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SUMMARY

Aims: This study investigated the neuroprotective properties of icariin (an effective compo-

nent of traditional Chinese herbal medicine Epimedium) on neuronal function and brain

energy metabolism maintenance in a triple-transgenic mouse model of Alzheimer’s disease

(3 9 Tg-AD). Methods: 3 9 Tg-AD mice as well as primary neurons were subjected to

icariin treatment. Morris water maze assay, magnetic resonance spectroscopy (MRS), Wes-

tern blotting, ELISA, and immunohistochemistry analysis were used to evaluate the effects

of icariin administration. Results: Icariin significantly improved spatial learning and mem-

ory retention in 3 9 Tg-AD mice, promoted neuronal cell activity as identified by the

enhancement of brain metabolite N-acetylaspartate level and ATP production in AD mice,

preserved the expressions of mitochondrial key enzymes COX IV, PDHE1a, and synaptic

protein PSD95, reduced Ab plaque deposition in the cortex and hippocampus of AD mice,

and inhibited b-site APP cleavage enzyme 1 (BACE1) expression. Icariin treatment also

decreased the levels of extracellular and intracellular Ab1-42 in 3 9 Tg-AD primary neu-

rons, modulated the distribution of Ab along the neurites, and protected against mitochon-

drial fragmentation in 3 9 Tg-AD neurons. Conclusions: Icariin shows neuroprotective

effects in 3 9 Tg-AD mice and may be a promising multitarget drug in the prevention/pro-

tection against AD.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-

ease that is clinically characterized by a gradual and global decline

of cognitive functions manifesting as memory loss and changes in

behavior and personality. Histopathological investigations of AD

brains have revealed multiple cellular changes in the brain,

including extracellular amyloid-beta (Ab) deposits, intracellular

neurofibrillary tangles (NFTs), synaptic loss, mitochondrial abnor-

malities, and inflammatory responses [1–3].

Recent studies have demonstrated that mitochondrial deficits

occur early in AD pathogenesis, even before plaque formation,

indicating that mitochondrial dysfunction is an important factor

in the early developmental stages of AD pathology [4–7].

Decreased expression and activity of crucial mitochondrial

enzymes cytochrome c oxidase (COX) and pyruvate dehydroge-

nase (PDH) have been detected in postmortem brain tissue from

patients with AD as well as AD animal models [7–12]. The lack of

acetyl-CoA due to PDH defects leads to the reduction in oxidative

phosphorylation and a decrease in brain metabolite N-acetylaspar-

tate (NAA), the synthesis of which is dependent on mitochondrial

energy state and the synthesis of acetyl-CoA [13]. NAA is found in

relatively high concentrations in the brain, and it displays one of

the most prominent peaks in nuclear magnetic resonance (NMR)

spectra. 1H magnetic resonance spectroscopy (MRS) is a noninva-

sive technique that allows the in vivo measure of metabolic

changes in the brain and hence has great potential for the diagno-

sis of brain disorders and monitoring the disease progression [14–

16]. NAA could serve as a MRS marker for neuronal viability, and

a decrease in NAA level could reflect neuronal dysfunction or

neuronal loss [13,17,18].

Epimedium is a Chinese herbal medicine that has been tradition-

ally used as an aphrodisiac and antirheumatic remedy in China,

Korea, and Japan [19]. Icariin (C33H40O15; molecular weight:

676.65, ICA), a natural product isolated from Epimedium herba, is

the major pharmacologically active component of this herb. Recent

studies have reported that icariin can reduce the production of

insoluble Ab fragments, inhibit abnormal tau protein phosphoryla-
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tion, and improve spatial learning ability and memory in Alzhei-

mer’s disease model rats [20–23]. Only a few studies have prospec-

tively investigated the association between brain metabolite levels

and mitochondrial functions in AD. Therefore, the purpose of this

study was to assess brain metabolism and mitochondrial key

enzyme expression/energy production in an AD mouse model and

explore the potential anti-AD treatment effect of icariin.

Materials and Methods

Drugs and Reagents

Icariin (99% purity) for neuronal cell treatment was purchased

from National Institute for the Control of Pharmaceutical and Bio-

logical Products in China, and the icariin (98% purity) for drug

chow diet (65 mg/kg, which is equivalent to 20 lmol/kg/day for

mice administration for 6 months from 2 months of age) prepara-

tion was obtained from Nanjing Langze Pharmaceutical Company.

All cell culture reagents were purchased from Invitrogen. Protease

inhibitor cocktail, penicillin–streptomycin, poly-D-lysine, Percoll,

Triton X-100, and DMSO were from Sigma-Aldrich (St. Louis, MO,

USA). Papain was from Worthington. ATP bioluminescence assay

kit was from Promega Co. (Madison, WI, USA). Ab1–42 ELISA kit

was from Beijing Airan Technology Co. Ltd. (Beijing, China). The

antibodies of Ab1-42, BACE1, COX IV, PSD95, synaptophysin,

MAP2, b-tublin, b-actin, and VDAC were purchased from Abcam.

PDHE1a and GAPDH antibodies were purchased from Santa Cruz

Biotechnology. All other reagents are of reagent grade.

Animals and Treatment

All animal experiments were complied with Animal Care and

Institutional Ethical Guidelines in China. 3 9 Tg-AD mice harbor-

ing human transgenes APP (SWE), PS1 (M146V), and Tau (P301L)

under the control of Thy1.2 promoters were purchased from Jack-

son Laboratory and housed under standard laboratory conditions

with a 12-h day/night cycle at room temperature of 22°C. Thirty

female transgenic (Tg) mice at 2 months of age were divided into

two groups and either administrated with normal diet or with

icariin through drug chow diet for 6 months. Fifteen age-matched

female nontransgenic (NTg) mice with the same genome back-

ground were administrated with normal diet as normal control.

Behavioral Tasks

Morris Water Maze

The Morris water maze assay [24] was applied on 3 9 Tg-AD mice

at 8 months of age to evaluate the learning and memory abilities

of the mice for 5 days (d) with continuous icariin treatment. The

apparatus and the test procedure were performed as previously

described [25]. Briefly, the apparatus consisted of a stainless steel

circular tank (122 cm in diameter) with a translucent acrylic plat-

form (10 cm in diameter) located in the tank in a fixed position.

The tank was virtually divided into four equal quadrants identified

as northeast, northwest, southeast, and southwest. The tank was

filled with water up to 0.5 cm above the top of the platform and

the water was made opaque with milk. A number of visible cues

were placed around the room. The mouse was gently released fac-

ing the tank wall into the water from one of the four desired start-

ing positions (north, south, east, or west). The swimming path of

each mouse was tracked using Watermaze MT-200 software

(MPEG-4 Image).

Place Navigation Test

Spatial training of the hidden platform in the water maze was per-

formed for 5 consecutive days, with 4 trials per day. The intertrial

interval was 2 h. In each trial, each mouse was given 90 second to

find the hidden platform. If a mouse failed to find the platform

within that time, it was manually placed on the platform and

allowed to remain there for 20 second.

Probe Trial

To assess short-term and long-term memory at the end of learn-

ing, two probe trials were given, one at 2 h and another at 24 h

after the last training trial (day 5). In each probe trial, the platform

was removed and the mice were allowed to swim for 90 second in

search of it.

Magnetic Resonance Spectroscopy (MRS)

MRS measurements were taken at the Wuhan Institute of Physics

and Mathematics, Chinese Academy of Science, using a Bruker

Biospec 7T/30 cm horizontal bore MRS scanner equipped with a

ClinScan console (Bruker Biospin, Germany). During the experi-

ments, mice were anesthetized using 1.0–1.5% isoflurane and O2/

N2O and positioned in a stereotactic holder to immobilize the head.

Body temperature was maintained at 37°C by warm water circula-

tion. Measurements were taken on animals in the drug chow diet/

normal diet Tg groups and the NTg group at 8 months of age. VOI

(volume of interest) of 1.5 9 2 9 1 mm for 1H MRS spectra was

positioned in the hippocampus. Single-voxel 1H-MRS was per-

formed with point-resolved 1H spectroscopy (PRESS) technique

with TR = 2500 ms and TE = 20 ms. Quantification of the metabo-

lite concentration was performed using Topspin 2.1 software pack-

age. Five brain metabolites that represent the functional metabolic

processes were analyzed: N-acetylaspartate (NAA), choline (Cho),

creatine (Cr), myo-inositol (MI), and lactate (Lac). The ratios of

NAA/Cr, Cho/Cr, MI/Cr, and Lac/Cr were calculated. Statistical

analysis was performed by SPSS 13.0 software package (SPSS Com-

pany, Chicago, IL, USA), with significant differences between

means identified using paired two-tailed t-test. A P value <0.05 was

considered statistically significant.

Upon completion of behavioral test and MRS determination of

brain metabolites, mice were sacrificed, and the brains were then

removed and bisected in the midsagittal plane. One hemi-brain

was used for ATP extraction, total protein sample preparation, and

brain mitochondria isolation; the other hemi-brain was fixed in

4% paraformaldehyde for immunohistochemistry assay.

Brain Mitochondria Isolation

Brain mitochondria were isolated from the brain tissue follow-

ing previously established protocol. Briefly, brain cortices were

64 CNS Neuroscience & Therapeutics 22 (2016) 63–73 ª 2015 John Wiley & Sons Ltd

Effects of Icariin in Alzheimer’s Disease Mice Y.-J. Chen et al.



minced and placed in ice-cold mitochondrial isolation buffer

(320 mM sucrose, 1 mM EDTA, 10 mM Tris–HCl, and Pro-

tease Inhibitor Mixture Set I from Calbiochem, pH 7.4). The

tissue homogenization, separation and density gradient cen-

trifugation were conducted following Yao’ s description [7].

The final mitochondrial pellet was resuspended with mito-

chondrial isolation buffer and stored at �80°C for later pro-

tein analysis.

Primary Neuronal Culture

Primary hippocampal neurons were obtained from postnatal

(P0-P1) pups of NTg and 3 9 Tg-AD mice. Briefly, hippocampi

were dissected from the brain and digested with 2 mg/mL

papain for 30 min at 37°C. Digested tissue was triturated with

pipetting in DMEM with 10% FBS. Dissociated cells were cul-

tured in the neurobasal medium with 2% B27 supplement,

0.5 mM L-glutamine, and 50 U/mL penicillin–streptomycin

using poly-D-lysine-coated 6-well cell culture plates at a den-

sity of 0.5 9 106 cells/per well; and for confocal microscope

imaging, cells were seeded on 13-mm glass coverslips precoated

with poly-D-lysine and incubated in 24-well cell culture plates

at a density of 1.5 9 105 cells/per well. The medium was com-

pletely replaced after 4 h, and then, half of the medium was

replaced every 3 days. At day 10, neurons were treated with

20 lM icariin (1000 9 dilution of 20 mM DMSO dissolved icar-

iin stock solution by culture medium) for 24 h. Neurons from

NTg mice or from 3 9 Tg-AD mice treated with the culture

medium containing 0.1% DMSO were set up as normal control

and AD control, respectively.

Immunohistochemistry/Immunocytochemistry
Assay

For immunohistochemistry analysis, brain specimens were paraf-

fin-embedded, and coronal sections were cut at 6 lm thick each

before mounted onto silane-coated slides. Immunohistochem-

istry was performed using a standard protocol. Briefly, brain sec-

tions were blocked with 5% goat serum and 0.3% Triton X-100

in PBS before incubation with primary antibody against Ab1-42
(1:200) overnight at 4°C, followed by washing and incubation

with secondary biotinylated antibody for 1 h at room tempera-

ture. Images were taken using an optical microscope (OLYMPUS

BX51, Tokyo, Japan). For immunocytochemistry, primary neu-

ronal cultures were administrated with icariin and incubated for

24 h and then fixed in the cell culture plate with 4%

paraformaldehyde in PBS. Cells were then permeabilized with

0.2% Triton X-100 in PBS, and nonspecific binding was blocked

with 10% goat serum in PBS. Primary antibodies including Ab1-
42 (1:200), PDHE1a (1:100), PSD95 (1:1000), and MAP2

(1:8000) were applied followed by incubation with species-speci-

fic secondary antibodies conjugated to Dylight-488 or Dylight-

594, respectively. The coverslips were then washed with PBS

and sealed to slides. Cells were visualized using a confocal micro-

scope (OLYMPUS FV1000). Image J software was used to analyze

the density of PDHE1a puncta, and the value was expressed as

the percentage of PDHE1a immunoreactivity in Tg and Tg+ICA

cells relative to NTg control cells.

Western Blot Assay

In brain tissue-based assay, brain tissue samples for each group

were homogenized with 1 9 lysis buffer plus 1 mM PMSF and

protease inhibitor cocktail. Brain mitochondrial samples were pre-

pared as described above in Brain mitochondria section. In cell-

based assay, cells were harvested after 24 h 20 lM icariin treat-

ment and then lysed with 1 9 lysis buffer. Protein concentrations

were determined using BCA protein assay kit. Equal amounts of

total protein extract (20 lg per well) for each sample were sepa-

rated by SDS-PAGE and transferred to polyvinylidene fluoride

(PVDF) membranes. After blocking with 5% fat-free milk, BACE1,

synaptophysin, PSD95, b-tublin, GAPDH, b-actin, as well as mito-

chondrial PDHE1a, COX IV, VDAC were probed by corresponding

primary antibodies (1:1000), and followed by the incubation with

HRP-conjugated anti-rabbit antibody or HRP-anti-mouse anti-

body, respectively. The blots were developed with ECL detection

reagents and visualized by KODAK Image Station 4000MM (Care-

stream Health Inc., New Haven, CT, USA). All band intensities

were quantified using Quantity One software.

ELISA for Ab levels

Ab levels were determined by ELISA. Primary cultured hippocam-

pal neurons and medium from Tg, Tg+ICA, and NTg groups were

collected, respectively, and the levels of extracellular as well as

intracellular Ab1–42 were measured by a sandwich ELISA kit (Bei-

jing Airan Technology Co. Ltd.), in accordance with the manufac-

turer’s instructions.

Determination of ATP Levels

The level of tissue ATP was determined by an ATP biolumines-

cence assay kit (Promega Co.). Briefly, brain tissues were homoge-

nated with a lysis buffer and mixed for 10 min. Hundred

microliters of each sample was mixed with 100 lL of luciferase

reagent, and the luminescence was measured using a microplate

luminometer. The ATP concentration was normalized to total tis-

sue protein concentration estimated by Bradford protein assay

(Bio-Rad, Hercules, CA, USA).

Statistical Analysis

Statistical data were expressed as mean � standard deviation

(SD). Student’s t-test and analysis of variance (ANOVA) were used

to determine statistical significance. P value of <0.05 was consid-

ered to be statistically significant.

Results

Icariin Improved Spatial Learning and Memory
Retention in 3 3 Tg-AD Mice

We have previously reported cognitive impairment in 3 9 Tg-AD

mice [26], which is consistent with findings from other studies

[27,28]. Here, we sought to explore the anti-AD effect of icariin;

therefore, we first performed the Morris water maze assay to

examine the potential of icariin in the amelioration of spatial
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learning and memory deficits in 3 9 Tg-AD mice. In the place

navigation test, the escape latencies to find the platform for the

3 9 Tg-AD mice were decreased across the 5-day training period

by icariin administration, with a significant effect from day 3

onward (Figure 1A). These data suggest that icariin was effective

in improving spatial learning ability in 3 9 Tg-AD mice. Next,

two probe trials were administered to assess short- and

long-term memory at 2 h and 24 h after training, respectively

(Figure 1C,D). Icariin-treated transgenic AD mice crossed over

the hidden location of the platform more frequently, compared

with the normal-diet transgenic mice in both the 2-h short-term

and 24-h long-term memory tests, indicating that icariin treat-

ment could ameliorate spatial memory deficits in 3xTg-AD mice.

There was no difference in swimming speed between the two

groups of mice across the 5 training days, excluding the possibil-

ity that the administration of icariin induced changes in body

(Figure 1B).

Icariin Modulated the Levels of
Neurometabolites in 33Tg-AD Mice

Proton magnetic resonance spectroscopy (1H MRS) was applied to

evaluate the efficacy of icariin in the regulation of neurometabo-

lites in the hippocampus of AD mice. The spectra shown in

Figure 2 are representative of the quality consistently achieved in

this study. These spectra were analyzed using Topspin 2.1

software package to obtain ratios of concentrations of the 4

metabolites with respect to Cr. At the age of 8 months, 3 9 Tg-

AD mice showed a significantly lower ratio of NAA/Cr than did

NTg controls (P < 0.05), implying decreased neuronal health with

or without increased neurodegeneration in Tg mice (Table 1).

Upon icariin treatment, the ratio of NAA/Cr was significantly ele-

vated (P < 0.05), to a level that was similar to that in NTg control

mice, suggesting that icariin could promote neuronal cell activity.

At the same time, the MI/Cr ratio was significantly elevated with

icariin administration (P < 0.05). The ratio of Cho/Cr was

decreased in 3 9 Tg-AD mice, relative to NTg controls, and it was

enhanced in the icariin treatment group; however, the differ-

ences were not statistically significant. Despite this, a much

higher ratio of Lac/Cr was observed in 3 9 Tg-AD mice, com-

pared with NTg controls (P < 0.05), indicating a shift from oxida-

tive phosphorylation to anaerobic glycolysis. Low NAA/Cr ratios

and high Lac/Cr ratios are generally indicative of poor energetic

metabolism [13,17,29]. In the brain, NAA is produced and

exported from mitochondria, and its synthesis requires aspartate

and acetyl-CoA. Thus, the reduction in NAA levels in Tg mice

may also imply impairment of expression/activity of key regula-

tory enzymes involved in energetic metabolism, including acetyl-

CoA production, oxaloacetate–glutamate transamination, and

oxidative phosphorylation. After icariin administration, the Lac/

Cr ratio was significantly decreased in 3 9 Tg-AD mice

(P < 0.05), suggesting that icariin may sustain aerobic metabo-

lism and hence cause a reduction in lactic acid-producing glycoly-

sis in AD brains.
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Figure 1 Icariin treatment improved spatial learning and memory deficits in 3 9 Tg-AD mice. Morris water maze test was performed to evaluate spatial

memory in Tg mice. (A) In 5-day training trials, the escaping latencies of mice were measured to assess the mouse memory ability. Icariin-treated Tg mice

showed significant improvement in escape latency with successive days of training as compared with vehicle control Tg mice. (B) No significant

differences were observed in the swimming speed of the icariin-treated Tg mice versus Tg controls. (C) In the probe trial, the swimming distance in all

quadrants was analyzed. Compared with the vehicle-treated Tg mice, icariin treatment significantly increased the chances of Tg mice searching for the

hidden platform in the target quadrant in both 2-h and 24-h memory tests. (D) In the probe trial, the times for mice crossing the area where the

submerged platform was located in training trials were recorded. Icarrin-treated Tg mice crossed over the platform site more frequently compared with

vehicle control Tg mice. Data are shown as mean � SD, *P < 0.05, n = 15.
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Icariin Preserved the Expression of
Mitochondrial Key Enzymes and Synaptic
Proteins

Given that NAA reductions might be related to neuronal energy

impairment and dysfunction, we next investigated the expression

of mitochondrial proteins PDH (PDHE1a subunit) and COX (COX

subunit IV), which are crucial enzymes involved in the tricar-

boxylic acid cycle and respiratory chain, respectively. As shown

by Western blot analysis in Figure 3A, PDHE1a and COX IV pro-

tein levels in the 3 9 Tg-AD mouse brain were much lower than

that in the control NTg mouse brain (P < 0.01), which is consis-

tent with previous publications [7]. Icariin administration effec-

tively reversed the reduced levels of PDHE1a and COX IV in Tg

mice (P < 0.01), indicating that icariin had protective effects in

maintaining expression of certain mitochondrial proteins. Correl-

atively, our data revealed a significant reduction in brain ATP

levels in 3 9 Tg-AD mice, compared with NTg controls (P < 0.01),

while icariin demonstrated significant treatment effects (P < 0.01)

(Figure 3C).

Because NAA is synthesized in neurons and its depletion reflects

neuronal loss or dysfunction, we further examined synaptic pro-

tein expression in the 3 9 Tg-AD mice. Our results showed that

the expression of postsynaptic protein PSD95 was decreased in

3 9 Tg-AD mice, compared with that in NTg control mice

(P < 0.05). Icariin treatment significantly enhanced the protein

level of PSD95 (P < 0.01), indicating that icariin could partially

reverse synaptic protein deficits in 3 9 Tg-AD mice (Figure 3B).

We did not find a significant alteration in the expression of presy-

naptic protein synaptophysin in 3 9 Tg-AD mice, compared with

NTg controls (Figure 3B), which is consistent with previous

reports on 3 9 Tg-AD mice and other AD animal models [30–32].

We repeated the experiments more than three times to ensure the

accuracy and credibility of the results. Student’s t-test and analysis

of variance (ANOVA) were used to determine statistical signifi-

cance.

Icariin Reduced Amyloid Plaque Deposition in
33Tg-AD Mice

Given that Ab is a major pathological component in AD develop-

ment, we next performed immunohistochemistry analysis on the

brain slices to examine the potential of icariin in the amelioration

of amyloid protein deposition. As detected by Ab immunolabeling

with an anti-Ab1-42 antibody, Ab plaque load in the cortex and

hippocampus of Tg mice was remarkably increased relative to that

in NTg mice, while treatment with icariin for 6 months clearly

decreased Ab plaque deposition in comparison with the vehicle-

administered Tg mice (Figure 4A). Because Ab is generated from a

sequential cleavage of amyloid precursor protein (APP) by b-site
APP cleavage enzyme 1 (BACE1) and c-secretase [33], we further

investigated the potential influence of icariin on BACE1 expres-

sion, using Western blot assay. Our results indicated significantly

higher levels of BACE1 expression in Tg mice, compared with

those in NTg controls (P < 0.05). The high levels of BACE1

expression in Tg mice were apparently inhibited by icariin treat-

ment (P < 0.05), suggesting that the decreased accumulation of

Abmight be attributed to the inhibitory effect of icariin on BACE1

(Figure 4B).

Icariin Exerted Neuroprotective Effects in
Primary Neuronal Culture

To validate our in vivo studies, we performed in vitro studies to

determine whether icariin treatment could affect Ab expression

and preserve mitochondrial key enzymes and synaptic proteins in

3 9 Tg-AD primary neurons. First, we examined the effect of
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Figure 2 Representative 1H-MRS spectra from different groups obtained after 6-month-long treatment. The spectra are shown with similar line widths

and with amplitude adjusted using creatine peak at 3.03 ppm. The areas corresponding to NAA, MI, Cr, Lac, and Cho have been labeled.

Table 1 1H-MRS mean metabolite ratios in NTg, Tg, and Tg+ICA groups

(TE = 20 ms)

Metabolite

Ratio to Cr (mean � SD)

NTg Tg Tg+ICA

Creatine (Cr) 1.000

N -acetyl –aspartate (NAA) 1.239 1.02 + 0.26* 1.41 + 0.21#

Myo-inositol (MI) 1.073 1.06 + 0.07 1.30 + 0.25#

Choline (Cho) 0.389 0.29 + 0.06 0.32 + 0.06

Lactic acid (Lac) 0.208 0.25 + 0.11* 0.15 + 0.06#

*P < 0.05, relative to NTg group. #P < 0.05, relative to Tg group.

n = 4.
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icariin on the regulation of Ab production in neurons using ELISA

to measure the levels of extracellular and intracellular Ab. The
level of extracellular Ab1-42 was found to be significantly

increased in 3 9 Tg-AD neurons, compared with NTg controls

(P < 0.05), which was markedly reduced after 24 h of treatment

with icariin (P < 0.01). These results indicate that the secretion of

Ab1-42 could be attenuated by icariin. In addition, the level of

intracellular Ab1-42 was significantly decreased by treatment

with icariin (P < 0.01), which suggests that icariin probably exerts

its neuroprotective effect through the regulation of Ab1-42 pro-

duction (Figure 5A).

Next, we investigated whether icariin treatment decreased

BACE1 levels in 3 9 Tg-AD primary neurons, using Western blot

assay. The results revealed that icariin significantly decreased

BACE1 level in transgenic neurons (P < 0.05), implying that icar-

iin possibly inhibits Ab production by decreasing BACE1 protein

level (Figure 5B). To further evaluate the potential effect of icariin

on Ab distribution in neurons, immunofluorescence analysis of

Ab and neuronal marker MAP2 double staining in primary neu-

rons was performed (Figure 5C). Localization of Ab in NTg neu-

rons was limited to the soma, with moderate staining along the

neurites, whereas in Tg neurons, an overexpression of Ab was

seen throughout the soma and neuronal processes. After icariin

treatment, Ab expression was diminished along the neurites and

restricted to the soma of the neurons, suggesting that icariin might

inhibit the distribution of Ab along the neurites.

Next, we investigated the potential of icariin in preserving mito-

chondrial functional protein PDH (PDHE1a) that naturally local-

izes in the mitochondrial matrix and adjacent to the internal

membrane and, hence, may be used as a mitochondrial indicator.

As shown by double-labeling analysis of PDHE1a and MAP2 anti-

bodies, PDHE1a expression in NTg neurons was abundant in the

cytoplasm and was evenly distributed along the neuronal pro-

cesses (Figure 6A). However, we found decreased and fragmented

immunoreactivity of PDHE1a in neurites from 3 9 Tg-AD mouse

neurons, compared with that in NTg controls (NTg, 100 � 11.4%;

(A)

(B)

(C)

Figure 3 Icariin preserved mitochondrial and synaptic protein expression in AD mouse brain. (A&B) Western blot assay demonstrated that icariin

enhanced the protein levels of PDHE1a and COX IV (A) and PSD95 (B) in the brains of Tg mice, whereas the difference in synaptophysin expression was

not statistically significant among the groups. (C) ATP level was increased in icariin-treated Tg mice compared with Tg controls. Bars graph (means � SD)

represented three independent experiments. *P < 0.05, **P < 0.01, n = 10.
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Tg, 76.3 � 10.2%, P < 0.01, n = 10, Figure 6B), suggestive of

increased mitochondrial fragmentation in the diseased neurons.

Upon icariin treatment, PDHE1a expression was enhanced and

more evenly distributed along the neurites (98.3 � 15.8%,

P < 0.05, compared with Tg cells). Further examination using

Western blot assay showed that icariin effectively elevated

PDHE1a level in neurons from Tg mice (P < 0.01) (Figure 6C).

These results indicate that icariin could regulate the expression of

PDHE1a and protect against mitochondrial fragmentation in

3 9 Tg-AD neurons.

To determine the effect of icariin treatment on synaptic func-

tional protein expression, immunostaining analysis was per-

formed in primary neurons using synaptic marker PSD95 and

MAP2. As shown in Figure 6D, PSD95 was distributed evenly

in the soma as well as along the neurites in NTg neurons,

whereas in Tg cases, the expression of PSD95 was diminished

along the neurites and restricted to the soma. After icariin

treatment, PSD95 expression was partially recovered in the

neurites of Tg neurons. In addition, Western blot assay revealed

significantly reduced levels of synaptophysin and PSD95 in Tg

neurons, compared with that in NTg neurons, which could be

reversed by treatment with icariin (P < 0.05) (Figure 6E). These

data, together with the in vivo results mentioned above, indi-

cate that icariin could abolish Ab generation while preserving

key mitochondrial enzymes and synaptic functional proteins.

Furthermore, we performed these experiments more than three

times in order to ensure the accuracy and credibility of the

results. Student’s t-test and analysis of variance (ANOVA) were

used to determine statistical significance.

Discussion

In the present study, we reported the first evidence that icariin

treatment modulated brain metabolism and maintained mito-

chondrial functions in 3 9 Tg-AD mice. Our results revealed a

reduction in NAA levels accompanied with a decrease in the

expression of mitochondrial PDH and COX enzymes and ATP pro-

duction in AD mice, revealing a biochemical coupling between

NAA synthesis and ATP generation, as proposed in previous publi-

cations [34]. Despite complicating issues, many in vivo MRS stud-

ies support NAA as a surrogate for both neuronal loss and

mitochondria metabolism dysfunction [29,35,36]. Clinically,

reduction in NAA has been used as an indicator of the disease pro-

gression in AD, and to identify patients with mild cognitive

impairment (MCI), mild dementia, or AD [14–16,37,38]. Addi-

tionally, we observed an elevation in the MRS metabolite ratio of

Lac/Cr in the 3xTg-AD mice, indicating that glycolysis had been

initiated in an oxygen-deficient environment. Previous studies

also detected a shift from oxidative phosphorylation to anaerobic

glycolysis, as indicated by a decrease in the oxygen consumption

rates (OCR) and an increase in the extracellular acidification rates

in primary neurons from 3 9 Tg-AD mice [7]. Thus, change in

lactate concentrations as measured by MRS could indicate mito-

chondrial disorders. In this study, MRS analysis also detected a
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Figure 4 Icariin attenuated Ab expression in
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mice. (A) Immunohistochemistry staining of
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Ab plaque deposition was significantly

decreased in the cortex (CT) and the CA1, CA3
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mice compared with Tg controls. (B) Western

blot assay demonstrated that icariin decreased

BACE1 protein level in the brains of Tg mice.
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treatment effect of icariin in 3 9 Tg-AD mice, suggesting that this

method can be used as a noninvasive tool to evaluate anti-AD

therapeutic efficacy and accelerate drug discovery.

The mechanism underlying the anti-Ab action of icariin has

been intensively investigated in previous publications. Zhang

et al. suggested that icariin decreases Ab contents by reducing the

expression of APP and BACE-1 [23]. Nie et al. reported that icariin

could reduce the mRNA level of BACE-1 in a dose-dependent

manner and increase the level of SOD-2 in AD mouse brains, sug-

gesting that the inhibitory effect of icariin on b-secretase might be

partially attributed to its anti-oxidative activity [20]. Our studies

also showed that icariin treatment could reduce Ab production,

plaque deposition, and BACE1 levels in AD animal models. We

also demonstrated that icariin administration significantly recov-

ered the learning and memory deficits in 3 9 Tg-AD mice, which

is consistent with results of studies in other AD animal models

[20,23,39]. As reported in previous publications, 3 9 Tg-AD mice

did not display deficits in spatial learning memory before

3 months of age [28]; thus, the Tg mice in our study were not

assumed to have developed spatial learning impairment at the

time when they began to receive icariin treatment at 2 months of

age. Therefore, we speculate that the beneficial effects of icariin

on improving spatial learning and memory abilities may be attri-

butable to the prevention or delay of cognitive decline in AD mice

rather than a reversal of preexisting cognitive impairment.

The accumulation of Ab in subcellular compartments such as

mitochondria and synapses is associated with mitochondrial

impairment and neuronal dysfunction [40–49]. Extracellular

deposits of Ab may access mitochondria through permeabilization

of the cellular membranes. The interaction between Ab and the

mitochondrial protein Ab-binding alcohol dehydrogenase (ABAD)
results in a decreased activity of a key mitochondrial enzyme,

COX, and induces oxidative stress [44,45,48]. The increased levels

of reactive oxygen species and impairment in mitochondrial func-

tions further trigger the production of Ab, resulting in a vicious

cycle of Ab accumulation and mitochondrial dysfunction that
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Figure 5 Icariin attenuated Ab expression in

3 9 Tg-AD primary neurons. (A) ELISA

demonstrated that icariin reduced extracellular

and intracellular Ab levels in Tg neurons. (B)

Western blot assay demonstrated that icariin

decreased BACE1 protein level in Tg neurons.

(C) Double-labeling analysis of Ab with

neuronal marker MAP2 in neurons from NTg,

Tg, and Tg+ICA groups. Tg cells showed an

overexpression of Ab in the soma and neurites

(arrow) as compared to NTg group, which was

partially reduced in the neurites and restricted

to the soma after icariin treatment. Bars graph

(means � SD)represented three independent

experiments. *P < 0.05, **P < 0.01. Scale bar

in (C) = 20 lm.
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leads to neurodegeneration [46,47,49]. Icariin, the major compo-

nent of Epimedium herba, acts as a phytoestrogen and exhibits

estrogenic activity in vivo [50]. Estrogen has been shown to have

beneficial effects on brain bioenergetics, including facilitating glu-

cose transport into cells, promoting neuronal aerobic glycolysis

and oxidative phosphorylation, and sustaining ATP generation
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Figure 6 Icariin preserved mitochondrial and

synaptic functional proteins in 3 9 Tg-AD

primary neurons. (A&D) Double-labeling

analysis of neuronal marker MAP2 with

PDHE1a (A) and PSD95 (D) in neurons from

NTg, Tg, and Tg+ICA groups. Tg cells showed

fragmented expression of PDHE1a, whereas

icariin-treated cells showed more evenly

distributed PDHE1a along the neurites (A).

PSD95 expression was reduced in the neurites

of Tg cells and partially increased in icariin-

treated cells (D). (B) Quantification of PDHE1a

immunoreactivity showed a significant increase

of PDHE1a expression in Tg+ICA neurons

relative to Tg cells. (C&E) Western blot assay

demonstrated that icariin enhanced the protein

levels of PDHE1a (C) and synaptophysin and

PSD95 (E) in Tg neurons. Bars graph

(means � SD)represented three independent

experiments. *P < 0.05, **P < 0.01. Scale bars

in (A) & (D) = 20 lm.
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[46]. In addition, it has been demonstrated that estrogen action

can ameliorate Ab elevation in mitochondria and regulate the

activity and expression of key mitochondrial enzymes such as

PDH, COX IV, and ATP synthase, while also protecting the elec-

tron transport chain and increasing mitochondrial respiration in

neurons [51,52]. The mechanism by which estrogen promotes the

degradation and clearance of Ab may be related to the upregula-

tion of insulin-degrading enzyme and neprilysin gene expression

[53,54]. Based on these observations, we extrapolate our findings

from 3 9 Tg-AD mice to indicate a therapeutic effect of icariin

related to its estrogenic activities. We speculate that icariin admin-

istration could ameliorate Ab production and accumulation, while

simultaneously sustaining mitochondrial functions and energy

generation in the 3 9 Tg-AD mouse brain. Because neuronal

mitochondria are essential in the regulation of synaptogenesis and

provide ATP to support the release and recycling of neurotrans-

mitters, icariin might preserve synaptic protein expressions/func-

tions through modulation of mitochondrial functions, thus

improving learning and memory abilities. In our present study,

there were no abnormal changes in the general health of the 8-

month-old 3 9 Tg-AD mice that had been administered icariin for

6 months beginning at 2 months of age. Some studies also

showed no significant alteration of neuron morphology, full-

length APP, or Ab expression in the brain of normal mice after

icariin treatment [23,39,55]. These data indicate that as an effec-

tive component of traditional Chinese medicine, icariin exhibits

no significant toxicity in mice, and we speculate that the early

administration of icariin could defeat AD at an early stage. Some

limitations of this study are that it remains to be clarified how

icariin modulates mitochondrial dynamics and synaptic activity in

the AD-affected neurons. Further investigation of the underlying

cellular and molecular mechanisms needs to be conducted in

future.

In conclusion, our results demonstrated that icariin could mod-

ulate brain metabolism to promote neuronal cell activity, preserve

mitochondrial and synaptic functional proteins, inhibit Ab expres-

sion, and improve cognitive functions in AD mice. These results

strongly suggest icariin as a promising multitarget drug in the pre-

vention/protection against AD.
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