccio P, Froggett SJ, Moffat KG, Murphey RK.
Targeted expression of truncated glued disrupts giant fiber synapse
formation in drosophila. J Neurosci. 1999;19(21):9374-9384.
TaylorJR,WoodJG, MizerakE, etal.Sirté6 regulates lifespanin Drosophila
melanogaster. Proc Natl Acad Sci. 2022;119(5):e2111176119.

LiuH, Han M, Li Q, Zhang X, Wang WA, Huang FD. Automated rapid
iterative negative geotaxis assay and its use in a genetic screen for
modifiers of Abeta(42)-induced locomotor decline in drosophila.
Neurosci Bull. 2015;31(5):541-549.

Nan Y, Lin J, Cui Y, Yao J, Yang Y, Li Q. Protective role of vitamin
B6 against mitochondria damage in drosophila models of SCA3.
Neurochem Int. 2021;144:104979.

Guo S, Zhang S, Zhuang Y, et al. Muscle PARP1 inhibition extends
lifespan through AMPKalpha PARylation and activation in drosoph-
ila. Proc Natl Acad Sci U S A. 2023;120(13):e2213857120.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

WILEY 150f 16

Wau SC, Cao ZS, Chang KM, Juang JL. Intestinal microbial dysbiosis
aggravates the progression of Alzheimer's disease in drosophila.
Nat Commun. 2017;8(1):24.

Bai R, Guo J, Ye XY, Xie Y, Xie T. Oxidative stress: the core patho-
genesis and mechanism of Alzheimer's disease. Ageing Res Rev.
2022;77:101619.

Glines E, Aydin H, Nizamlioglu HF. Investigation of the protective
effect of acetazolamide and SLC-0111 on carbon tetrachloride-in-
duced toxicity in fruit fly. Toxicol Rep. 2021;8:1300-1304.

Rival T, Page RM, Chandraratna DS, et al. Fenton chemistry and
oxidative stress mediate the toxicity of the p-amyloid peptide
in a Drosophila model of Alzheimer's disease. Eur J Neurosci.
2009;29(7):1335-1347.

Glines E, Sensoy E. Is Turkish coffee protects Drosophila melano-
gaster on cadmium acetate toxicity by promoting antioxidant en-
zymes? Chemosphere. 2022;296:133972.

Butterfield DA, Halliwell B. Oxidative stress, dysfunctional
glucose metabolism and Alzheimer disease. Nat Rev Neurosci.
2019;20(3):148-160.

Goodman LD, Bellen HJ. Recent insights into the role of glia and
oxidative stress in Alzheimer's disease gained from drosophila. Curr
Opin Neurobiol. 2022;72:32-38.

Lau V, Ramer L, Tremblay ME. An aging, pathology burden, and glial
senescence build-up hypothesis for late onset Alzheimer's disease.
Nat Commun. 2023;14(1):1670.

Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and
self-killing: crosstalk between autophagy and apoptosis. Nat Rev
Mol Cell Biol. 2007;8(9):741-752.

Martinez-Reyes |, Chandel NS. Mitochondrial TCA cycle metabolites
control physiology and disease. Nat Commun. 2020;11(1):102.
Dewanjee S, Chakraborty P, Bhattacharya H, et al. Altered glucose
metabolism in Alzheimer's disease: role of mitochondrial dysfunction
and oxidative stress. Free Radic Biol Med. 2022;193(Pt 1):134-157.
Balendra V, Singh SK. Therapeutic potential of astaxanthin
and superoxide dismutase in Alzheimer's disease. Open Biol.
2021;11(6):210013.

Nandi A, Yan LJ, Jana CK, Das N. Role of catalase in oxidative
stress- and age-associated degenerative diseases. Oxid Med Cell
Longev. 2019;2019:9613090.

Liu H, Wang H, Shenvi S, Hagen TM, Liu RM. Glutathione me-
tabolism during aging and in Alzheimer disease. Ann N Y Acad Sci.
2004;1019:346-349.

Szeliga M. Peroxiredoxins in neurodegenerative diseases.
Antioxidants (Basel). 2020;9(12):1203.

Bjorklund G, Zou L, Peana M, et al. The role of the Thioredoxin sys-
tem in brain diseases. Antioxidants (Basel). 2022;11(11):2161.
Kumar A, Dhull DK, Gupta V, et al. Role of glutathione-S-trans-
ferases in neurological problems. Expert Opin Ther Pat.
2017;27(3):299-309.

Dienel GA. Brain glucose metabolism: integration of energetics
with function. Physiol Rev. 2019;99(1):949-1045.

Yellen G. Fueling thought: management of glycolysis and ox-
idative phosphorylation in neuronal metabolism. J Cell Biol.
2018;217(7):2235-2246.
Hirst J. Mitochondrial
2013;82:551-575.
Jonckheere Al, Smeitink JA, Rodenburg RJ. Mitochondrial ATP
synthase: architecture, function and pathology. J Inherit Metab Dis.
2012;35(2):211-225.

Stincone A, Prigione A, Cramer T, et al. The return of metabolism:
biochemistry and physiology of the pentose phosphate pathway.
Biol Rev Camb Philos Soc. 2015;90(3):927-963.

Peng Y, Gao P, Shi L, Chen L, Liu J, Long J. Central and peripheral
metabolic defects contribute to the pathogenesis of Alzheimer's
disease: targeting mitochondria for diagnosis and prevention.
Antioxid Redox Signal. 2020;32(16):1188-1236.

complex I. Annu Rev Biochem.



16 of 16
4|_Wl L E Y_ CN'S Neuroscience & Therapeutics

58.
59.

60.

61.

LI ET AL.

Dan Dunn J, Alvarez LA, Zhang X, Soldati T. Reactive oxygen spe-
cies and mitochondria: a nexus of cellular homeostasis. Redox Biol.
2015;6:472-485.

Myers MG Jr, Affinati AH, Richardson N, Schwartz MW. Central
nervous system regulation of organismal energy and glucose ho-
meostasis. Nat Metab. 2021;3(6):737-750.

Nunnari J, Suomalainen A. Mitochondria: in sickness and in health.
Cell. 2012;148(6):1145-1159.

Ashleigh T, Swerdlow RH, Beal MF. The role of mitochondrial dys-
function in Alzheimer's disease pathogenesis. Alzheimers Dement.
2022;19(1):333-342.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Li L, Wei Z, Tang Y, et al. Icaritin
greatly attenuates B-amyloid-induced toxicity in vivo. CNS
Neurosci Ther. 2024;30:€14527. doi:10.1111/cns.14527


https://doi.org/10.1111/cns.14527

	Icaritin greatly attenuates β-amyloid-induced toxicity in vivo
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Drosophila stocks and genetics
	2.2|Drug treatment
	2.3|Negative geotaxis assay
	2.4|Flight assay
	2.5|Longevity measurement
	2.6|ELISA quantification of Aβarc
	2.7|Determination of redox system
	2.8|Determination of energy system
	2.9|Immunostaining and imaging
	2.10|Transcriptome analysis
	2.11|Quantitative real-time PCR (qRT-PCR)
	2.12|Electron microscopy
	2.13|Mitochondrial respiration assay
	2.14|Assessment of mitochondrial membrane potential
	2.15|Statistical analysis

	3|RESULTS
	3.1|Icaritin rescues Aβarc Drosophila
	3.2|Icaritin restores the unbalanced redox homeostasis in Aβarc Drosophila
	3.3|Icaritin repairs the damaged energy metabolism in Aβarc Drosophila
	3.4|Transcriptome analysis
	3.5|The key genes involved in antioxidant stress are repaired
	3.6|The key genes involved in energy metabolism are repaired
	3.7|Icaritin restores the integrity of mitochondrial structure and function

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


