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Abstract

Hesperetin is a bioactive flavonoid in the body, produced from hesperidin. No comprehensive studies have shown its protective
effects in neurodegenerative disorders. Here, we hypothesized that hesperetin may protect the mice brain against A 3-induced
neurodegeneration. Twenty-four hours after intracerebroventricular injection of A{31-42, the treated group was injected
hesperetin. For in vitro experiments, HT22 and BV-2 cells were used. Immunoblot, immunofluorescence, and behavioral
analyses were used to evaluate the different parameters. Our results indicated that hesperetin significantly attenuated oxidative
stress, as assessed by the expression of Nrf2/HO-1 and LPO and ROS assays, in the hippocampus, cortex, and in vitro HT22 cells.
Similarly, activated glial cells were regulated by hesperetin, as assessed by the expression of GFAP and Iba-1. Moreover, the
expression of TLR4, p-NF-«B, and downstream targets was analyzed; the results showed that hesperetin reinstated the expression
of these markers. The effects of hesperetin were further confirmed by using specific TLR4 and p-NF-«B inhibitors in BV-2 cells.
Next, we evaluated A3 pathology in the cortex, hippocampus, and HT22 cells, showing that hesperetin significantly reduced the
A pathology. Furthermore, the antiapoptotic effects of hesperetin were assessed, which showed strong antiapoptotic effects.
Overall, the neuroprotective effect of hesperetin was found to be a multipotent effect, involving the inhibition of oxidative stress,
neuroinflammation, apoptotic cell death, and cognitive consolidation. Given antioxidant, anti-inflammatory, and antiapoptotic
potentials against A 3-induced neurodegeneration and memory impairment, hesperetin may be a promising therapeutic agent for
Alzheimer’s disease—like neurological disorders.
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Introduction

Alzheimer’s disease is a neurodegenerative disorder affecting
anumber of aging people [1, 2], has a preclinical phase of 20—
30 years before clinical onset [3], and characterized by the
progressive loss of memory and cognition [4]. Worldwide,
33.9 million people suffer from this condition, and it is hy-
pothesized that there will be a threefold increase in the burden
of the disease in the next 40 years [5]. The main pathological
hallmarks of the AD (Alzheimer’s disease) are neurofibrillary
tangles [6], senile plaques, synaptic dysfunction, and neuro-
degeneration [7]. Senile plaques are extracellular aggregates
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composed of amyloid beta (Af3) peptides, while neurofibril-
lary tangles are made of hyperphosphorylated tau protein [7].

Many hypotheses have been proposed so far, but the most
popular one is the A3 hypothesis. Af3 is continuously gener-
ated by the catalytic cleavage of the amyloid precursor protein
(APP) by {3-secretase and y-secretase [8]. The formation of
A has been shown to be neurotoxic both in vivo [9] and
in vitro, contributing to the pathogenesis of AD-like condi-
tions [10, 11]. AP plaques promote the pathogenesis of AD by
different mechanisms, such as through generation of ROS
(reactive oxygen species) [12] and activation of astrocytes
and microglia [13]. Nrf2 (nuclear factor erythroid 2-related
factor 2) has been shown to regulate endogenous antioxidant
mechanisms [14, 15]. When ROS levels are elevated, Nrf2
and HO-1 (heme oxygenase-1) are downregulated (as endog-
enous antioxidant regulators), which contributes to the patho-
genesis of AD-like effects [16]. Activation of microglia by A3
[17] may exert protective effects by enabling phagocytic clear-
ance of AP [18], and it may also contribute to progressive
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neurodegeneration [19], thus playing conflicting roles in the
CNS (central nervous system). Microglia are tissue macro-
phages performing tissue maintenance and immune surveil-
lance [20]. Activated microglia have a wide variety of pattern
recognition receptors from the Toll-like receptor (TLR) group
that detect microbial intruders. Thirteen types of TLRs have
been identified that identify molecules that may be referred to
as toxins. Activation of these TLRs exacerbates various sig-
naling, leading to activation of inflammatory agents, such as
cytokines, ROS, and nitric oxide [21]. Microglial expression
of TLRs in the CNS is a vital first line of defense against
endogenous and exogenous agents [22, 23]. TLRs are in-
volved in A signaling, in which they activate an intracellular
mechanism resulting in activation of proinflammatory agents
and clearance of A3 [24-26]. TLR-mediated inflammatory
responses induced by A3 can lead to neurotoxic effects.
TLRs 2, 4, and 9 have been suggested as therapeutic targets
for AD treatment [27, 28].

Flavonoids are considered the most beneficial agents for
neurodegenerative disorders because of their antioxidant
[29], anti-inflammatory, and antiapoptotic effects [30, 31].
The flavonoid hesperetin (3',5,7-trihydroxy-4-methoxy flava-
none) is a flavanone, a member of a subclass of flavonoids,
found in Citrus fruit species [32]. Although hesperetin, which
is produced from hesperidin, is a bioactive molecule in the
body, only a few in vitro studies have assessed hesperetin
rather than hesperidin. The in vitro studies suggest that
hesperetin is a powerful radical scavenger that promotes cel-
lular anti-inflammatory activity [33]. Previously, hesperetin
has been shown to be neuroprotective in different models
[34, 35], but the protective role of hesperetin in AD models
has not been explored to date. Therefore, here, for the very
first time, we explored the basic neuroprotective mechanisms
of hesperetin against amyloid beta—induced neurodegenera-
tion, focusing on abnormal ROS production, activation of
astrocytes and microglia, apoptotic cell death, neuroinflam-
mation, and synaptic dysfunction in an in vivo Af-injected
mouse model, and in vitro Ap-treated cells. Based on our
findings, we conclude that hesperetin may serve as a promis-
ing and reasonable neuroprotective agent against A31-42—in-
duced neurodegeneration and memory impairment.

Materials and Methods
Animal Handling

The animals were handled according to the protocols ap-
proved by the Ethical Committee of the Applied Life
Sciences, Gyeongsang National University, South Korea.
Thirteen healthy adult male mice (C57BL/6N, wild type) were
included in each group, ages ranged from 8 to 10 weeks, and
the body weights were up to 25-30 g. The mice were
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purchased from Samtako Bio Korea. All animals were accli-
matized for 1 week under the same laboratory conditions with
a 12-h light/dark cycle at 60+ 10% humidity and at room
temperature and were provided with standard food and water
ad libitum.

Mice Groups and Treatments

The mice were randomly divided into 4 groups, control (sa-
line-injected group), AR 1-42 (5 ul/5 min/mouse), ABR1-42 +
hesperetin (50 mg/kg for 6 weeks), and hesperetin-alone
(50 mg/kg for 6 weeks) group. The human-derived peptide
A[1-42 was reconstituted in sterile saline solution as a stock
solution at a concentration of 1 mg/ml, followed by incubation
at 37 °C for 4 days. After that, the aggregated A[31-42 peptide
was stereotaxically (i.c.v.) injected into the ventricles by using
a Hamilton microsyringe (2.4 mm dorsoventral (DV), 0.2 mm
anteroposterior (AP), 1 mm mediolateral (ML) to the bregma).
Before the surgical procedures, the mice were anesthetized
with 0.05 ml/100 g body weight Rompun (and 0.1 mL/
100 g body weight Zolitil) [36]. The control mice were
injected with 0.9% saline, and the A31-42 + hesperetin mice
were injected with hesperetin (50 mg/kg) for 6 weeks (alter-
nate day injection). Hesperetin-alone group was included in
some experiments to examine its effect on cell viability in
MTT assay and in oxidative stress—related experiments.

Morris Water Maze Test

Cognitive dysfunction in experimental mice was assessed by
the Morris water maze (MWM) test as described previously
with modifications [37, 38]. The apparatus used for the MWM
test consisted of a circular tank filled with water and made
opaque with nontoxic white ink. A platform with a 10 cm
diameter was placed hidden in the water (I cm below the
water surface) in one quadrant of the apparatus during the
experiment. In each trial, the mice were allowed to explore
the location of the hidden platform,; if the mice failed to find
the platform in 60 s, the mice were guided to the platform and
given 30 s to remain there. For 4 consecutive days, the mice
were trained, and the escape latency and swimming speed was
recorded. Next, the hidden platform was removed, and a probe
test was conducted. In the probe trial, the number of crossings,
the time spent in the target quadrant, the latency to the plat-
form area, and the swimming speed were calculated. The data
were recorded using a video tracking system (SMART, Panlab
Harvard Apparatus, Bioscience Company).

Y-Maze Test

The Y-maze was made from black-painted wood, having three
arms (50 cm in length, 20 cm in height, and 10 cm in width)
[38]. Briefly, the mice were placed in the center of the
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apparatus and allowed to explore the apparatus for 8 min. The
arm entries were observed visually. Spontaneous alternation
behavior was defined as successive entry of the mice into the
three arms in overlapping triplet sets. The alternation behavior
percentage (%) was calculated as [successive triplet sets (en-
tries into three different arms consecutively)/total number of
arm entries-2] x 100. A higher percentage of spontaneous al-
ternation behavior was considered improved cognitive perfor-
mance, and vice versa.

Extraction of Proteins and Homogenization

The expression of the proteins was assessed by western blot,
as described previously [39]. Briefly, the mice were anesthe-
tized, decapitated, and the cortex and hippocampus of the
brain were separated. Next, the sections were homogenized
in PRO-PREP extraction solution (iNtRON Biotechnology)
and centrifuged at a speed of 13,000 RPM for 25 min at
4 °C. After centrifugation, the supernatant was collected and
stored at — 70 °C for further studies. For morphological anal-
ysis, the mice were perfused with saline and 4% neutral buff-
ered paraformaldehyde, fixed in NBP and sucrose for 48 h
each [40], and frozen in OCT compound, cut into uniform
sections (14 um) by using a microtome (Leica, Germany).
The sections were thaw-mounted on ProbeOn Plus charged
slides (Thermo Fisher) and stored at — 70 °C.

Western Blot Analysis

The protein concentrations were quantified by using a
Bradford assay (Bio-Rad Protein Assay kit, Bio-Rad
Laboratories, CA, USA), as described previously [41, 42].
Briefly, equal amounts of samples were electrophoresed using
10-12% SDS-PAGE with a broad-range prestained protein
marker (GangNam-STAIN, iNtRON Biotechnology, South
Korea) as a molecular size control. The protein bands from
the gels were transferred to PVDF membranes. To reduce the
nonspecific bindings, the membranes were blocked for 1 h in
skim milk (5% w/v skim milk in 1x TBST). After blocking,
the membranes were incubated with the respective primary
antibodies at 4 °C (1:1000 dilutions, as optimized) for 16 h,
washed with 1x TBST (10 min, 3 times), and blocked with
horseradish peroxidase-conjugated secondary antibodies as
appropriate. The bands were detected using an ECL detection
reagent (EzWestLumiOne, ATTO, Tokyo, Japan) according to
the manufacturer’s instructions. The films were scanned, and
the expression of the proteins was quantified via densitometry
using computer-based ImagelJ software.

Immunofluorescence (In Vivo)

The slides were washed twice for 15 min with 0.01 M PBS,
blocked for 1 h with 5% normal goat serum, and incubated

with appropriate antibodies (diluted 1:100 in 0.01 M PBS) for
24 h. After washing, the sections were incubated with
FITC/TRITC-goat anti-mouse/goat anti-rabbit secondary an-
tibodies for 2 h (1:100 in 1% PBS) (Santa Cruz
Biotechnology, Santa Cruz, USA). After incubation, the slides
were washed with PBS and treated with 4,6’-diamidino-2-
phenylindole (DAPI) for 10 min, rinsed and covered with
fluorescent mounting medium DAKO [43].

Images were captured by using a confocal scanning laser
microscope (Fluoview FV1000 MPE, Olympus, Japan), and
the intensity of the immunoreactivity was quantified by using
ImagelJ, and the graphs and statistical analyses were made
with GraphPad Prism 6.

Antibodies and Reagents

The antibodies used in western blot and immunofluorescence
studies were anti-Nrf2 (sc-722), anti-HO-1 (sc-136,961), anti-
PSD-95 (sc-71,933), anti-Syntaxin (sc-12,736), anti-
synaptosomal-associated protein 23 (SNAP-23) (sc-
374,215), anti-Af3 (sc-28365), anti-BACE-1 (sc-33711),
anti-Caspase 3 (sc-7272), anti- PARP-1, anti-TLR4 (sc-
16240), Synaptophysin (sc-17750), anti-Bax (sc-7480), anti-
Bcl2 (sc-7382), anti-TNF-« (sc-52,746), anti-IL-13 (sc-
32,294), anti-p-NF-kB (sc-136,548), anti-Iba-1 (sc-32,725),
anti-GFAP (sc-33,673), and anti-f3- actin (sc-47,778) from
Santa Cruz Biotechnology (Dallas, TX, USA). In addition,
anti-Cleaved Caspase-3 (#9664) and anti-APP (#2452S) anti-
bodies were obtained from Cell Signaling Technology
(Massachusetts, USA). The primary antibodies were diluted
in TBST (1:1000) (Santa Cruz Biotechnology), and secondary
anti-mouse HRP conjugated (Promega Ref# W402), anti-
rabbit HRP conjugated (Promega Ref# W401) diluted in
1:10,000 in 1x TBST were purchased from Promega, USA.
For confocal microscopic studies, the secondary fluorescent
antibodies used were Goat anti-mouse (Ref# A11029), and
Goat anti-rabbit (Ref# 32732) diluted in 1x PBS, BAY 11-
7082 (BAY, the inhibitor of p-NF-kB (sc-200615), and
TAK242, resatorvid (CAS 243984-11-4), the specific inhibi-
tor of TLR4.

ROS Assay

The assay was performed to analyze the levels of ROS in the
brain and in the cells of the experimental groups (n=7
mice/group). The ROS assay was based on the oxidation of
DCFH-DA to 2'7'-dichlorofluorescein (DCF) [44]. The con-
version of DCFH-DA to DCF was assessed by a spectrofluo-
rimeter at an excitation wavelength of 484 nm and an emission
wavelength of 530 nm. To measure the conversion of DCFH-
DA to DCF in the absence of homogenate (background fluo-
rescence), parallel blanks were used to standardize DCF. The
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ROS levels were quantified from a DCF standard curve and
expressed as relative pmol DCF/mg protein.

Lipid Peroxidation Assay

The lipid peroxidation assay was performed for the differ-
ent experimental groups (n=7 mice/group) by analyzing
the levels of malondialdehyde (MDA), for which the com-
mercially available lipid peroxidation assay kit (catalog
#K739-100 from BioVision, USA) was used, as performed
previously [40, 45].

Cell Viability Assay

Cell viability (HT22 cells, from the Korean Cell Bank, Korea)
was assessed with an MTT assay according to the manufac-
turer’s instructions, and as performed previously [46]. Briefly,
cells were cultured in 96-well plates (Thermo Fisher Scientific
75 Panorama Creek Drive Rochester, NY 14625-2385, USA)
at a density of 1 x 10 cells per well in 100 pl of Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco Life
Technologies, USA). After 24 h, the medium was replaced
with fresh medium containing A31-42 (5 uM) alone or with
different concentrations of hesperetin (10, 20, or 50 pM), and
the cells were incubated for another 24 h. For the control
group, only DMEM was added. The cells were incubated with
MTT solution for 2—4 h at normal body temperature. The
medium was replaced with DMSO, and the absorbance in
each well was measured at 580 nm using an ApoTox
(Promega) instrument. The results were obtained in triplicate.

In Vitro Western Blot and Immunofluorescence

For in vitro western blot and immunofluorescence studies, the
HT22 and BV-2 cells were cultured in four-well chambers and
divided into 4 groups: the control group (treated with
DMEM), the A3 1-42—treated (5 uM) group, the A31-42 plus
hesperetin—treated (50 uM) group, and the hesperetin-alone
(50 uM) group. The dose of hesperetin was selected on the
basis of the MTT assay results, while the A31-42 dose was
selected on the basis of previous literature [36]. Doses of BAY
11-7082 were used 15 uM and TAK242 was used 2 uM. The
cells were washed with 0.01 M PBS and mixed with PRO-
PREP extraction solution for immunoblot analysis. For
immunohistological analysis, the cells were incubated and
treated in a similar way and then fixed with ice-cold 4% para-
formaldehyde (NBP) for 30 min.

In Vitro Oxidative Stress (ROS) and Lipid Peroxidation
(LPO) Assays

As described previously, the experimental groups of
cells cultured in 96-well plates were incubated with a
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600 uM solution of DCFDA (20, 70-dichlorofluorescein
diacetate) dissolved in DMSO/PBS for 30 min.
Readings were taken by using an ApoTox-Glo
(Promega) instrument at 488/530 nm. The lipid peroxi-
dation assay was performed by analyzing the levels of
malondialdehyde (MDA), for which a commercially
available lipid peroxidation assay kit (catalog #K739-
100, BioVision, USA) was used.

Statistical Analysis

The intensity of the bands was quantified and analyzed
through densitometry using computer-based Imagel soft-
ware. The data has been presented as the mean + standard
error of the mean (SEM). For statistical analysis, one-way
analysis of variance (ANOVA) followed by Student’s ¢
test was used for comparisons among the different groups.
Calculations were performed and graphs were generated
via Prism 6 software (San Diego, CA). P values less than
0.05 were considered to indicate significant differences,
number sign indicates a significant difference from the
vehicle-treated control group, while asterisk indicates a
significant difference from the Af1-42—treated groups
(*p<0.05 and #p <0.05) (Fig. 1).

Results

Hesperetin Regulates the Oxidative Stress
in AB1-42-Treated Mice Cortex, Hippocampus,
and in HT22 cells

To validate the protective effects of hesperetin against
Af31-42—induced toxicity in HT22 hippocampal cells, we
tested cell viability by treating HT22 cells with A3 1-42
(5 uM) and different concentrations of hesperetin (10, 20,
and 50 uM) for 24 h. The results showed that after 24 h,
AP 1-42 negatively affected cell viability compared with
the control treatment. Hesperetin was nontoxic to HT22
cells at all the three concentrations (50, 100, and
200 uM), and hesperetin administration with A(31-42 sig-
nificantly increased cell viability. To explore the antioxi-
dant potential of hesperetin against A31-42—induced oxi-
dative stress, we conducted a ROS assay in vitro. A3 1-42
(5 uM) resulted in increased ROS levels compared with
the control group, which was reduced with hesperetin
(50 uM). Similarly, there was an enhanced expression of
LPO in the A{31-42—treated group, which was significant-
ly attenuated with hesperetin (50 uM). Similarly, there
was a significant reduction in the level of ROS and LPO
in the in vivo-treated group. Moreover, the antioxidant
potential of hesperetin was further assessed by analyzing
the relative expression of Nrf2 and HO-1 in the mouse
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Fig. 1 Study design and schematic diagram of the possible
neuroprotective mechanisms of hesperetin in the A@1-42—induced AD
models. a Schedule of the experiment conducted in the current study. b
Graphical abstract, showing the involvement of the Nrf2/TLR4/NF-xB
signaling mechanisms, by which hesperetin protects the mouse brain
against Af3-induced neurodegeneration. The injection of A3 into the
mouse brain triggers AD-like pathology by inducing APP, BACE-1,
and Af. The accumulated A3 induces abnormal ROS production, thus

brain. Our results showed that the expression of Nrf2 and
HO-1 was significantly reduced in A3 1-42—injected mice
brain, but was upregulated by hesperetin. The western
blot results were further confirmed by the results of the
immunofluorescence studies, which showed that
hesperetin significantly upregulated the expression of
Nrf2 and HO-1 in the of Af31-42—injected mice brains
(Fig. 2).

Hesperetin Regulates the Activated Astrocytes
and Microglia in the Cortex and Hippocampus of an
Amyloid Beta-Injected Mouse Model

Previous studies have extensively shown that there is
increased activation of astrocytes and microglia, the
prime pathological hallmarks of neurodegeneration, upon

disturbing the endogenous antioxidant genes Nrf2 and HO-1, and
elevating the abnormal ROS. The elevated ROS level may promote the
induction of the innate immune response by inducing TLR4 and the
phosphorylation of NF-«B, which leads to the activation of apoptotic
and inflammatory signaling. According to our hypothesis, hesperetin
regulates the expression of A3 pathology by regulating ROS,
TLR4/NF-kB, and Bax/Bcl-2, thereby rendering neuroprotection to
Af-treated in vivo and in vitro models

administration of AP [47]. To determine whether
hesperetin could reverse Af-induced activation of astro-
cytes and microglia in mouse brains, we performed west-
ern blots for the different experimental groups.
According to our results, there was an increased expres-
sion of GFAP and Iba-1 in brain homogenates from the
experimental groups; however, this increase was signifi-
cantly attenuated by the administration of hesperetin,
showing that hesperetin might be a novel and effective
compound that could reverse Af3-induced astrogliosis.
The western blot results were further confirmed by the
results of immunofluorescence analysis, which indicated
that hesperetin significantly reversed the toxic effects of
AP on astrocytes and microglia in the mouse brain, as
shown by the relative immunofluorescence of GFAP and
Iba-1 respectively (Fig. 3).
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Fig. 2 Hesperetin regulates the oxidative stress in A3 1-42—treated
in vivo and in vitro models. a MTT assay in vitro HT22 cells. b and ¢
Bar graphs showing the results of ROS and LPO assays in vitro,
respectively. d and g Bar graphs showing the results of ROS and LPO
assays in vivo, respectively. e and f Immunoblots and bar graphs of Nrf2
and HO-1 expression in the cortex and hippocampus of experimental
mice. d The densities of the bands were quantified by ImagelJ software,
and the differences are given in the bar graphs, which were generated with
GraphPad Prism 6 software. (3-Actin was used as a loading control. The

@ Springer

Cortex Hippocampus

density values are shown in arbitrary units (A.U.) as the mean = SEM for
the indicated proteins (n =8 mice/group). h and i Confocal microscopic
images and graph bars showing the expression of Nrf2 and HO-1 in the
cortex and hippocampus of the experimental mice. ImageJ software was
used for immunohistological analysis. The values show the mean + SD.
Asterisk indicates significantly different from the control group; number
sign indicates significantly different from the treated group. Significance
*P<0.05 and # P<0.05
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Hesperetin Regulates the Expression of TLR4 and Its
Downstream Targets in the AB1-42-Treated Mice
Cortex, Hippocampus, and in Microglial Cells

Previous literature has shown that there is enhanced expres-
sion of TLR4 with A{31-42 due to activation of astrocytes and
microglia [48]. To analyze the effects of A31-42 on TLR4 and
its downstream inflammatory markers in the mouse hippo-
campus and cortex, we performed western blotting for
TLR4, p-NF-kB, TNF-«, and IL-1{3. According to our results,
there was increased expression of TLR4, p-NF-kB, TNF-«,
and IL-1f3 with A1-42 administration, which was signifi-
cantly attenuated by hesperetin. The in vivo findings were
further confirmed by in vitro studies. In microglial cells
(BV-2), there was an enhanced expression of TLR4, p-
NF-kB65, and TNF-« in A-treated cells, which was signif-
icantly downregulated with hesperetin. For more confirma-
tion, specific TLR4 and p-NF-kB inhibitors were used, which
showed that hesperetin downregulated the expression of
TLR4 and p-NF-kB in the same manner as the specific inhib-
itors. These beneficial effects were further confirmed by fluo-
rescent microscopy, using TNF-o« and p-NF-«B antibodies,
showing elevated immunoreactivity in the hippocampal and
cortical regions in the A31-42—injected groups that were sig-
nificantly attenuated with hesperetin, suggesting that
hesperetin may inhibit the upregulation of TLR4 and p-
NF-kB, which may aid in the neuroprotective mechanisms
of hesperetin (Fig. 4).

Hesperetin Regulates Alzheimer’s Disease-Like
Pathology by Regulating APP, BACE-1, and AP

in the AB1-42-Treated Mice Cortex, Hippocampus,
and in HT22 Cells

Studies have shown that injection of A31-42 into the mouse
brain produces amyloid beta—like pathology [36] by elevating
the expression of APP, BACE-1, and A{3. To evaluate the
protective effects of hesperetin against A3, we performed
western blot for APP, BACE-1, and Af3 in cortical and hippo-
campal homogenates from the different experimental groups.
Our results showed increased expression of APP, BACE-1,
and A in the model mouse brains that was significantly
downregulated with the administration of hesperetin. The ef-
fects of hesperetin against AD-like pathology were further
confirmed by confocal microscopic studies, which showed
that there was an increased expression of A3 in the model
group that was significantly attenuated with the administration
of hesperetin. The in vivo findings were further confirmed by
in vitro studies, which showed that hesperetin reversed the
deposition of amyloid beta in the mouse hippocampal cells,
as evaluated by the relative expression of A3 in HT22 cells, as
shown in Fig. 5.
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Hesperetin Regulates Apoptotic Cell Death
in AB1-42-Treated Mice Cortex, Hippocampus,
and in HT22 Cells

Previous studies have shown that there is an increase in
apoptotic cell death and neurodegeneration with the de-
position of amyloid beta [49]. To determine the effects
of hesperetin against apoptotic neurodegeneration, we
performed western blotting for Bax, Bcl-2, Caspase-3,
and PARP-1 among the experimental groups.
According to our western blot results, there was an in-
creased expression of proapoptotic markers (Bax,
Caspase-3, and PARP-1) and downregulation of
antiapoptotic marker (Bcl-2) with the administration of
AB. However, it was interesting to observe that
hesperetin treatment regulated the mitochondrial apopto-
tic signaling molecules in the cortex and hippocampus
regions of the treated mice. Furthermore, our Caspase-3
immunoreactivity analysis indicated that A3 administra-
tion elevated the expression of Caspase-3 in the hippo-
campus and cortex of the model group. However,
Caspase-3 expression was significantly decreased in the
hesperetin-treated group. Same was in the case of
PARP-1, while in the A3 model group, there was an
increased expression of PARP-1, which was inhibited
with hesperetin. The in vivo findings were further sup-
ported by in vitro studies, which showed that in HT22
cells, hesperetin may reverse the apoptotic neurodegen-
eration associated with A3 administration. From these
observations, we concluded that hesperetin could reduce
the intensity of neuronal apoptosis in the Af-treated
mice group (Fig. 6).

Hesperetin Regulates Synaptic Markers
in AB1-42-Treated Mice Brain

Studies have shown that administration of A3 deregu-
lates synaptic markers and causes behavioral changes in
mice [36], which may be associated with hippocampal-
dependent cognitive dysfunction. To determine whether
hesperetin could reverse these effects, we analyzed the
levels of synaptic markers, such as Syntaxin, SNAP-25,
PSD-95, Syp, and SNAP-23, in the brains of the exper-
imental group mice. According to our western blot re-
sults, the expression of synaptic markers was significant-
ly reduced in the Ap-treated group but was significantly
upregulated in the hesperetin-treated group. The western
blot results were further confirmed by confocal micro-
scopic analyses. The results indicated that there was a
decreased immunoreactivity of PSD-95 in the Af-
treated group; however, it was significantly upregulated
in the hesperetin-treated group (Fig. 7).
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Fig. 4 Hesperetin regulates the expression of TLR4 and p-NF-kB in A3 1-
42—treated mice, and in vitro BV-2 cells. a and b Immunoblots and bar graphs
of TLR4, p-NF-kB, TNF-«, and IL-1f3 expression in the cortex of the ex-
perimental groups. ¢ Immunoblot results of the p-NF-kB and TNF-« expres-
sion in BV-2 cells, with bar graphs. The relative differences were quantified
with ImagelJ software and are shown graphically. d and e Confocal micro-
scopic images and bar graphs of the expression of TNF-x and p-NF-«B in the

Hesperetin Improved Memory-Related Functions
in an AB1-42-Treated Mouse Model of the AD

For behavioral studies, MWM and Y-maze tests [50] were
performed. The MWM test was performed for 6 days, and

0.0

cortex and hippocampus of the experimental groups. f Expression of TLR4
and Ilba-1 in BV-2 cells, treated with hesperetin and TAK242, as a specific
TLR4 inhibitor. The values are expressed as the mean =+ SD for the indicated
proteins (n=5 mice/group). Number sign indicates significantly different
from the vehicle-treated group; asterisk indicates significantly different from
the Ap-treated group. Significance * P <0.05 and # P <0.05

the escape latency was recorded. As shown in, the mean
escape latency was significantly increased in A[3-treated
mice compared to control mice. Hesperetin-treated mice
(50 mg/kg i.p. for 6 weeks, on alternate days) showed
significantly improved memory functions and reduced
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Fig. 5 Hesperetin regulates the Alzheimer-like pathology by regulating
APP, BACE-1, and Af} in the mouse brain and in vitro HT22 cells. a and
b Immunoblot results and bar graphs of APP, BACE-1, and A3 protein in
the cortex and hippocampus of mice following A3 and hesperetin treat-
ment. ¢ Immunoblots and bar graphs of Af3 in HT22 cells. The densities
of'the bands were quantified with ImageJ software, and the differences are
shown in the bar graphs, which were generated with GraphPad Prism 6
software. 3-Actin was used as a loading control. The density values are
shown in arbitrary units (A.U.) as the mean + SEM for the indicated

escape latency compared with A(3-treated mice (Fig. 8a
and b). Moreover, the mean swimming speeds were also
considered, but there were no significant effects of A3 on
mouse swimming speed in any of the experimental groups
(Fig. 8c). On the seventh day, the number of platform
crossings and time spent in the target quadrant were signif-
icantly increased in Af3 + hesperetin-treated mice com-
pared to the A3-treated group (Fig. 7d and e), showing that

@ Springer

proteins (n =8 mice/group). d Immunofluorescence images and bar
graphs of the A3 expression in the brain (cortical and hippocampal re-
gions) of the experimental mice (n =15 mice/group). e
Immunofluorescence of A3 expression in mouse hippocampal HT22
cells in vitro. The values are expressed as the mean + SD for the indicated
proteins (n = 5 mice/group). Number sign indicates significantly different
from the vehicle-treated group; asterisk indicates significantly different
from the A-treated group. Significance * P <0.05 and # P <0.05

hesperetin attenuated spatial memory deficits in Af3-
treated mice. Next, we performed a Y-maze test to analyze
spatial working memory by using spontaneous alternation
behavior. The results indicated that A3-treated mice had a
lower percentage of alternation than control mice but that
the alternation was significantly enhanced with hesperetin,
showing that hesperetin alleviated short-term memory dys-
function in A-treated mice (Fig. 7f).
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Fig. 6 Hesperetin regulates apoptotic cell death in the cortical and
hippocampal regions of A{31-42—treated mice, and in vitro HT22 cells.
a and b Immunoblots and graphs of Bax, Bcl-2, Cl-Caspase-3, and
PARP-1 expression in the cortex and hippocampus of the experimental
mice. ¢ Immunofluorescence images of Caspase-3 in the cortex and
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Bax
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of'the experimental groups, with graphs. e Immunoblots and bar graphs of
Bax, Bcl-2, and cl-Caspase-3 expression in the HT22 cells, in the absence
and presence of hesperetin. The values are expressed as the mean + SD
for the indicated proteins (5 mice/group). Number sign indicates
significantly different from the vehicle-treated group; asterisk indicates
significantly different from the A {3-treated. Significance * P <0.05 and #
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<« Fig. 7 Hesperetin regulates synaptic protein markers in the brains of

AR 1-42—treated mice. a and b Immunoblot analysis and bar graphs of
Syntaxin, SNAP-25, SNAP-23, and Synaptophysin expression in the
cortex and hippocampus of the experimental groups, with bar graphs.
The bands were quantified with ImageJ software, and the differences
have been given in the bar graphs. 3-Actin was used as a loading
control. The densities of the bands have been shown in arbitrary units
(A.U.) as the mean + SEM for the indicated proteins (r = 8 mice/group). ¢
and d Representative immunofluorescence image of PSD-95 and
Synaptophysin immunoreactivity in the cortex and hippocampus of the
experimental groups (n = 5 mice/group), with their bar graphs. The values
are expressed as the mean + SD for the indicated proteins (5 mice/group).
Number sign indicates significantly different from the vehicle-treated
group; asterisk indicates significantly different from the A-treated.
Significance: * P <0.05 and # P <0.05

Discussion

Herein, we unveiled the critical protective role of hesperetin
in vivo Af3-injected mouse model, and in vitro HT22 and BV-
2 cells. The pathological hallmarks of the AD are A3 deposi-
tion, tau protein hyperphosphorylation [51], neurofibrillary
tangle formation [52], and synaptic loss [53].
Intracerebroventricular injection of Af3 is the most accepted
model for the AD, complementing transgenic mouse models
[54] in the development and evaluation of different therapeu-
tic approaches for the AD.

Studies have shown that there are increased levels of oxi-
dative stress in transgenic mouse models of AD [55], and
experimental induction of oxidative stress leads to A3 accu-
mulation in primary neurons [44]. Abnormal ROS can desta-
bilize proteins, lipids, and DNA in patients [12]. Thus, reduc-
ing oxidative stress and neuroinflammation in the brain may
be a promising therapeutic intervention in AD [56]. Keeping
in mind the role of oxidative stress in AD pathogenesis, we
focused on the main endogenous antioxidant signaling mech-
anisms (involving Nrf2 and HO-1) that regulate oxidative
stress [40]. The major exploration of the present study was
the regulation of oxidative stress via Nrf2 and HO-1 signaling,
inhibition of neuroinflammation via regulation of TLR4/p-
NF-kB, and apoptotic cell death in the A3-mouse model and
in vitro cells. The study provides evidence that hesperetin
treatment has multipotent effects; it regulates oxidative stress
via regulating Nrf2 and HO-1, inhibition of neuroinflamma-
tion via TLR4, and regulation of apoptotic cell death in the
in vivo and in vitro AD models.

According to our western blot and confocal microscopy
results, there was a decreased expression of Nrf2 and HO-1
in the brains of Af-injected mice, which was significantly
upregulated with the administration of hesperetin. Our results
are consistent with previous reports, showing decreased ex-
pression of Nrf2 and HO-1 in A3 mouse brains [36]. NMD
levels and ROS levels were also analyzed to evaluate the
levels of oxidative stress in the mouse brains, which were
significantly decreased in the hesperetin-treated mice brains.

ROS have been shown to be responsible for the activation
of inflammatory signaling, which contributes to the pathogen-
esis of AD [57]. Inflammatory signaling is associated with
astroglial activation in AD models, suggesting a link between
activated astroglial cells and AD pathogenesis [58]; activated
microglia secrete proinflammatory cytokines such as NO,
TNF-«, and IL-1 [59], which aids in the pathogenesis of
neurodegenerative conditions. Here, in Af-injected mouse
brains, there was an increased expression of GFAP and Iba-
1. Interestingly, this was significantly inhibited by hesperetin.
Moreover, upon activation of glial cells, TLR4, NF-kB, and
downstream targets, which are crucial players in boosting in-
flammatory signaling, are upregulated. Here, there was an
increased expression of these markers in the brain in an AD
animal model, consistent with the previous findings [60].
Interestingly, the elevation in TLR4 and phosphorylation of
NF-«kB was significantly attenuated by hesperetin, so the in-
flammatory signaling in A3 pathology both in experimental
animal models may be inhibited [44].

Another main hallmark of AD is the amyloid pathology,
which is the deposition of amyloid beta, increased expression
of amyloid precursor protein, and beta-amyloid—cleaving en-
zyme. To evaluate the effect of hesperetin against Af3 patholo-
gy, we performed western blot for APP, BACE-1, and Af3.
According to our findings, there was an increased expression
of APP, BACE-1, and Af3 in the AD model, which is in accor-
dance with the available literature [61]. Interestingly, hesperetin
regulated the expression of APP, BACE-1, and A in the
mouse brain. The amyloidogenesis is responsible for apoptotic
cell death and neurodegeneration in AD models [62].
According to our findings, there was an increased apoptotic cell
death in the AD model group, which was significantly attenu-
ated by hesperetin. To confirm the in vivo findings, the effects
of hesperetin against AD-like pathological changes were further
examined in vitro HT22 cells. According to the western blot
results, there were increased expressions of A3, Bax, Caspase-
3, and PARP-1 in the A 3-injected model group. However, these
markers were significantly attenuated by hesperetin, showing
that hesperetin could reduce AD-like pathology and reduce
apoptosis in neuronal cells.

Another main hallmark of AD is dementia, which arises due
to synaptic dysfunctions, A3 deposition, neurofibrillary tangle
formation, and oxidative stress [36]. Consistent with previous
reports, there was a significant loss in the expression of synaptic
markers in the A3-treated mice brain, which was significantly
upregulated to the baseline with hesperetin. The synaptic
markers are the regulators of the behavioral changes [63]. For
the assessment of behavioral alterations, we performed MWM
and Y-maze tests, which indicated that there were significant
alterations in behavioral outcomes as indicated by increased
latency times, fewer crossings, and less time spent in the target
quadrants in A3 mouse model. Interestingly, these alterations
were significantly attenuated with the administration of
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hesperetin, showing that hesperetin restores the memory impair-
ment associated with neurodegeneration.

In conclusion, the current study provided the evidence that
hesperetin efficiently reversed the pathological outcomes of
Af3 treatment in mice and in cells, mainly by inhibiting oxi-
dative stress via regulation of Nrf2/HO-1, neuroinflammation
via regulation of TLR4/ NF-«kB, and apoptotic cell death by
regulating Bax/Bcl-2, Caspase-3, and PARP-1 in the Af3
mouse model and in cells. We believe that hesperetin could
be a new therapeutic agent to treat AD-like neurodegenerative
disorders.
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