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Abstract: Background/Objectives: Extracts of the plant Centella asiatica can enhance mito-
chondrial function, promote antioxidant activity and improve cognitive deficits. Asiatic
acid (AA) is one of the constituent triterpene compounds present in the plant. In this study,
we explore the effects of AA on brain mitochondrial function, antioxidant response and
cognition in a beta-amyloid (Af)-overexpressing 5xFAD mouse line. Methods: Six- to
seven-month-old 5xFAD mice were treated with 1% AA for 4 weeks. In the last week
of treatment, associative memory was assessed along with mitochondrial bioenergetics
and the expression of mitochondrial and antioxidant response genes from isolated cortical
synaptosomes. The AB plaque burden was also evaluated. Results: AA treatment resulted
in improvements in associative memory in female 5xFAD mice without altering the Af3
plaque burden. Cortical mitochondrial function and mitochondrial gene expression were
increased in the AA-treated female 5xFAD mice, as was the expression of antioxidant
genes. More modest effects of AA on cortical mitochondrial function and mitochondrial
and antioxidant gene expression were observed in male 5xFAD mice. Conclusions: Oral
AA treatment improved cognitive and mitochondrial function and activated antioxidant in
Ap-overexpressing mice. These changes occurred independent of alterations in Af3 plaque
burden, suggesting that AA could have translational therapeutic relevance in later-stage
AD when plaques are well established.

Keywords: antioxidant; mitochondrial function; NRF2; Centella asiatica; asiatic acid

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease of the
elderly, currently estimated to affect 6.7 million people in the United States and predicted to
affect more than twice that number by 2050 [1]. The pathophysiology of AD is characterized
by extracellular amyloid-f3 (A) plaque deposits and intracellular neurofibrillary tangles
leading to neuronal loss. These changes are associated with the clinical symptoms of
memory loss, cognitive decline and inability to perform daily living activities [2,3]. AD
is terminal, and the development of novel therapies is hindered in part by an incomplete
understanding of the mechanisms that drive disease onset and progression.

Mitochondrial dysfunction and oxidative stress (OS) are early events in the AD brain
that are believed to contribute to the progression of the disease [4]. The magnitude of
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metabolic activity in the brain, coupled with limited energy reserves, creates an environ-
ment with high levels of reactive oxygen species (ROS) that must be balanced by appropriate
antioxidant response to avoid increased generation of OS. During aging and in AD, antioxi-
dant response declines while, at the same time, mitochondrial dysfunction increases [5].
In fact, OS and mitochondrial dysfunction are early events that precede the onset of other
symptoms of AD [5,6]. The mitochondrial changes include impaired bioenergetics as well
as reduction in the expression of mitochondrial enzymes in the electron transport chain
(ETC) [7]. Mitochondria are both the main source of and target for ROS. Normal oxidative
metabolism generates ~90% of intracellular ROS, the levels of which are tightly regulated
by antioxidant enzymes [8]. However, mitochondrial dysfunction results in even greater
production of ROS, which, when coupled to the decreased antioxidant response observed
in AD, contributes to neuronal degeneration [9]. Therefore, identifying therapies that target
antioxidant response and mitochondrial dysfunction could prove an effective strategy for
therapeutic intervention.

The endogenous antioxidant response pathway is regulated by the transcription factor,
NRF2 (nuclear factor (erythroid-derived 2)-like2; also called NFE2L2), which activates the
expression of cytoprotective enzyme genes through binding of the antioxidant response ele-
ment (ARE) in the promoter. NRF2 expression and its ARE gene targets are downregulated
in AD [6]. Induction of NRF2 has been shown to rescue cognitive deficits in AD mouse
models [10-12]. NRF2 has also been shown to regulate mitochondrial genes, including
glucose-6-phosphate dehydrogenase, the enzymes of the pentose phosphate pathway, malic
enzyme 1, and isocitrate dehydrogenase 1 [13], further linking antioxidant response and
mitochondrial function.

The medicinal plant Centella asiatica (L.) Urban, (Apiaceae) is an herb with an extensive
history of use in Ayurvedic and Chinese traditional medicine to boost memory and enhance
cognitive function [14]. There have been small clinical studies that similarly observed
beneficial effects of extracts of the plant in both healthy and impaired populations with no
reported adverse events [15,16]. Centella asiatica is also an example of a therapeutic agent
that modulates mitochondrial function and the antioxidant response. Our lab demonstrated
that a water extract of Centella asiatica (CAW) can activate NRF2 induction both in vitro
and in vivo, and, in mouse models of aging and AD, it was shown that activation was
accompanied by improved cognitive function in CAW-treated animals [11,12,17-22].

The complex chemical nature of whole plant extracts makes clinical translation of
standardized CAW formulation challenging. Centella asiatica contains four triterpene com-
pounds: asiatic acid (AA), madecassic acid, asiaticoside and madecassoside [16]. Each of
these compounds has been shown to elicit antioxidant activity and improve mitochondrial
function [23-33], and AA in particular has shown promise as neuroprotective agent [34].
In vitro AA has been shown to protect neuroblastoma cells from oxidative stress, mitochon-
drial dysfunction and cell death induced by a variety of toxic agents including 1-methyl-4-
phenyl-pyridine, lipopolysaccharide, rotenone, aluminum and glutamate [35-38].

There have also been many reports of the antioxidant, anti-inflammatory, mitochon-
drial and cognitive-enhancing effects of AA in various models of aging neurodegenerative
disease [23,26,37,39-51]. AA improved cognitive function in scopolamine-treated mice [49];
reduced glutamate-induced cognitive deficits and normalized antioxidant response in the
cortex and hippocampus in mice [48], while also improving brain mitochondrial function;
reduced neuroinflammation; and prevented kainic acid-induced cognitive impairment in
rats [50,51]. Based on these findings, we hypothesize that AA may mediate many of the
beneficial effects we have observed in mouse models in regard to aging and AD following
CAW treatment.
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Although the levels of AA are relatively low in CAW, the concentration of its metabolic
precursor asiaticoside is quite high [52]. Studies have shown that, in both humans and
rodents, orally administered asiaticoside is rapidly and efficiently converted to AA in vivo,
and AA is readily absorbed and detectable in the blood stream [53-57]. To our knowledge,
AA has not yet been investigated alone in a cognitively impaired patient population; how-
ever, it has an excellent safety profile, having been administered to humans in multiple
studies without any notable adverse events [56,58-61]. These factors underscore its poten-
tial use as a therapeutic agent in addition to its possible utility as a means of standardizing
CAW for clinical use.

The present study aims to explore the cognitive, antioxidant and mitochondrial effects
of AA in the context of A accumulation using the 5xFAD mice.

2. Materials and Methods
2.1. Mouse Experimental Diets

AA (Sigma Aldrich, St Louis, MO, USA) was incorporated into AIN-93M diet by Dyets
Inc. (Bethlehem, PA, USA) at a concentration of 1% AA by weight in the diet. Diets were
sterilized by gamma irradiation (5.0-20.0 kGy) at Sterigenics (Oak Brook, IL, USA). AA
administered at 1% by weight was selected based on the results of a dose response study in
CF1 mice that resulted in the maximal response of endpoints measured without adverse
effects (see Supplementary Materials).

2.2. Animals

For this study, 5xFAD colonies were developed from breeding pairs obtained from The
Jackson Laboratory. These mice overexpress human amyloid precursor protein (APP) and
human presenilin 1 (PS1) with five mutations associated with familial Alzheimer’s Disease
(FAD): the Swedish (K670N, M671L), Florida (1716V) and London (V717I) mutations in
APP and two in PS1 (M146L and L286V) [62]. The 5xFAD line develops amyloid plaques
at a young age (2 months), with cognitive impairment being evident by 5-6 months [62].
Animals were kept in a climate-controlled environment with a 12 h light/dark cycle and
provided with water and diet ad libitum until aged to 67 months. All procedures were
conducted in accordance with the NIH Guidelines for the Care and Use of Laboratory
Animals and were approved by the institutional Animal Care and Use Committee of the
Portland VA Healthcare System (ACORP protocol #4469 originally approved 3/22/21,
renewal approved 4/6/23). At 6-7 months of age, mice were taken off the standard
diet and randomly assigned via a random number generator to be either fed AIN-93M
(vehicle diet) or AIN-93M containing 1% AA (n = 8-12 of each sex per treatment condition).
Previous unpublished pilot work in our lab demonstrated that mice readily switch to the
diet containing AA; therefore, in this study, adaptive feeding was not employed prior to
the beginning of the experiment. The experimental unit is an individual animal; for the
number of animals in each condition, see Supplementary Table S1. The number of animals
used was based on our previous experience with the 5xFAD mouse line. The variability in
the number of animals with data included in each endpoint reflects technical issues with
the assays, sample preparation or quantity of samples available, otherwise all data acquired
was used for analysis and none was excluded.

Treatment continued for a total of four weeks. This duration of treatment, as well
as the number of animals, was selected because of our previous work showing that four
weeks of treatment with an AA containing extract of Centella asiatica was sufficient to elicit
cognitive improvements [11,19,21,63], and so this study of the isolated AA compound
was designed to match that. In the final week of treatment, mice underwent Conditioned
Fear Response testing and then were euthanized via deep anesthetizing with inhaled
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isoflurane (5% induction with 1-3% maintenance) and cardiac exsanguination; tissue was
collected (Figure 1). Plasma was collected in sodium heparin-treated tubes, separated by
centrifugation at 3000 rpm for 15 min and then stored at —80 °C until analysis. Researchers
were blinded to treatment conditions and genotypes during all analyses, and the order in
which animals were analyzed was also randomized to minimize confounders.

Conditioned
Fear Response Tissue Analysis of mitochondrial function
Treatment (CFR) acquisition in cortical synaptosomes
1% Asiatic Acid - Analysis of gene expression in
cortical synaptosomes
| | | | Cortical and hippocampal
! ! | 1 analysis of AB plaques
0 a i 2 3 4

Weeks
Figure 1. Experimental design; AA treatment in 5xFAD animals.

2.3. Conditioned Fear Response (CFR) Test

The CFR test evaluates contextual memory and has been shown to be affected by
inputs from the hippocampus, cortex and amygdala [64]. It has three phases: habitu-
ation, conditioning and testing. In the habituation phase, an animal was exposed to a
16 x 16 x 12-inch chamber with a wire floor for 5 min. The conditioning phase occurred
immediately following habituation, where the animal was exposed to 3 one-second shocks
(0.5 A) randomly distributed over a 3 min period with no more than one shock per minute.
The test phase occurred 24 h after the conditioning phase, where the animal was reintro-
duced once more to the same chamber, but this time not exposed to any shocks. The amount
of time spent freezing over a 10 min period is recorded. Freezing time is represented as
the change in freezing time from the habituation phase to the test phase to account for any
baseline differences in overall activity. Reduced freezing time reflects impaired memory.
The CFR is the primary outcome measure of the study.

2.4. Synaptosomal Isolation

Cortical tissue was harvested from the mice, and synaptosomes were isolated using
SynPer reagent from ThermoFisher (Waltham, MA, USA) according to the manufacturer’s
instructions. The total protein content of each synaptosomal preparation was determined
by BCA assay.

2.5. Analysis of Mitochondrial Function

Mitochondrial bioenergetics were quantified in isolated cortical synaptosomes taken
from the left hemisphere using the Seahorse Xfe96 Analyzer (Santa Clara, CA, USA). A sam-
ple of 10 pg of total synaptosomal protein was plated in each well of a polyethyleneimine-
coated 96-well plate (n = 5-6/animal) and analyzed using the MitoStress kit from Agilent
(Santa Clara, CA, USA). The MitoStress kit measures the oxygen consumption rate (OCR)
under varying conditions. Three initial baseline measurements were recorded then the ATP
synthase inhibitor oligomycin (2 uM) was added and three additional measurements were
taken. The difference between the average of these values and the average of the basal
respiration reflects respiration is the ATP-linked respiration. Next, p-trifluoromethoxy
carbonyl cyanide phenyl hydrazine (FCCP; 2 uM), an ETC accelerator, was added, and 3
more measurements were taken. The average of these values reflects maximal respiration.
The difference between maximal and basal respiration is the spare capacity or the extra
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ability the cell has to deal with unexpected stress. Finally, the ETC inhibitors rotenone and
antimycin (0.5 pM) were added.

2.6. Gene Expression

RNA was isolated from the remainder of the synaptosomal preparations using Tri-
Reagent (Thermo Fisher, Waltham, MA, USA) using the protocol provided by the manufac-
turer. The Superscript III First Strand Synthesis kit (Thermo Fisher, Waltham, MA, USA)
was used to reverse transcribe the RNA and generate cDNA as per the manufacturer’s
instructions. Relative gene expression was determined using TagMan Gene Expression
Master Mix (Invitrogen, Waltham, MA, USA) and commercially available TagMan primers
(Invitrogen) for synaptophysin (Mm00436850_m1), post-synaptic density protein 95 (PSD95;
Mm(0492193_m1), NRF2 (Mm00477784_m1), glutamate-cysteine ligase catalytic subunit
(GCLC; MmO00802655_m1), heme oxygenase 1 (HMOX1; Mm00516005_m1), mitochondri-
ally encoded NADH:Ubiquinone Oxidoreductase Core Subunit 1 (Mt-ND1; Hs02596873_s1),
mitochondrially Encoded Cytochrome B (Mt-CYB; Hs02596867_s1), Mitochondrially En-
coded Cytochrome C Oxidase I (Mt-CO1; Hs02596864_g1), Mitochondrially Encoded ATP
Synthase Membrane Subunit 6 (Mt-ATP6; Hs02596862_g1) and glyceraldehyde-3phosphate
dehydrogenase (GAPDH; Hs02758991_g1). Quantitative PCR (qPCR) was performed on a
StepOne Plus Machine (Applied Biosystems, Waltham, MA, USA) and analyzed using the
delta-delta Ct method.

2.7. Immunohistochemistry

Immunohistochemistry was performed as previously described [11]. The right hemi-
sphere of each animal was fixed in 4% paraformaldehyde, then passed through a sucrose
gradient and frozen. Then, 40-micron frozen coronal sections were cut on a freezing mi-
crotome. Sections were incubated with agitation in blocking buffer (100 mM TBS, pH 8.0,
2 mg/mL bovine serum albumin, 2% horse serum, 0.5% Triton X-100) for 2 h, then incu-
bated overnight with a primary antibody directed against A3 (Invitrogen, beta Amyloid
(1-40) Polyclonal Antibody, # 44-136) diluted 1:1000 in blocking buffer. Sections were then
incubated for 2 h with biotinylated secondary antibody (1:200, Vector Labs, Burlingame,
CA, USA) for 2 h with an avidin-linked peroxidase complex (ABC, Vector Labs), then
developed with diaminobenzidine (DAB, Sigma) in PBS. Sections were washed, mounted
in Permount (Fisher Scientific, Pittsburg, PA, USA) and cover slipped. Protein expression
was quantified in at least three coronal sections from each mouse, representing the anterior,
middle and posterior hippocampus and cortex. Hippocampal and cortical areas were
traced using a computerized stage and stereo investigator software (Image J version 154d
30, Wayne Rasband, NIH, Bethesda, MD, USA). The A3 plaque burden was expressed as a
percentage of the hippocampus or cortex occupied by these plaques.

2.8. Quantification of AA in Plasma Using Liquid—Chromatography Tandem Mass
Spectrometry (LC-MS/MS)

Duplicate aliquots (50 uL) of mouse plasma samples were prepared for LC-MS/MS
analysis using a protein precipitation method adapted from that of Cheng et al., 2003 [65].
An ascorbic acid solution (1%; 10 uL) was added to limit oxidation during workup. Protein
precipitation was achieved by the addition of an acetonitrile-methanol mixture (75:25;
200 uL) containing the internal standard chrysin (0.5 ug/mL). Samples were vortexed and
placed at 4 °C for 30 min, then centrifuged (10,000x g, 5 min at 4 °C) to sediment proteins
and salts. The supernatant was filtered (0.22 um spinfilter, 10,000 g for 5 min at 4 °C)
and transferred to HPLC vials for LC-MS/MS analysis. HPLC grade water was added to
each vial prior to analysis to achieve a 60:40 ratio of organic solvent to water to optimize
peak shape.
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LC-MS/MS of AA and internal standard was performed at the Oregon Health &
Science University’s (OHSU) Bioanalytical Shared Resource/Pharmacokinetics Core (Port-
land, OR, USA) using a modification of the method described by Nair et al., 2012 [66].
LC-MS/MS was performed on an Applied Biosystems Q-Trap 4000 LC-MS (Framingham,
MA, USA) using a Poroshell 120 EC18 column (3 mm id x 50 mm; 2.7 pm) and a Poroshell
ultra-high-performance liquid chromatography (UHPLC) guard column (3 mm id x 5mm,
2.7 um) (Agilent, Santa Clara, CA, USA). The injection volume was 20 pL and the mobile
phase flow rate was 0.42 mL/min. Elution was achieved with a mobile phase of solvent A
(water containing 10 mM ammonium acetate and 0.02% ammonium hydroxide; pH 8.5)
and solvent B (methanol). The gradient design used began with an initial 2 min increase
from 40 to 60% B, followed by 60-95% B from 2 to 3.5 min, held at 95% B from 3.5 to 6 min,
returned to 40%B by 6.1 min and re-equilibrated at 40% B from 6.1 to 9 min. AA was
detected as its ammonium adduct using positive ion mode electrospray ionization and
an MS/MS transition of m/z 506/453. The internal standard chrysin was detected as the
unfragmented molecular ion (m/z 255/255). Representative chromatograms can be found
in the Supplemental Materials.

2.9. Statistical Analysis

All analyses were performed using GraphPad Prism 6 and STATA16. Behavioral,
bioenergetic and gene and protein expression outcomes were assessed for normality. Those
that did not meet assumptions were log transformed. However, even with the transforma-
tion, many outcome variables still violated assumptions. Because assumptions required
for the Analysis of Variance were not met, we decided to use a nonparametric approach to
test for group differences on all variables using the Kruskal-Wallis test. Post hoc pairwise
comparisons were assessed using a Dunn’s test of all possible pairs to adjust alpha and
account for multiple comparisons. All analyses assess variables in their original unit of
measurement. We chose to use Kruskal-Wallis tests even for those variables that did meet
assumptions for the parametric approach so that there was consistency across all outcomes
for a more balanced interpretation. Because the Kruskal-Wallis test uses medians to test for
group differences, we use Box-and-Whisker plots to visually display the data. Brain and
plasma AA concentrations were analyzed by two-way ANOVAs and Tukey pairwise post
hoc tests.

3. Results
3.1. AA Treatment Improves Associative Memory in Female 5xFAD Mice

To assess the behavioral effects of AA in the context of A3 accumulation male and
female 5xFAD mice were with 1% AA integrated into their chow for 4 weeks. This con-
centration was selected based on the results of a dose response study in CF1 mice where
1% elicited the maximal activation of brain mitochondrial function and antioxidant re-
sponse (see Supplementary Materials). Results from 5xFAD mice treated with 1% AA were
compared to animals given a control diet (0% AA) for the same amount of time. Testing of
associative memory occurred in the final week of treatment using the Conditioned Fear
Response (CFR) test. Tissue was harvested at the conclusion of testing.

Model significance was tested using Kruskal-Wallis tests followed by a Dunn’s test for
post hoc pairwise comparisons. Notably, 5XFAD female mice displayed a significant deficit
in CFR performance compared to WT mice in both the first and second five minute stage of
the CFR test (x> = 9.89, p = 0.02; x> = 9.21, p = 0.03, respectively). AA treatment significantly
improved the CFR performance for the female 5xFAD mice in the first 5 min of the test
(Figure 2A), and a similar trend was seen in with AA treatment in the second 5 min for the
female 5xFAD mice as well (Figure 2B). No differences in freezing were observed in male
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mice regardless of genotype or treatment (Figure 2C (x> = 1.53, p = 0.68) and Figure 2D
(x? =0.46, p = 0.93)).
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Figure 2. (A) A significant improvement in CFR performance is seen in A A-treated 5xFAD female
mice over 5xFAD controls in the first 5 min of testing. (B) Female 5xFAD AA-treated mice see
improvement in CFR score in the second 5 min of testing (p = 0.08). Female 5xFAD control mice have
a significantly lower change in freezing compared to WT. (C) Male 5xFAD and WT A A-treated and
control mice do not have significantly different changes in CFR performance in the first 5 min of the
test. (D) All 5xFAD and WT treatment groups do not have significantly different changes in CFR
performance in the second 5 min of the test. N= 6-10 of each sex per treatment condition * p < 0.05,
** p < 0.01. Symbols within each treatment condition reflect individual data points.

3.2. AA Treatment Does Not Alter AB Plaque Burden

Brain tissue from 5xFAD mice was immunostained to quantify Af plaque pathology.
We found that AA treatment did not alter plaque burden in either the hippocampus
(Figure 3A (x> = 3.65, p = 0.16), Figure 3B (x> = 0.88, p = 0.35)) or cortex (Figure 3C
(x* =2.92, p = 0.23), Figure 3D (x? = 0.10, p = 0.75)) of either female or male 5xFAD mice.

3.3. AA Treatment Attenuates Deficits in Synaptic Gene Expression in Female 5xFAD Mice

We observed a reduction in the expression of synaptophysin in cortical synaptosomes
isolated from 5xFAD female mice (Figure 4A). AA treatment significantly increased synap-
tophysin expression in female 5xFAD compared to 5xFAD controls (Figure 4A; x? = 8.41,
p = 0.04). Bordering statistical significance, a similar trend was observed with AA-treatment
in male 5XxFAD mice (Figure 4B; x> = 7.41, p = 0.06). No change in PSD95 expression were
observed in either male or female mice regardless of genotype or treatment (Figure 3C
(x? = 2.52, p = 0.47) and Figure 4D (x? = 491, p = 0.18)).
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Figure 3. AA treatment does not alter A3 plaque burden. A plaque levels were not changed by AA
treatment in either the hippocampus (A,B) or cortex (C,D) of 5xFAD mice. N= 5-7 of each sex per
treatment condition. Symbols within each treatment condition reflect individual data points.
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Figure 4. Cortical synaptophysin expression is increased in treated 5XxFAD female mice. (A) Synapto-
physin expression levels in cortical synaptosomes are significantly decreased in female (A) and male
(B) 5xFAD relative to WT controls. AA treatment significantly increased synaptophysin expression
in female 5XFAD mice and had a similar but non-significant effect in male 5xFAD mice. (C) No
significant changes in PSD95 expression were observed in female (C) or male (D) mice regardless of
genotype. N = 4-9 of each sex per treatment condition. * p < 0.05, ** p < 0.01. Symbols within each
treatment condition reflect individual data points.
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3.4. AA Treatment Improves Mitochondrial Bioenergetics in 5xFAD Mice

A significant reduction in basal mitochondrial respiration was observed in cortical
synaptosomes isolated from female 5xFAD mice relative to WT mice, which was attenuated
by AA treatment (Figure 5A; x? = 15.48, p = 0.002). There was also a significant trend
towards diminished maximal respiration evident in female 5xFAD mice that was likewise
significantly increased in AA-treated 5xFAD female mice (Figure 5B; x? = 15.69, p = 0.001).
ATP-linked respiration and spare capacity were also assessed in cortical synaptosomes
isolated from these mice. In female mice, ATP-linked respiration was reduced in 5xFAD
mice compared to wild-type mice and was significantly increased with AA administration
(Figure 5C; x* = 10.33, p = 0.02). Increased spare capacity in AA-treated WT and 5xFAD
female mice approached but did not reach significance (Figure 5D; Xz =7.57,p =0.06).

The mitochondrial effects of AA were less pronounced in male mice. No significant
changes in basal (Figure 5E; x% = 6.42, p = 0.09) or ATP-linked (Figure 5G; x? = 5.64,
p = 0.13) respiration were observed in male mice regardless of genotype or treatment. There
was, however, a statistically significant increase following AA treatment in spare capacity
(Figure 5H; x* = 8.03, p = 0.045) and a borderline significant increase in maximal respiration
(Figure 5F; X2 =7.44, p = 0.06) in 5xFAD male mice.

The OCR traces from each treatment group can be found in Supplementary Figures S1
and S2.

3.5. AA Increases Expression of ETC Genes in Female 5xFAD Mice

The expression of the ETC genes Mt-CYB, Mt-CO1 and Mt-ATP6 was reduced in
cortical synaptosomes isolated from female 5xFAD mice as compared to WT mice (Figure 6B
(x? = 9.54, p = 0.02), Figure 6C (x? = 8.96, p = 0.03) and Figure 6D (x% = 9.20, p = 0.03)).
There was no change in the expression of Mt-ND1 in female 5XxFAD mice relative to WT
(Figure 6A; x%=5.13, p = 0.16). AA treatment robustly increased the expression of Mt-CYB,
Mt-CO1 and Mt-ATP6 in female 5XFAD mice but did not affect the expression of any ETC
genes in female WT mice.

In contrast, deficits in ETC gene expression were not observed in male 5xFAD mice
relative to WT mice in Mt-ND1 (Figure 6E; x%=5.82, p = 0.12), Mt-CYB (Figure 6F; x2=6.59,
p = 0.09), or Mt-ATP6 (Figure 6H; X2 = 6.90, p = 0.08). However, there was a statistically
significant association in Mt-CO1 (Figure 6G; x? = 8.51, p = 0.04). The only ETC gene
affected by AA treatment in male 5xFAD mice was Mt-CO1.

3.6. AA Induces Expression of Antioxidant Genes in Female 5xFAD Mice

The expression of the antioxidant regulatory transcription factor, NRF2, and its target
antioxidant genes was increased with AA treatment in cortical synaptosomes from female
5xFAD mice as compared to control female 5xFAD mice (Figure 7A (x? =7.84, p = 0.05),
Figure 7B (x?=11.92, p = 0.008) and Figure 7C (x% =10.02, p = 0.02)). There was no effect of
genotype or AA treatment on the expression of NRF2 and GCLC in male mice (Figure 7D
(x?=7.02, p = 0.07), Figure 7E (x* =25, p = 0.47). Interestingly, there were differences in
the expression of HMOX1 in male mice (Figure 7F; x* = 8.35, p = 0.04), although they were
related to genotype and not AA treatment.

3.7. AA Concentration in Plasma

The concentration of AA was quantified in the plasma of treated mice (Table 1). In the
plasma, there was a significant effect of sex (F (1,33) = 6.547; p = 0.015) but not of genotype,
nor was there an interaction between sex and genotype (F (1,33) = 1.63; p = 0.21). There was
substantial variability within each group.
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Figure 5. AA treatment improves cortical mitochondrial bioenergetics in 5XFAD mice. AA treatment
attenuated deficits in basal (A), maximum (B) and ATP-linked (C) respiration in cortical synaptosomes
from female 5xFAD mice. A similar but non-significant trend was also observed for spare capacity
(D). In male mice, deficits were not observed between 5xFAD and WT mice for any of the bioenergetic
metrics (E-H), although an increase in maximal respiration (F) and spare capacity (H) was seen in
AA-treated 5xFAD male mice. N= 7-12 of each sex per treatment condition. * p < 0.05, ** p < 0.01,
*** p < 0.001. Symbols within each treatment condition reflect individual data points.
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Figure 6. AA treatment induces cortical expression of ETC genes in female 5xFAD mice. ETC gene
expression in cortical synaptosomes was quantified in female (A-D) and male (E-H) mice. AA
treatment increased the expression of Mt-CYB (B), Mt-CO1 (C) and Mt-ATP6 (D) in female 5xFAD
mice. In male mice, AA treatment only significantly increased the expression of Mt-CO1 (G). N=4-10
of each sex per treatment condition. * p < 0.05, ** p < 0.01. Symbols within each treatment condition

reflect individual data points.
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Figure 7. AA treatment induces cortical expression of ARE genes in female 5xFAD mice. AA
treatment increased the expression of NRF2 (A) and its target genes GCLC (B) and HMOX1 (C) in
female 5xFAD mice. HMOX1 expression was also significantly higher in female WT mice treated with
AA than seen in WT controls (C). In male mice, there was no significant difference in NRF2 (D) and
GCLC (E) between AA-treated and control mice regardless of genotype. HMOX1 expression was
significantly increased in AA-treated WT mice relative to control WT mice (F). N=4-11 of each sex
per treatment condition. * p < 0.05, ** p < 0.01, *** p < 0.001. Symbols within each treatment condition

reflect individual data points.

Table 1. Plasma concentrations of AA-treated mice. Values for control animals were not detected.

N = 6 of each sex per treatment condition.

Plasma (ng/mL +/— SEM)

Femal WT 704.8 +/— 521.6
ema’les 5xFAD 1125.4 +/— 849.1
WT 464.1 +/— 317.2

Males 5xFAD 406.7 +/— 3415
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4. Discussion

Centella asiatica has been used in traditional Ayurvedic medicine for over 3000 years
and is widely recognized for its cognitive-enhancing applications [67]. Both preclinical and
clinical studies have shown therapeutic promise in improving cognitive function [16]. The
herb extract is a complex chemical mixture containing several bioactive triterpenes, and
the precise compounds that are most responsible for the neuroprotective and cognitive
enhancing effects of Centella asiatica have yet to be determined. In this study, we have
explored the effects of AA, the primary triterpene of Centella asiatica, in the 5xFAD model of
Ap accumulation. A high dose of AA (1% in the diet) administered to female 5XxFAD mice
resulted in increases in brain mitochondprial function and antioxidant response that were
accompanied by an improvement in cognitive performance and an increase in synaptic
gene expression, without significantly altering A3 plaque burden (Figure 8). No adverse
effects were observed during the course of treatment. This is in line with human studies of
AA which have also not reported significant adverse events [56,58-61].
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Figure 8. Graphical summary of findings.

We found that four weeks of AA treatment significantly increased the cortical gene
expression of NRF2-regulated antioxidant enzymes in 5xFAD mice. The NRF2 pathway
is an important regulator in the antioxidant response. Oxidative stress is widespread in
the AD brain [5], and upregulation of NRF2 has been shown to ameliorate oxidative dam-
age [68]. The effects of AA on NRF2 observed in the present study are in line with previous
findings. In vitro, AA treatment of HepG2 cells challenged with tert-butyl hydroperoxide
reduced ROS accumulation and apoptosis via NRF2 upregulation [69]. Similar beneficial
effects of NRF2 activation by AA have been observed in vivo. Our own lab has previously
reported increases in antioxidant response gene expression in the brains of both aged
healthy and 5xFAD mice treated with the AA-containing CAW extract [11,12,17,21]. A
limitation of the present study is that the protein expression of the antioxidant enzymes was
not assessed, and future studies are needed to validate these expression levels via Western
blotting or immunohistochemistry. Other groups have reported that AA increases NRF2
protein expression and reduces markers of oxidative stress in rodent models of neurological
injury, including doxorubicin-induced toxicities, spinal cord injury and traumatic brain
injury [70-72]. Future studies confirming the effect of AA on antioxidant enzyme protein
expression as well as markers of oxidative damage are warranted.



Nutrients 2025, 17,729

14 of 20

A reduction in the number of mitochondria is evident in the AD brain [9]. The fact that,
in the present study, AA coordinately increased mitochondrial gene expression suggests
that AA could be attenuating this loss of mitochondrial density. This may be due to an
effect on mitochondrial biogenesis. While, to our knowledge, this possibility has not been
evaluated in vivo, in vitro treatment of a human neuroblastoma cell line with AA resulted
in enhanced expression of peroxisome proliferator-activated receptor y coactivator « (PGC-
1x), an important regulator of mitochondrial biogenesis [48]. Future studies evaluating
other markers of mitochondrial biogenesis are needed to confirm the effect of AA on
mitochondrial content in vivo.

In this study, we also found the AA treatment improved mitochondrial bioenergetics
in the brains of treated mice. These results are similarly consistent with our group’s prior
studies evaluating CAW, which found increased expression of ETC genes in the hippocam-
pus of healthy-aged and Af-overexpressing mice [11,17]. There are other reports in the
literature on the mitoprotective effects of AA specifically as well. AA has been shown
to protect mitochondrial membrane potential in rodent liver cells [73,74], and a mouse
model of stroke AA treatment resulted in reduced cortical mitochondrial dysfunction [75].
Whether these effects of AA on metabolic function are limited to the brain or are more
widespread remains to be seen. In our study, we did not observe any body weight differ-
ences between mice treated with AA and the vehicle-treated animals. Food consumption
also being similar between groups suggests that AA did not alter global metabolism. How-
ever, future studies are needed to confirm the effects of AA on mitochondrial function in
different peripheral tissues.

Here, we demonstrated that four weeks of AA treatment improved associative memory
in 5xFAD mice. It would be interesting in future studies to assess a broader range of
cognitive behaviors and treatment durations. We have reported that 4 weeks of treatment
with CAW can improve multiple domains of cognitive function, including learning and
executive function, as well as spatial memory [11,19,21]; therefore, we would hypothesize
that AA might influence those domains as well. We have also assessed the effects of longer-
term CAW treatment and seen that the magnitude of cognitive enhancement is similar
to what is achieved after four weeks [12,76]. Additional studies are needed to determine
whether this is also the case with prolonged AA treatment.

Although, to our knowledge, this is the first time AA has been evaluated in a mouse
model of A accumulation, the cognitive-enhancing effects of AA that we observed in
5xFAD mice have been well documented in previous studies by our group and others. We
have shown that four weeks of CAW treatment increases synaptic gene expression and
improves cognitive function in Af(-overexpressing mice [12,17,21,22]. In a rat epilepsy
model of cognitive impairment, pretreatment with AA increased levels of synaptophysin
in the hippocampus and improved deficits in learning and memory [50]. Other structurally
similar constituent triterpenes from Centella asiatica have been reported to similarly at-
tenuate cognitive deficits. Asiaticoside, the metabolic precursor of AA, has been shown
to have anxiolytic and anti-depressive effects in rodent models, while madecassoside
has been reported to improve memory deficits caused by both lipopolysaccharide and
D-galactose [25,29]. Moreover, the cognitive-enhancing effects of other polyphenol com-
pounds, including from coffee, grapes, and blueberries, have likewise been demonstrated
in multiple mouse models of cognitive impairment including models of Af3 accumulation
as well as in healthy and cognitively impaired human populations [77-82]. Interestingly,
the effects of AA were consistently more pronounced in female 5xFAD mice than in males
across virtually all of the endpoints measured. This variability in response between sexes
is in line with our previous studies of CAW in 5XFAD models where we also observed a
greater response to CAW in female animals [12,21]. One possible explanation for these sex
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differences could be related to the greater plaque burden seen in 5xFAD female mice. In
our study, we observed that the percent plaque area in the female mice was greater than
in male mice. This is consistent with what has been reported in previous studies [83,84].
The greater plaque burden in female 5xFAD mice is associated with more pronounced
downstream effects, such as cognitive and mitochondrial impairments, which makes it
easier to detect a treatment effect than in male 5xFAD mice, where those deficits are more
subtle. Future studies could address the discrepancy in pathology by using older males
who have a similar pattern of pathology to their younger female counterparts.

Another potential explanation for the sex differences observed could be related to
differential actual exposure of AA. Our results from the plasma do show higher concen-
trations of AA in female mice. All mice were exposed to the same concentration of AA
in the diet; however, the fact that female mice are smaller than male mice suggests that
they may in fact receive a higher exposure in terms of mg/kg bodyweight. In this study,
mice of both genotypes were group housed and, therefore, individual diet consumption
could not be determined. However, the amount of diet consumed per cage was tracked
along and did not appear to differ based on treatment conditions (Supplementary Table S1).
Another possible confounding variable could be potential hormone—-drug interactions in
the female mice. This could be investigated in future studies using ovariectomized mice to
address this potential variability due to sex hormones. Additional work is needed with
more rigorously controlled dosing to fully understand the potential sex differences in
bioavailability, compound absorption and possible interactions with AA.

While the precise mechanism remains to be identified, results from this study sug-
gest that the clinical population which is likely to benefit the most from AA are females.
Considering that over two-thirds of AD cases in the US are females [1], these results do
suggest that continued therapeutic development of AA is warranted even if its clinical
application may be limited to only one sex. It is worth noting, however, that prior human
studies with AA did not report sex differences in the AA bioavailability or modulation of
clinical endpoints [56,58-61], so it is possible that any sex difference in response may be
more pronounced in rodent models.

A significant finding of our study is that AA treatment improved cognitive, mitochon-
drial and antioxidant endpoints without altering plaque burden in the 5xFAD mice. Again,
this finding is consistent with our previous CAW studies in A [3-overexpressing mice where
we did not see a change in A levels following treatment [21,22]. This suggests that the
improvements we saw following AA treatment are independent of plaque levels per se
and that the intervention is instead targeting the downstream consequences of the plaques.
An effect of AA independent of plaque removal would indicate that AA has great promise
for clinical utility agents, especially given the limited implementation and high costs of
Ap-targeting therapies [85]. The improvements seen in this study suggest that AA could
offer benefits to patients at later stages of the disease where plaque pathology is already
well established.

5. Conclusions

The results from this study suggest that oral AA administration can enhance mi-
tochondrial function, induce antioxidant response and improve cognitive function in
Ap-overexpressing mice. Future studies are needed to optimize the timing of dosing and
confirm similar results in other AD models to fully explore its potential as an AD thera-
peutic agent. Moreover, since mitochondrial dysfunction and oxidative stress accompany
cognitive impairment in other neurodegenerative diseases, the effects of AA in conditions
beyond AD also warrant further investigation.
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Abbreviations

The following abbreviations are used in this manuscript:
AD Alzheimer’s disease

Ap Beta-amyloid

(O5] Oxidative stress

ROS Reactive oxygen species

ETC Electron transport chain

NRF2 Nuclear factor (erythroid-derived 2)-like2
ARE Antioxidant response element

CAW Centella asiatica water extract

AA Asiatic acid

APP Amyloid precursor protein

PS1 Human presenilin 1

FAD Familial Alzheimer’s disease

CFR Conditioned Fear Response

PSD95 Post-synaptic density protein 95

GCLC Glutamate-cysteine ligase catalytic subunit
HMOX1 Heme oxygenase 1

Mt-ND1 Mitochondrially encoded NADH:Ubiquinone Oxidoreductase Core Subunit 1
Mt-CYB Mitochondrially Encoded Cytochrome B
Mt-CO1 Mitochondrially Encoded Cytochrome C Oxidase I

Mt-ATP6 Mitochondrially Encoded ATP Synthase Membrane Subunit 6
GAPDH Glyceraldehyde-3phosphate dehydrogenase

QPCR Quantitative PCR

LC-MS/MS  Liquid—chromatography tandem mass spectrometry


https://www.mdpi.com/article/10.3390/nu17040729/s1

Nutrients 2025, 17,729 17 of 20

References

1. Alzheimer’s Association. 2023 Alzheimer’s Disease Facts and Figures; Alzheimer’s & Dementia, Alzheimer’s Association: Chicago,
1L, USA, 2023.

2. Kocahan, S.; Dogan, Z. Mechanisms of Alzheimer’s Disease Pathogenesis and Prevention: The Brain, Neural Pathology, N-
methyl-D-aspartate Receptors, Tau Protein and Other Risk Factors. Clin. Psychopharmacol. Neurosci. 2017, 15, 1-8. [CrossRef]
[PubMed]

3. Agarwal, M.; Alam, M.R.; Haider, M.K.; Malik, M.Z.; Kim, D.K. Alzheimer’s Disease: An Overview of Major Hypotheses and
Therapeutic Options in Nanotechnology. Nanomaterials 2020, 11, 59. [CrossRef] [PubMed]

4. Guglielmotto, M.; Giliberto, L.; Tamagno, E.; Tabaton, M. Oxidative stress mediates the pathogenic effect of different Alzheimer’s
disease risk factors. Front. Aging Neurosci. 2010, 2, 3. [CrossRef] [PubMed]

5. Halliwell, B. Oxidative stress and neurodegeneration: Where are we now? J. Neurochem. 2006, 97, 1634-1658. [CrossRef]

6. Suzen, S.; Tucci, P.; Profumo, E.; Buttari, B.; Saso, L. A Pivotal Role of Nrf2 in Neurodegenerative Disorders: A New Way for
Therapeutic Strategies. Pharmaceuticals 2022, 15, 692. [CrossRef]

7. Bhatia, S.; Rawal, R.; Sharma, P; Singh, T.; Singh, M.; Singh, V. Mitochondrial Dysfunction in Alzheimer’s Disease: Opportunities
for Drug Development. Curr. Neuropharmacol. 2022, 20, 675-692. [CrossRef]

8. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1-13. [CrossRef]

9. Lunnon, K.; Keohane, A.; Pidsley, R.; Newhouse, S.; Riddoch-Contreras, J.; Thubron, E.B.; Devall, M.; Soininen, H.; Kloszewska,
I.; Mecocci, P; et al. Mitochondrial genes are altered in blood early in Alzheimer’s disease. Neurobiol. Aging 2017, 53, 36-47.
[CrossRef] [PubMed]

10. Bahn, G; Park, J.S,; Yun, U.J.; Lee, Y.J.; Choi, Y.; Park, ].S.; Baek, S.H.; Choi, B.Y.; Cho, Y.S.; Kim, HK.; et al. NRF2/ARE pathway
negatively regulates BACE1 expression and ameliorates cognitive deficits in mouse Alzheimer’s models. Proc. Natl. Acad. Sci.
USA 2019, 116, 12516-12523. [CrossRef] [PubMed]

11.  Gray, N.E.; Zweig, ].A; Caruso, M.; Zhu, J.Y.; Wright, KM.; Quinn, J.F.; Soumyanath, A. Centella asiatica attenuates hippocampal
mitochondrial dysfunction and improves memory and executive function in beta-amyloid overexpressing mice. Mol. Cell.
Neurosci. 2018, 93, 1-9. [CrossRef] [PubMed]

12.  Zweig, ]J.A.; Brandes, M.S.; Brumbach, B.H.; Caruso, M.; Wright, KM.; Quinn, J.E; Soumyanath, A.; Gray, N.E. Prolonged
Treatment with Centella asiatica Improves Memory, Reduces Amyloid-beta Pathology, and Activates NRF2-Regulated Antioxidant
Response Pathway in 5XFAD Mice. J. Alzheimers Dis. 2021, 81, 1453-1468. [CrossRef] [PubMed]

13. Holmstrom, K.M.; Kostov, R.V.; Dinkova-Kostova, A.T. The multifaceted role of Nrf2 in mitochondrial function. Curr. Opin.
Toxicol. 2016, 1, 80-91. [CrossRef] [PubMed]

14. Uddin, M.S.; Al Mamun, A.; Kabir, M.T.; Jakaria, M.; Mathew, B.; Barreto, G.E.; Ashraf, G.M. Nootropic and Anti-Alzheimer’s
Actions of Medicinal Plants: Molecular Insight into Therapeutic Potential to Alleviate Alzheimer’s Neuropathology. Mol.
Neurobiol. 2019, 56, 4925-4944. [CrossRef] [PubMed]

15.  Shinomol, G.K.; Muralidhara Bharath, M.M. Exploring the Role of “Brahmi” (Bacopa monnieri and Centella asiatica) in Brain
Function and Therapy. Recent Pat. Endocr. Metab. Immune Drug Discov. 2011, 5, 33—49. [PubMed]

16. Gray, N.E.; Alcazar Magana, A.; Lak, P; Wright, KM.; Quinn, J.; Stevens, ]J.E; Maier, C.S.; Soumyanath, A. Centella
asiatica—Phytochemistry and mechanisms of neuroprotection and cognitive enhancement. Phytochem. Rev. 2018, 17, 161-194.
[CrossRef]

17.  Gray, N.E,; Harris, C.J.; Quinn, J.F.; Soumyanath, A. Centella asiatica modulates antioxidant and mitochondrial pathways and
improves cognitive function in mice. J. Ethnopharmacol. 2016, 180, 78-86. [CrossRef] [PubMed]

18. Gray, N.E.; Sampath, H.; Zweig, ].A.; Quinn, J.F.; Soumyanath, A. Centella asiatica Attenuates Amyloid-beta-Induced Oxidative
Stress and Mitochondrial Dysfunction. J. Alzheimers Dis. 2015, 45, 933-946. [CrossRef] [PubMed]

19. Gray, N.E.; Zweig, ].A.; Caruso, M.; Martin, M.D.; Zhu, ].Y.; Quinn, J.F.; Soumyanath, A. Centella asiatica increases hippocampal
synaptic density and improves memory and executive function in aged mice. Brain Behav. 2018, 8, e01024. [CrossRef] [PubMed]

20. Gray, N.E,; Zweig, ].A.; Matthews, D.G.; Caruso, M.; Quinn, J.F; Soumyanath, A. Centella asiatica Attenuates Mitochondrial
Dysfunction and Oxidative Stress in Abeta-Exposed Hippocampal Neurons. Oxid. Med. Cell. Longev. 2017, 2017, 7023091.
[CrossRef]

21. Matthews, D.G.; Caruso, M.; Murchison, C.E; Zhu, J.Y.; Wright, K.M.; Harris, C.J.; Gray, N.E.; Quinn, J.F.,; Soumyanath, A. Centella
asiatica Improves Memory and Promotes Antioxidative Signaling in 5XFAD Mice. Antioxidants 2019, 8, 630. [CrossRef] [PubMed]

22. Soumyanath, A.; Zhong, Y.P.; Henson, E.; Wadsworth, T.; Bishop, J.; Gold, B.G.; Quinn, J.F. Centella asiatica Extract Improves
Behavioral Deficits in a Mouse Model of Alzheimer’s Disease: Investigation of a Possible Mechanism of Action. Int. |. Alzheimers
Dis. 2012, 2012, 381974. [PubMed]

23. Fan,].; Chen, Q.; Wei, L.; Zhou, X.; Wang, R.; Zhang, H. Asiatic acid ameliorates CCl(4)-induced liver fibrosis in rats: Involvement

of Nrf2/ARE, NF-kappaB/lIkappaBalpha, and JAK1/STAT3 signaling pathways. Drug Des. Dev. Ther. 2018, 12, 3595-3605.
[CrossRef]


https://doi.org/10.9758/cpn.2017.15.1.1
https://www.ncbi.nlm.nih.gov/pubmed/28138104
https://doi.org/10.3390/nano11010059
https://www.ncbi.nlm.nih.gov/pubmed/33383712
https://doi.org/10.3389/neuro.24.003.2010
https://www.ncbi.nlm.nih.gov/pubmed/20552043
https://doi.org/10.1111/j.1471-4159.2006.03907.x
https://doi.org/10.3390/ph15060692
https://doi.org/10.2174/1570159X19666210517114016
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1016/j.neurobiolaging.2016.12.029
https://www.ncbi.nlm.nih.gov/pubmed/28208064
https://doi.org/10.1073/pnas.1819541116
https://www.ncbi.nlm.nih.gov/pubmed/31164420
https://doi.org/10.1016/j.mcn.2018.09.002
https://www.ncbi.nlm.nih.gov/pubmed/30253196
https://doi.org/10.3233/JAD-210271
https://www.ncbi.nlm.nih.gov/pubmed/33935097
https://doi.org/10.1016/j.cotox.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/28066829
https://doi.org/10.1007/s12035-018-1420-2
https://www.ncbi.nlm.nih.gov/pubmed/30414087
https://www.ncbi.nlm.nih.gov/pubmed/22074576
https://doi.org/10.1007/s11101-017-9528-y
https://doi.org/10.1016/j.jep.2016.01.013
https://www.ncbi.nlm.nih.gov/pubmed/26785167
https://doi.org/10.3233/JAD-142217
https://www.ncbi.nlm.nih.gov/pubmed/25633675
https://doi.org/10.1002/brb3.1024
https://www.ncbi.nlm.nih.gov/pubmed/29920983
https://doi.org/10.1155/2017/7023091
https://doi.org/10.3390/antiox8120630
https://www.ncbi.nlm.nih.gov/pubmed/31817977
https://www.ncbi.nlm.nih.gov/pubmed/22506133
https://doi.org/10.2147/DDDT.S179876

Nutrients 2025, 17,729 18 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Jiang, ].Z.; Ye, ].; Jin, G.Y.; Piao, H.M.; Cui, H.; Zheng, M.Y.; Yang, ].S.; Che, N.; Choi, Y.H.; Li, L.C. Asiaticoside Mitigates the
Allergic Inflammation by Abrogating the Degranulation of Mast Cells. J. Agric. Food Chem. 2017, 65, 8128-8135. [CrossRef]

Liu, S.; Li, G,; Tang, H.; Pan, R.; Wang, H.; Jin, F;; Yan, X.; Xing, Y.; Chen, G.; Fu, Y. Madecassoside ameliorates lipopolysaccharide-
induced neurotoxicity in rats by activating the Nrf2-HO-1 pathway. Neurosci. Lett. 2019, 709, 134386. [CrossRef] [PubMed]
Meng, Z.; Li, H.Y,; Si, C.Y,; Liu, Y.Z,; Teng, S. Asiatic acid inhibits cardiac fibrosis throughNrf2/HO-1 and TGF-betal /Smads
signaling pathways in spontaneous hypertension rats. Int. Immunopharmacol. 2019, 74, 105712. [CrossRef]

Yang, B.; Xu, Y.; Hu, Y; Luo, Y.; Lu, X;; Tsui, C.K,; Lu, L.; Liang, X. Madecassic Acid protects against hypoxia-induced oxidative
stress in retinal microvascular endothelial cells via ROS-mediated endoplasmic reticulum stress. Biomed. Pharmacother. 2016,
84, 845-852. [CrossRef] [PubMed]

Gray, N.E; Morre, J.; Kelley, J.; Maier, C.S,; Stevens, J.E; Quinn, J.E.; Soumyanath, A. Caffeoylquinic acids in Centella asiatica
protect against amyloid-beta toxicity. J. Alzheimers Dis. 2014, 40, 359-373. [CrossRef] [PubMed]

Bandopadhyay, S.; Mandal, S.; Ghorai, M.; Jha, N.K.; Kumar, M.; Radha Ghosh, A.; Prockow, ].; Perez de la Lastra, ].M.; Dey,
A. Therapeutic properties and pharmacological activities of asiaticoside and madecassoside: A review. |. Cell. Mol. Med. 2023,
27,593-608. [CrossRef] [PubMed]

Tan, S.C.; Bhattamisra, S.K.; Chellappan, D.K.; Candasamy, M. Actions and Therapeutic Potential of Madecassoside and Other
Major Constituents of Centella asiatica: A Review. Appl. Sci. 2021, 11, 8475. [CrossRef]

Wong, ].H.; Barron, A.M.; Abdullah, ].M. Mitoprotective Effects of Centella asiatica (L.) Urb.: Anti-Inflammatory and Neuroprotec-
tive Opportunities in Neurodegenerative Disease. Front. Pharmacol. 2021, 12, 687935. [CrossRef] [PubMed]

Zhang, Z.; Li, X,; Li, D.; Luo, M,; Li, Y.; Song, L.; Jiang, X. Asiaticoside ameliorates beta-amyloid-induced learning and memory
deficits in rats by inhibiting mitochondrial apoptosis and reducing inflammatory factors. Exp. Ther. Med. 2017, 13, 413-420.
[CrossRef]

Matthews, D.G.; Caruso, M.; Alcazar Magana, A.; Wright, K.M.; Maier, C.S.; Stevens, J.F.; Gray, N.E.; Quinn, ].E; Soumyanath, A.
Caffeoylquinic Acids in Centella asiatica Reverse Cognitive Deficits in Male 5XFAD Alzheimer’s Disease Model Mice. Nutrients
2020, 12, 3488. [CrossRef]

Ding, L.; Liu, T.; Ma, J. Neuroprotective mechanisms of Asiatic acid. Heliyon 2023, 9, e15853. [CrossRef] [PubMed]

Ahmad Rather, M.; Justin Thenmozhi, A.; Manivasagam, T.; Nataraj, J.; Essa, M.M.; Chidambaram, S.B. Asiatic acid nullified
aluminium toxicity in in vitro model of Alzheimer’s disease. Front. Biosci. Elite 2018, 10, 287-299.

Chen, D.; Zhang, X.Y.; Sun, J.; Cong, Q.].; Chen, W.X.; Ahsan, H.M.; Gao, J.; Qian, ].J. Asiatic Acid Protects Dopaminergic Neurons
from Neuroinflammation by Suppressing Mitochondrial Ros Production. Biomol. Ther. 2019, 27, 442-449. [CrossRef] [PubMed]
Nataraj, J.; Manivasagam, T.; Justin Thenmozhi, A.; Essa, M.M. Neuroprotective effect of asiatic acid on rotenone-induced
mitochondrial dysfunction and oxidative stress-mediated apoptosis in differentiated SH-SYS5Y cells. Nutr. Neurosci. 2017,
20, 351-359. [CrossRef]

Xiong, Y.; Ding, H.; Xu, M.; Gao, ]. Protective effects of asiatic acid on rotenone- or H202-induced injury in SH-SY5Y cells.
Neurochem. Res. 2009, 34, 746-754. [CrossRef] [PubMed]

Chaisawang, P; Sirichoat, A.; Chaijaroonkhanarak, W.; Pannangrong, W.; Sripanidkulchai, B.; Wigmore, P.; Welbat, ].U. Asiatic
acid protects against cognitive deficits and reductions in cell proliferation and survival in the rat hippocampus caused by
5-fluorouracil chemotherapy. PLoS ONE. 2017, 12, e0180650. [CrossRef] [PubMed]

Loganathan, C.; Thayumanavan, P. Asiatic acid prevents the quinolinic acid-induced oxidative stress and cognitive impairment.
Metab. Brain Dis. 2018, 33, 151-159. [CrossRef]

Lu, Y;; Kan, H.; Wang, Y.; Wang, D.; Wang, X.; Gao, J.; Zhu, L. Asiatic acid ameliorates hepatic ischemia/reperfusion injury in rats
via mitochondria-targeted protective mechanism. Toxicol. Appl. Pharmacol. 2018, 338, 214-223. [CrossRef] [PubMed]

Lv, H.; Qi, Z.; Wang, S.; Feng, H.; Deng, X.; Ci, X. Asiatic Acid Exhibits Anti-inflammatory and Antioxidant Activities against
Lipopolysaccharide and d-Galactosamine-Induced Fulminant Hepatic Failure. Front. Immunol. 2017, 8, 785. [CrossRef]

Nasir, M.N.; Habsah, M.; Zamzuri, I.; Rammes, G.; Hasnan, J.; Abdullah, J. Effects of asiatic acid on passive and active avoidance
task in male Spraque-Dawley rats. J. Ethnopharmacol. 2011, 134, 203-209. [CrossRef] [PubMed]

Nataraj, J.; Manivasagam, T.; Justin Thenmozhi, A.; Essa, M.M. Neurotrophic Effect of Asiatic acid, a Triterpene of Centella asiatica
Against Chronic 1-Methyl 4-Phenyl 1, 2, 3, 6-Tetrahydropyridine Hydrochloride /Probenecid Mouse Model of Parkinson’s disease:
The Role of MAPK, PI3K-Akt-GSK3beta and mTOR Signalling Pathways. Neurochem. Res. 2017, 42, 1354-1365. [PubMed]

Park, ].H.; Seo, Y.H.; Jang, ].H.; Jeong, C.H.; Lee, S.; Park, B. Asiatic acid attenuates methamphetamine-induced neuroinflammation
and neurotoxicity through blocking of NF-kB/STAT3/ERK and mitochondria-mediated apoptosis pathway. J. Neuroinflamm.
2017, 14, 240. [CrossRef] [PubMed]

Welbat, J.U.; Sirichoat, A.; Chaijaroonkhanarak, W.; Prachaney, P.; Pannangrong, W.; Pakdeechote, P.; Sripanidkulchai, B.;
Wigmore, P. Asiatic Acid Prevents the Deleterious Effects of Valproic Acid on Cognition and Hippocampal Cell Proliferation and
Survival. Nutrients 2016, 8, 303. [CrossRef] [PubMed]


https://doi.org/10.1021/acs.jafc.7b01590
https://doi.org/10.1016/j.neulet.2019.134386
https://www.ncbi.nlm.nih.gov/pubmed/31330225
https://doi.org/10.1016/j.intimp.2019.105712
https://doi.org/10.1016/j.biopha.2016.10.015
https://www.ncbi.nlm.nih.gov/pubmed/27728894
https://doi.org/10.3233/JAD-131913
https://www.ncbi.nlm.nih.gov/pubmed/24448790
https://doi.org/10.1111/jcmm.17635
https://www.ncbi.nlm.nih.gov/pubmed/36756687
https://doi.org/10.3390/app11188475
https://doi.org/10.3389/fphar.2021.687935
https://www.ncbi.nlm.nih.gov/pubmed/34267660
https://doi.org/10.3892/etm.2016.4004
https://doi.org/10.3390/nu12113488
https://doi.org/10.1016/j.heliyon.2023.e15853
https://www.ncbi.nlm.nih.gov/pubmed/37180926
https://doi.org/10.4062/biomolther.2018.188
https://www.ncbi.nlm.nih.gov/pubmed/30971058
https://doi.org/10.1080/1028415X.2015.1135559
https://doi.org/10.1007/s11064-008-9844-0
https://www.ncbi.nlm.nih.gov/pubmed/18802751
https://doi.org/10.1371/journal.pone.0180650
https://www.ncbi.nlm.nih.gov/pubmed/28700628
https://doi.org/10.1007/s11011-017-0143-9
https://doi.org/10.1016/j.taap.2017.11.023
https://www.ncbi.nlm.nih.gov/pubmed/29196105
https://doi.org/10.3389/fimmu.2017.00785
https://doi.org/10.1016/j.jep.2010.12.010
https://www.ncbi.nlm.nih.gov/pubmed/21167268
https://www.ncbi.nlm.nih.gov/pubmed/28181071
https://doi.org/10.1186/s12974-017-1009-0
https://www.ncbi.nlm.nih.gov/pubmed/29228978
https://doi.org/10.3390/nu8050303
https://www.ncbi.nlm.nih.gov/pubmed/27213437

Nutrients 2025, 17,729 19 of 20

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Welbat, ].U.; Chaisawang, P.; Pannangrong, W.; Wigmore, P. Neuroprotective Properties of Asiatic Acid against 5-Fluorouracil
Chemotherapy in the Hippocampus in an Adult Rat Model. Nutrients 2018, 10, 1053. [CrossRef]

Xu, MLF; Xiong, Y.Y,; Liu, J.K,; Qian, J.J.; Zhu, L.; Gao, J. Asiatic acid, a pentacyclic triterpene in Centella asiatica, attenuates
glutamate-induced cognitive deficits in mice and apoptosis in SH-SY5Y cells. Acta Pharmacol. Sin. 2012, 33, 578-587. [CrossRef]
Kim, S.R.; Koo, K.A.; Lee, M.K,; Park, H.G,; Jew, S.S.; Cha, K.H.; Kim, Y.C. Asiatic acid derivatives enhance cognitive performance
partly by improving acetylcholine synthesis. J. Pharm. Pharmacol. 2004, 56, 1275-1282. [CrossRef]

Lu, CW,; Lin, T.Y; Pan, T.L.; Wang, PW.; Chiu, K.M.; Lee, M.Y.; Wang, S.]. Asiatic Acid Prevents Cognitive Deficits by Inhibiting
Calpain Activation and Preserving Synaptic and Mitochondrial Function in Rats with Kainic Acid-Induced Seizure. Biomedicines
2021, 9, 284. [CrossRef] [PubMed]

Zhu, X.; Liu, J.; Huang, S.; Zhu, W.; Wang, Y.; Chen, O.; Xue, J. Neuroprotective effects of isoliquiritigenin against cognitive
impairment via suppression of synaptic dysfunction, neuronal injury, and neuroinflammation in rats with kainic acid-induced
seizures. Int. Immunopharmacol. 2019, 72, 358-366. [CrossRef]

Alcazar Magana, A.; Wright, K.; Vaswani, A.; Caruso, M.; Reed, R.L.; Bailey, C.F.,; Nguyen, T.; Gray, N.E.; Soumyanath, A.; Quinn,
J.; et al. Integration of mass spectral fingerprinting analysis with precursor ion (MS1) quantification for the characterisation of
botanical extracts: Application to extracts of Centella asiatica (L.) Urban. Phytochem Anal. 2020, 31, 722-738. [CrossRef] [PubMed]
Chassaud, L.E; Fry, B.J.; Hawkins, D.R.; Lewis, ].D.; Sword, LP.; Taylor, T.; Hathway, D.E. The metabolism of asiatic acid,-
madecassic acid and asiaticoside in the rat. Arzneimittelforschung 1971, 21, 1379-1384. [PubMed]

Hashim, P; Sidek, H.; Helan, M.H.; Sabery, A.; Palanisamy, U.D.; [lham, M. Triterpene composition and bioactivities of Centella
asiatica. Molecules 2011, 16, 1310-1322. [CrossRef]

Rafat, M.; Fong, K.W.; Goldsipe, A.; Stephenson, B.C.; Coradetti, S.T.; Sambandan, T.; Sinskey, A.J.; Rha, C. Association
(micellization) and partitioning of aglycon triterpenoids. J. Colloid Interface Sci. 2008, 325, 324-330. [CrossRef]

Rush, W.R,; Murray, G.R.; Graham, D.J. The comparative steady-state bioavailability of the active ingredients of Madecassol. Eur.
J. Drug Metab. Pharmacokinet. 1993, 18, 323-326. [CrossRef] [PubMed]

Hengjumrut, P.; Anukunwithaya, T.; Tantisira, M.H.; Tantisira, B.; Khemawoot, P. Comparative pharmacokinetics between
madecassoside and asiaticoside presented in a standardised extract of Centella asiatica, ECa 233 and their respective pure
compound given separately in rats. Xenobiotica 2018, 48, 18-27. [CrossRef] [PubMed]

Cesarone, M.R,; Incandela, L.; De Sanctis, M.T.; Belcaro, G.; Bavera, P.; Bucci, M.; Ippolito, E. Evaluation of treatment of diabetic
microangiopathy with total triterpenic fraction of Centella asiatica: A clinical prospective randomized trial with a microcirculatory
model. Angiology 2001, 52 (Suppl. 2), S49-554. [CrossRef]

Grimaldi, R.; De Ponti, F; D’Angelo, L.; Caravaggi, M.; Guidi, G.; Lecchini, S.; Frigo, G.M.; Crema, A. Pharmacokinetics of the
total triterpenic fraction of Centella Asiatica after Single and Multiple Administrations to Healthy Volunteers, A New Assay for
Asiatic Acid. ]. Ethnopharmacol. 1990, 28, 235-241. [CrossRef] [PubMed]

Incandela, L.; Belcaro, G.; De Sanctis, M.T.; Cesarone, M.R.; Griffin, M.; Ippolito, E.; Bucci, M.; Cacchio, M. Total triterpenic
fraction of Centella asiatica in the treatment of venous hypertension: A clinical, prospective, randomized trial using a combined
microcirculatory model. Angiology 2001, 52 (Suppl. 2), S61-S67. [CrossRef] [PubMed]

Lou, ].S.; Dimitrova, D.M.; Murchison, C.; Arnold, G.C.; Belding, H.; Seifer, N.; Le, N.; Andrea, S.B.; Gray, N.E.; Wright, KM.; et al.
Centella asiatica triterpenes for diabetic neuropathy: A randomized, double-blind, placebo-controlled, pilot clinical study. Esper
Dermatol. 2018, 20 (Suppl. 1), 12-22. [CrossRef]

Oakley, H.; Cole, S.L.; Logan, S.; Maus, E.; Shao, P; Craft, J.; Guillozet-Bongaarts, A.; Ohno, M.; Disterhoft, J.; Van Eldik, L.; et al.
Intraneuronal beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer’s
disease mutations: Potential factors in amyloid plaque formation. J. Neurosci. 2006, 26, 10129-10140. [CrossRef] [PubMed]
Gray, N.E.; Hack, W.; Brandes, M.S.; Zweig, ].A.; Yang, L.; Marney, L.; Choi, ].; Magana, A.A.; Cerruti, N.; McFerrin, J.; et al.
Amelioration of age-related cognitive decline and anxiety in mice by Centella asiatica extract varies by sex, dose and mode of
administration. Front. Aging 2024, 5, 1357922. [CrossRef]

Moustafa, A.A.; Gilbertson, M.W.; Orr, S.P.; Herzallah, M.M.; Servatius, R.J.; Myers, C.E. A model of amygdala-hippocampal-
prefrontal interaction in fear conditioning and extinction in animals. Brain Cogn. 2013, 81, 29-43. [CrossRef] [PubMed]

Cheng, X.; Shin, Y.G.; Levine, B.S.; Smith, A.C.; Tomaszewski, ].E.; van Breemen, R.B. Quantitative analysis of betulinic acid in
mouse, rat and dog plasma using electrospray liquid chromatography/mass spectrometry. Rapid Commun. Mass Spectrom. 2003,
17,2089-2092. [CrossRef] [PubMed]

Nair, S.N.; Menon, S.; Shailajan, S. A liquid chromatography/electrospray ionization tandem mass spectrometric method for
quantification of asiatic acid from plasma: Application to pharmacokinetic study in rats. Rapid Commun. Mass Spectrom. 2012,
26, 1899-1908. [CrossRef]

Krupa, S.; Anuradha, M.; Tanveer, P.; Moh Faruque, A.; Ashafaq, S. Centella asiatica: A traditional herbal medicine. World J. Adv.
Res. Rev. 2022, 15, 512-524. [CrossRef]


https://doi.org/10.3390/nu10081053
https://doi.org/10.1038/aps.2012.3
https://doi.org/10.1211/0022357044391
https://doi.org/10.3390/biomedicines9030284
https://www.ncbi.nlm.nih.gov/pubmed/33802221
https://doi.org/10.1016/j.intimp.2019.04.028
https://doi.org/10.1002/pca.2936
https://www.ncbi.nlm.nih.gov/pubmed/32281154
https://www.ncbi.nlm.nih.gov/pubmed/5171969
https://doi.org/10.3390/molecules16021310
https://doi.org/10.1016/j.jcis.2008.05.046
https://doi.org/10.1007/BF03190180
https://www.ncbi.nlm.nih.gov/pubmed/8020529
https://doi.org/10.1080/00498254.2016.1273562
https://www.ncbi.nlm.nih.gov/pubmed/28001462
https://doi.org/10.1177/000331970105202S10
https://doi.org/10.1016/0378-8741(90)90033-P
https://www.ncbi.nlm.nih.gov/pubmed/2329813
https://doi.org/10.1177/000331970105202S12
https://www.ncbi.nlm.nih.gov/pubmed/11666126
https://doi.org/10.23736/S1128-9155.18.00455-7
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17021169
https://doi.org/10.3389/fragi.2024.1357922
https://doi.org/10.1016/j.bandc.2012.10.005
https://www.ncbi.nlm.nih.gov/pubmed/23164732
https://doi.org/10.1002/rcm.1155
https://www.ncbi.nlm.nih.gov/pubmed/12955738
https://doi.org/10.1002/rcm.6291
https://doi.org/10.30574/wjarr.2022.15.1.0726

Nutrients 2025, 17,729 20 of 20

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Saha, S.; Buttari, B.; Profumo, E.; Tucci, P.; Saso, L. A Perspective on Nrf2 Signaling Pathway for Neuroinflammation: A Potential
Therapeutic Target in Alzheimer’s and Parkinson’s Diseases. Front. Cell. Neurosci. 2021, 15, 787258. [CrossRef] [PubMed]

Qi, Z; Ci, X;; Huang, J.; Liu, Q.; Yu, Q.; Zhou, J.; Deng, X. Asiatic acid enhances Nrf2 signaling to protect HepG2 cells from
oxidative damage through Akt and ERK activation. Biomed. Pharmacother. 2017, 88, 252-259. [CrossRef] [PubMed]

Kamble, S.M.; Patil, C.R. Asiatic Acid Ameliorates Doxorubicin-Induced Cardiac and Hepato-Renal Toxicities with Nrf2 Tran-
scriptional Factor Activation in Rats. Cardiovasc. Toxicol. 2018, 18, 131-141. [CrossRef] [PubMed]

Jiang, W.; Li, M.; He, E; Bian, Z.; He, Q.; Wang, X.; Yao, W.; Zhu, L. Neuroprotective effect of asiatic acid against spinal cord injury
in rats. Life Sci. 2016, 157, 45-51. [CrossRef] [PubMed]

Han, F. Asiatic acid attenuates traumatic brain injury via upregulating Nrf2 and HO-1 expression. Int. J. Clin. Exp. Med. 2018,
11, 360-366.

Gao, J.; Chen, J.; Tang, X.; Pan, L.; Fang, F,; Xu, L.; Zhao, X.; Xu, Q. Mechanism underlying mitochondrial protection of asiatic acid
against hepatotoxicity in mice. J. Pharm. Pharmacol. 2006, 58, 227-233. [PubMed]

Nagoor Meeran, M.E; Goyal, S.N.; Suchal, K.; Sharma, C.; Patil, C.R.; Ojha, S.K. Pharmacological Properties, Molecular
Mechanisms, and Pharmaceutical Development of Asiatic Acid: A Pentacyclic Triterpenoid of Therapeutic Promise. Front.
Pharmacol. 2018, 9, 892. [CrossRef]

Krishnamurthy, R.G.; Senut, M.C.; Zemke, D.; Min, J.; Frenkel, M.B.; Greenberg, E.J.; Yu, SW.; Ahn, N.; Goudreau, J.; Kassab,
M.; et al. Asiatic acid, a pentacyclic triterpene from Centella asiatica, is neuroprotective in a mouse model of focal cerebral ischemia.
J. Neurosci. Res. 2009, 87, 2541-2550. [CrossRef]

Zweig, J.A.; Brandes, M.S.; Brumbach, B.H.; Caruso, M.; Wright, K.M.; Quinn, J.F; Soumyanath, A.; Gray, N.E. Loss of NRF2
accelerates cognitive decline, exacerbates mitochondrial dysfunction, and is required for the cognitive enhancing effects of Centella
asiatica during aging. Neurobiol. Aging 2021, 100, 48-58. [CrossRef] [PubMed]

Ishida, K.; Yamamoto, M.; Misawa, K.; Nishimura, H.; Misawa, K.; Ota, N.; Shimotoyodome, A. Coffee polyphenols prevent
cognitive dysfunction and suppress amyloid beta plaques in APP/PS2 transgenic mouse. Neurosci. Res. 2020, 154, 35-44.
[CrossRef]

Dal-Pan, A.; Dudonne, S.; Bourassa, P.; Bourdoulous, M.; Tremblay, C.; Desjardins, Y.; Calon, F.; Neurophenols consortium.
Cognitive-Enhancing Effects of a Polyphenols-Rich Extract from Fruits without Changes in Neuropathology in an Animal Model
of Alzheimer’s Disease. J. Alzheimers Dis. 2017, 55, 115-135. [CrossRef]

Krikorian, R.; Nash, T.A.; Shidler, M.D.; Shukitt-Hale, B.; Joseph, J.A. Concord grape juice supplementation improves memory
function in older adults with mild cognitive impairment. Br. |. Nutr. 2010, 103, 730-734. [CrossRef]

Krikorian, R.; Boespflug, E.L.; Fleck, D.E.; Stein, A.L.; Wightman, J.D.; Shidler, M.D.; Sadat-Hossieny, S. Concord grape juice
supplementation and neurocognitive function in human aging. J. Agric. Food Chem. 2012, 60, 5736-5742. [CrossRef]

Krikorian, R.; Skelton, M.R.; Summer, S.S.; Shidler, M.D.; Sullivan, P.G. Blueberry Supplementation in Midlife for Dementia Risk
Reduction. Nutrients 2022, 14, 1619. [CrossRef] [PubMed]

Roman, G.C.; Jackson, R.E.; Gadhia, R.; Roman, A.N.; Reis, J]. Mediterranean diet: The role of long-chain omega-3 fatty acids
in fish; polyphenols in fruits, vegetables, cereals, coffee, tea, cacao and wine; probiotics and vitamins in prevention of stroke,
age-related cognitive decline, and Alzheimer disease. Rev. Neurol. 2019, 175, 724-741. [CrossRef] [PubMed]

Javonillo, D.I; Tran, K.M.; Phan, J.; Hingco, E.; Kramar, E.A.; da Cunha, C.; Forner, S.; Kawauchi, S.; Milinkevicuite, G.; Gomez-
Arboledas, A.; et al. Systematic Phenotyping and Characterization of the 3xTg-AD Mouse Model of Alzheimer’s Disease. Front.
Neurosci. 2021, 15, 785276. [CrossRef]

Sil, A.; Erfani, A.; Lamb, N.; Copland, R.; Riedel, G.; Platt, B. Sex Differences in Behavior and Molecular Pathology in the 5XFAD
Model. J. Alzheimers Dis. 2022, 85, 755-778. [CrossRef] [PubMed]

Sun, B.L.; Chen, Y; Fan, D.Y,; Zhu, C.; Zeng, F.; Wang, Y.J. Critical thinking on amyloid-beta-targeted therapy: Challenges and
perspectives. Sci. China Life Sci. 2021, 64, 926-937. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fncel.2021.787258
https://www.ncbi.nlm.nih.gov/pubmed/35126058
https://doi.org/10.1016/j.biopha.2017.01.067
https://www.ncbi.nlm.nih.gov/pubmed/28110191
https://doi.org/10.1007/s12012-017-9424-0
https://www.ncbi.nlm.nih.gov/pubmed/28856520
https://doi.org/10.1016/j.lfs.2016.05.004
https://www.ncbi.nlm.nih.gov/pubmed/27153777
https://www.ncbi.nlm.nih.gov/pubmed/16451751
https://doi.org/10.3389/fphar.2018.00892
https://doi.org/10.1002/jnr.22071
https://doi.org/10.1016/j.neurobiolaging.2020.11.019
https://www.ncbi.nlm.nih.gov/pubmed/33486357
https://doi.org/10.1016/j.neures.2019.05.001
https://doi.org/10.3233/JAD-160281
https://doi.org/10.1017/S0007114509992364
https://doi.org/10.1021/jf300277g
https://doi.org/10.3390/nu14081619
https://www.ncbi.nlm.nih.gov/pubmed/35458181
https://doi.org/10.1016/j.neurol.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31521398
https://doi.org/10.3389/fnins.2021.785276
https://doi.org/10.3233/JAD-210523
https://www.ncbi.nlm.nih.gov/pubmed/34864660
https://doi.org/10.1007/s11427-020-1810-y
https://www.ncbi.nlm.nih.gov/pubmed/33106917

	Introduction 
	Materials and Methods 
	Mouse Experimental Diets 
	Animals 
	Conditioned Fear Response (CFR) Test 
	Synaptosomal Isolation 
	Analysis of Mitochondrial Function 
	Gene Expression 
	Immunohistochemistry 
	Quantification of AA in Plasma Using Liquid–Chromatography Tandem Mass Spectrometry (LC-MS/MS) 
	Statistical Analysis 

	Results 
	AA Treatment Improves Associative Memory in Female 5xFAD Mice 
	AA Treatment Does Not Alter A Plaque Burden 
	AA Treatment Attenuates Deficits in Synaptic Gene Expression in Female 5xFAD Mice 
	AA Treatment Improves Mitochondrial Bioenergetics in 5xFAD Mice 
	AA Increases Expression of ETC Genes in Female 5xFAD Mice 
	AA Induces Expression of Antioxidant Genes in Female 5xFAD Mice 
	AA Concentration in Plasma 

	Discussion 
	Conclusions 
	References

