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Abstract

Chronic exposure to aluminium (Al) can contribute to the progression of several neurological
and neurodegenerative diseases. Al is a metal that promotes oxidative damage leading to
neuronal death in different brain regions with behavior, cognition, and memory deficits.
Chrysin is a flavonoid found mainly in honey, passion fruit, and propolis with antioxidant, anti-
inflammatory, and cytoprotective properties. In this study, we used an integrated approach of
in vitro and in vivo studies to evaluate the antioxidant and neuroprotective effects of chrysin
against the neurotoxicity elicited by aluminium chloride (AICl3). In in vitro studies, chrysin (5
KM) showed the ability to counteract the early oxidative stress elicited by tert-butyl
hydroperoxide, an oxidant that mimics the lipid peroxidation and Fenton reaction in presence
of AICIs as well as the late necrotic death triggered by AICIs in neuronal SH-SY5Y cells. In
vivo studies in a mouse model of neurotoxicity induced by chronic exposure to AlICIz (100
mg/kg/day) for ninety days then corroborated the antioxidant and neuroprotective effect of
chrysin (10, 30, and 100 mg/kg/day) using the oral route. In particular, chrysin reduced the
cognitive impairment induced by AICIs as well as normalized the acetylcholinesterase and
butyrylcholinesterase activities in the hippocampus. In parallel, chrysin counteracted the
oxidative damage, in terms of lipid peroxidation, protein carbonylation, catalase, and
superoxide dismutase impairment, in the brain cortex and hippocampus. Lastly, necrotic cells
frequency in the same brain regions was also decreased by chrysin. These results highlight the
ability of chrysin to prevent the neurotoxic effects associated with chronic exposure to Al and

suggest its potential use as a food supplement for brain health.
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1. Introduction

Aluminum (Al) is the third most abundant element in the earth’s crust and occurs
naturally in the environment, foodstuffs, and drinking water. According to the European Food
Safety Authority (EFSA), the human tolerable weekly intake is 1 mg Al/kg body weight (BW)
in a 60-kg adult. However, in some individuals this intake is exceeded as a result of estimated
daily alimentary aluminum exposure of 1.6-13 mg (0.2-1.5 mg/kg BW/week) (Klotz et al.,
2017).

The toxic effects of this metal occur through its accumulation over time and several
sources contribute to Al exposure in humans, such as industrial areas (0.04 to 1.4 mg/m®/day),
natural water (different cities around the world have reported concentrations as high as 0.4-2.7
mg/L), foods (3—11 mg/kg/day), drugs such as antacid (104—208 mg of Al per tablet) and
aspirin (10— 20 mg of Al per tablet), and cosmetics (10.98 — 694.5 mg/kg in lipsticks) (Krewski
etal., 2007; Exley, 2013; Borowska & Brzoska, 2015).

Among the different forms of Al, the ionic form of AI®* can exert various cytotoxic
effects through its ability to induce the formation of reactive oxygen species, oxidative damage,
and neuronal death (Willhite et al., 2014). AI** can also cross the blood-brain barrier and
accumulate in various human brain regions, suggesting the contribution of Al to the progression
of neurological and neurodegenerative diseases, including Alzheimer’s disease (AD), dialysis
dementia syndrome, autism spectrum disorder, multiple sclerosis, and epilepsy (Lukiw et al.,
2018; Exley and Mold, 2019). In this regard, the chronic accumulation of Al in the brain
induces deregulation of gene expression in neurons, gliosis, neuronal death, and functional
decline resulting in deficits in cognition, memory, and behavior (Lukiw et al., 2018).

Although Al is a low redox metal, considerable evidence supports its pro-oxidant
activity at the brain level (Maya et al., 2016; Garza-Lombo et al., 2018). Al can bind to brain

phospholipids, which contain polyunsaturated fatty acids vulnerable to the oxidizing action of
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reactive oxygen species (ROS), including hydrogen peroxide (H20.), superoxide (O2°-), and
hydroxyl (OH") radical (Yuan et al., 2012). In particular, Al can strengthen the iron (Fe2+)-
initiated lipid peroxidation in the Fenton reaction, which causes Fe3+ formation and ROS
production. Further, O2'- is neutralized by AI** to form an AI-O2'- complex, which increases
the oxidative capacity of O2'- (Ruipérez et al., 2012). In this context, the neurobehavioral
deficits, such as defects in memory and motor functions, elicited by chronic exposure to Al
also reflect the ability of this metal to promote oxidative stress and neurodegeneration in brain
regions rich in polyunsaturated fatty acids, including the cortex and hippocampus (Drobvshev
et al., 2018; Farhat et al., 2019). Recent studies also show a cross talk between oxidative stress
and neuroinflammation in neurodegeneration elicited by Al chronic exposure (Maya et al.,
2016). The neuroinflammatory response triggered by oxidative stress can contribute to
cognitive impairments trough neuropathological and neurochemical changes in the cortex and
hippocampus (Fernandes et al., 2020).

The use of natural antioxidants as potential therapeutics is a challenging area of
neuroscience research (Tal et al., 2016). Among natural antioxidants, the chrysin is a flavonoid
(5,7-dihydroxyflavone) found mainly in mushrooms (Lactarius deliciosus - 0.17 mg/kg, Suillus
bellinii - 0.34 mg/kg), passion fruit (Passiflora ostreatus - 40 mg/mL, Passiflora edulis, and
Passiflora caerulea L. - 0.012 - 0.25 mg/mL), propolis (28 mg/mL), and in honey (e.g. honey
of honeydew - 0.10 mg/kg, and forest honeys- 5.3 mg/kg) (Hadjmohammadi et al., 2010;
Kalogeropoulos et al., 2013; Nabavi et al., 2015; El-Askary et al., 2017; Mani and Natesan,
2018). In addition, marketed tablets/capsules may include 300-800 mg of chrysin (Nabavi et
al., 2015; Manzolli et al., 2015; Mohos et al., 2018; Mohos et al., 2020).

Food supplementation with honey showed the ability to decrease both the brain lipid
peroxidation and neuronal death in the hippocampus CAL in rats, while propolis oil improved

the behavior impairment of anxiety and depression in a similar rodent model (Reis et al., 2014;
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Sairazi et al., 2017). These evidences suggest the ability of natural antioxidants present in
honey and propolis, such as chrysin, to cross the blood-brain barrier (BBB) and affect the
oxidative stress on the central nervous system (CNS) level. In this regard, an in silico approach
to predict the pharmacokinetics of chrysin by the SwissADME web tool reveal its good overall
drug-likeness profile including high gastrointestinal absorption and BBB permeant (Daiana
and Zoete, 2016; Daiana et al., 2016).

Chrysin showed antioxidant and neuroprotective effects against cognitive decline in a
rat model of diabetes and neurodegeneration induced by 6-hydroxydopamine in a mouse model
of Parkinson's disease (Li et al., 2014; Manzolli et al., 2015; Nabavi et al., 2015). However, the
neuroprotective effects of chrysin against the neurotoxicity evoked by Al remain unknown.

In this study, we used an in vitro experimental approach to evaluate: 1) the antioxidant
effects of chrysin against the oxidative stress induced by various oxidants and Fenton reaction
promoted by aluminium chloride (AICI3) in neuronal SH-SY5Y cells, as well as the ability of
chrysin to counteract both the oxidative stress and inflammation evoked by lipopolysaccharides
(LPS) in microglial THP-1 cells; 2) the neuroprotective effects of chrysin against the
neurotoxicity in terms of cytostatic effects and necrosis elicited by AICIz in neuronal SH-SY5Y
cells; 3) we, then, assessed the antioxidant and neuroprotective activity of chrysin in a mouse
model of neurotoxicity induced by chronic exposure to AICIs. Chrysin was administered to

mice using the oral route to explore its potential use as a food supplement for brain health.

2. Materials and Methods
2.1 Chemicals

AICls, iron sulfate (FeSQO4), chrysin (97% purity - Fig. 1), hydrogen peroxide (H202),
tert-butyl  hydroperoxide (t-BuOOH), acetylthiocholine (ATCh), 2,2'-azinobis-(3-

ethylbenzothiazoline-6-sulfonic  acid) (ABTSe+), butyrylthiocholine (BTCh), 2-7-
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dichlorodihydrofluorescein diacetate (H2DCF-DA), 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB), malondialdehyde (MDA), epinephrine bitartrate, 2,4-dinitrophenylhydrazine
(DNPH), sodium dodecyl sulfate (SDS), eosin, hematoxylin, and serum albumin (BSA) were
obtained from Sigma Chemical (St. Louis, MO, USA). All other chemicals were obtained in

an analytical grade or from standard commercial suppliers.

2.2 In vitro tests
2.2.1 Cell culture

Human neuronal SH-SY5Y cells were purchased from Lombardy and Emilia Romagna
Experimental Zootechnic Institute (Italy). SH-SY5Y cells were routinely grown in Dulbecco’s
Modified Eagle Medium whit phenol red supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 50 U/mL penicillin, and 50 ug/mL streptomycin at 37 °C in a humidified
incubator with 5% CO.. For all experiments the SH-SY5Y cells were used below passage 12
to avoid phenotype changes and cellular senescence.

Human monocyte THP-1 cells were purchased from Cell bank Interlab Cell Line
Collection (Italy). THP-1 cells were routinely grown in Roswell Park Memorial Institute
(RPMI) 1640 Medium with phenol red supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 50 U/mL penicillin, and 50 pg/mL streptomycin at 37 °C in a humidified incubator
with 5% CO,. THP-1 cells were differentiated into microglia-like cells with phorbol 12-

myristate 13-acetate (PMA, 10 pg/ml) for 24 h at 37°C in 5% CO..

2.2.2 Neuronal viability
The neuronal viability was assessed using the tetrazolium salt colorimetric assay as
previously described by Ortiz et al., 2020. Briefly, SH-SY5Y cells were seeded in a 96 well

plate at 2 x 10* cells/well, incubated for 24 h, and subsequently treated with various
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concentrations of chrysin (1.25 — 40 uM) for 24 h at 37°C in 5% CO2. The cell viability, in
terms of mitochondrial metabolic function, was evaluated by the reduction of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl2H-tetrazolium bromide (MTT) to its insoluble formazan. The
treatment was replaced with MTT in HBSS [0.5 mg/mL] for 1 h at 37°C in 5% CO2. After
washing with HBSS, formazan crystals were dissolved in isopropanol. The amount of formazan
was measured (570 nm, reference filter 690 nm) using a multilabel plate reader (VICTOR™
X3, PerkinElmer, Waltham, MA, USA). The quantity of formazan was directly proportional to
the number of living cells. Data are expressed as percentages of neuronal viability with control

taken as 100% viability.

2.2.3 Antioxidant activity in neuronal SH-SY5Y cells

The antioxidant activity of chrysin was evaluated in neuronal SH-SY5Y cells as
previously described by Tarozzi et al., 2012. Briefly, cells were seeded in a 96 well plate at 3
x 10* cells/well, incubated for 24 h, and subsequently loaded with the fluorescent probe
H2DCF-DA (10 pg/mL) for 30 min at room temperature. At the end of incubation, cells were
treated with various concentrations of chrysin (1.25 — 5 uM) and H20- or t-BuOOH (100 pM)
for 30 min. The intracellular ROS formation was measured (excitation at 485 nm and emission
at 535 nm) using a VICTOR™ X3 multilabel plate reader. Data are expressed as Arbitrary Unit
of Fluorescence (AUF).

The total antioxidant activity (TAA) was measured on both the cytosolic and membrane
enriched fractions as previously reported by Tarozzi et al., 2014. Briefly, SH-SY5Y cells were
seeded in cultures dishes at 4 x 10° cells/dish for 24 h at 37°C in 5% CO,. At the end of
incubation, cells were treated for 2 h with chrysin (5 uM). After washing with cold phosphate
buffer saline (PBS), cells were collected in 1 ml of PBS and centrifuged for 10 min at 10,000

g at 4 °C. The supernatant was removed and after washing with PBS, the pellet was finally
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reconstituted in 600 ul of 0.05 % Triton X-100. Cells were then homogenized and allowed to
stand at 4 °C for 30 min. Cytosolic and membrane enriched fractions were subsequently
separated by centrifugation at 15,000 g for 15 min at 4 °C. TAA in cell fractions was
determined by the decoloration of the radical cation of ABTS™, in terms of quenching of
absorbance at 740 nm. Data for each sample were compared with the concentration-response
curve of a standard antioxidant, such as Trolox (a water-soluble vitamin E analog) and
expressed as umol of Trolox Equivalent Antioxidant Activity per mg of protein (umolTE/mg
protein).

The antioxidant activity of chrysin against the oxidative stress induced by the synergic
effect of Fenton reaction and AICI3 was evaluated in neuronal SH-SY5Y cells. Briefly, cells
were seeded in a 96 well plate at 3 x 10* cells/well, incubated for 24 h, and subsequently loaded
with the fluorescent probe H.DCF-DA (10 pg/mL) for 30 min at room temperature. At the end
of incubation, cells were first treated for 15 min with FeSO4/H>O2/AICl3 (50 uM/200 puM/50
HMM) and then treated for 15 min with chrysin (5 uM). The ROS formation was measured
(excitation at 485 nm and emission at 535 nm) using a VICTOR™ X3 multilabel plate reader.

Data are expressed as AUF.

2.2.4 Antioxidant activity in microglial THP-1 cells

The antioxidant activity of chrysin against the oxidative stress induced by t-BuOOH
was evaluated in microglial THP-1 cells. Briefly, THP-1 cells were seeded in cultures dishes
at 2.5 x 10° cells/dish and incubated for 24 h with PMA (10 pg/ml) for differentiation to
microglial-like cells. After the differentiation, cells were incubated with the fluorescent probe
H>DCF-DA (10 pg/mL) for 30 min at room temperature. At the end of incubation, cells were

treated with various concentrations of chrysin (1.25 — 5 uM) and t-BuOOH (100 uM) for 30
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min. The ROS formation was measured (excitation at 485 nm and emission at 535 nm) using
a VICTOR™ X3 multilabel plate reader. Data are expressed as AUF.

The antioxidant activity of chrysin against the oxidative stress induced by
lipopolysaccharides (LPS) was evaluated in microglial THP-1 cells. Briefly, cells were seeded
in cultures dishes at 2.5 x 10° cells/dish, incubated for 24 h with PMA (10 pg/mL) and
subsequently, treated for 24 h with chrysin (5 uM) and LPS (1pg/mL). At the end of incubation,
cells were loaded with the fluorescent probe H.DCF-DA (10 pg/mL) for 30 min at room
temperature. The ROS formation was measured (excitation at 485 nm and emission at 535 nm)

using a VICTOR™ X3 multilabel plate reader. Data are expressed as AUF.

2.2.5 Anti-inflammatory activity in microglial THP-1 cells

The anti-inflammatory activity of chrysin in microglial THP-1 activated by LPS was
performed as previously described by Di Martino et al., 2020. Briefly, THP-1 cells were seeded
in 60 mm dishes at 2.5 x 10° cells/dish, incubated for 24 h with PMA (10 pg/mL) and
subsequently, treated for 24 h with chrysin (5 uM) and LPS (1pg/mL). Afterward, the cell
suspension was pelleted, and RNA was extracted by the PureLink RNA Mini Kit (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s guidelines. A total of 1 ug
of RNA were used to synthesize cDNA using the SuperScript VILO MasterMix (Invitrogen,
Carlsbad, CA, USA). Quantitative RT-PCR was carried out using SYBR Select Master Mix
(Invitrogen), and relative normalized expression was calculated by comparing the cycle
threshold (Ct) of the target gene (Inducible nitric oxide synthase, INOS; Interleukin 1 beta; IL-
1B; Tumour Necrosis Factor-alpha; TNF-a) to that of the reference genes B-Actin and
glyceraldehyde-3-phosphate dehydrogenase protein (GAPDH, Life Technologies). All

reactions had three technical replicates, and each condition had three biological replicates.
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Relative quantification was calculated according to the AACt method (2722<") with untreated

cells as control. Primer sequences used in this study are listed in Table 1.

2.2.6 Neuroprotective activity in neuronal SH-SY5Y cells

The neuroprotective activity of chrysin was evaluated in neuronal SH-SY5Y cells in
terms of cytostatic effect and necrosis using trypan blue and propidium iodide (PI),
respectively, as previously described by Pruccoli et al., 2020. Cells were seeded in 60 mm
dishes at 1 x 10° cells/dish, incubated for 24 h, and subsequently treated for 24 h with chrysin
(5 uM) and AICIs (50 puM). At the end of incubation, cells were collected and the cytostatic
effect, in terms of the number of total cells, was detected by using trypan blue (1:10). In
parallel, cells were loaded with P1 (25 pg/mL) for 5 min at room temperature. The necrosis was
detected by using an inverted fluorescence microscope (Eclipse Ti-E, Nikon Instruments Spa,
Florence, Italy). The total cells were counted in a bright field, then only the red necrotic cells
were counted using TRITC filters (EX 535/50, BS 575, EM 590LP). Data are expressed as a

percentage of necrotic cells versus total cells.

2.3 In vivo tests
2.3.1 Animals

Experiments were conducted using male Swiss mice (25 — 30 g) about two months old.
Animals were maintained at a stable temperature of 22 + 2 °C and a controlled 12 hours
light/dark cycle, with free access to food and water. All manipulations were carried out between
08:00 and 16:00. All the protocols and experimentations were approved by the Brazilian
College of Animal Experimentation (COBEA) and were approved by the local Ethics in

Research Committee (protocol number: 056/2016) of the Federal University of Goias (UFG).

10
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2.3.2 Experimental design

The animals were randomized into five groups (n = 14 — 16): control; aluminum
chloride 100 mg/kg (AICIs) dissolved in water; chrysin 10 mg/kg (Chrysin 10); chrysin 30
mg/kg (Chrysin 30) and chrysin 100 mg/kg (Chrysin 100). The control group received water,
while all other groups received AICIz 100 mg/kg/day for 90 days (Treatment 1). On the 46™
day, the control and AICI3 groups received normal saline (adjusted pH 7.4) while all the other
groups received chrysin until the 90" day (Treatment 2). All treatments were administered daily
by gavage at a volume of 10 puL/1 g.

The chrysin doses were chosen based on a previous work of He et al., 2012 and Sarkaki
et al., 2019. The Al dose and treatment periods were chosen based on previous work of our
group (Oliveira et al., 2018; Thomaz et al., 2018).

At the end of the behavioral tests, the number of animals per group was subdivided for

the biochemical assays (n = 8) and the histopathological and morphometric analysis (n = 5).

2.4 Behavioral tests
2.4.1 Open field test (OFT)

Exploratory activity was measured in the OFT (Montgomery, 1956) at protocol day 90,
previously to the memory task. The floor of the open field was divided into nine squares. Each
animal was placed individually in the center of the arena, and the number of segments crossed

(four-paw criterion) was recorded in a 5 min session.

2.4.2 Chimney test (CT)
Locomotor activity was measured in the CT (Boissier, 1960) also at protocol day 90.
This test consisted of evaluating the ability of animals to climb back up through an acrylic tube.

The animals were introduced in the tube horizontally, and when they reach the opposite

11
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extremity, the tube was put in the vertical position, and the activity of the animals to climb for

30 sec was observed.

2.4.3 Step-down avoidance test (SDPAT)

The SDPAT has been used to study nonspatial long-term memory (Kameyama et al.,
1986). The apparatus consisted of a single box where the floor was made of a metal grid
connected to a shock scrambler. A safe platform was also placed in the box. The training
session (acquisition) day 91, consisted in putting the mice gently on the platform and upon
stepping with four paws onto the grid floor, an electric shock of 0.5 mA/s was delivered. The
latency of the step-down motion into the grid was recorded in the training session. Some
seconds later (~5), the mouse was removed from the SDPAT apparatus and returned to its home
cage. The retention trial was performed 24 h after training on day 92. For this, mice were placed
on the platform, but no shock was given when they went down. The criterion for learning was
taken as an increase in the transfer latency time on the retention trial as compared to the
acquisition trial. Therefore, short transfer latencies indicate poor retention. The box was

illuminated throughout the experimental period.

2.5 Ex vivo tests
2.5.1 Tissue collection and preparation

Twenty-four hours after the last behavioral test, the animals were anesthetized
intraperitoneally with ketamine and xylazine hydrochloride. They were subsequently sacrificed
by decapitation and the brain cortex and hippocampus were removed and dissected. Cerebral
tissue samples were homogenized in 0.1 mol/L potassium phosphate buffer (KPB), pH = 7.4
in a 1:10 (w/v) ratio. The homogenate was then centrifuged at 8000 x g for 10 min to yield the

low-speed supernatant (S1) fractions that were used in the assays.

12
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2.6 Biochemical assays
2.6.1 Cholinesterase (ChEs) activity

Enzyme activities were carried out according to the method of Ellman et al., 1961. The
S1 fractions were incubated with 0.3 mmol/L DTNB, and the enzymatic reaction was initiated
by the addition of 0.45 mmol/L of ATCh and BTCh as the substrate for AChE and BChE,
respectively. Enzyme activities were spectrophotometrically measured at 412 nm for 3 min.
Results are expressed in umol ACTh/min/mg protein and pmol BCTh/min/mg protein for

AChE and BChE, respectively.

2.6.2 Lipid peroxidation (LPO) levels

For LPO measurement the method of thiobarbituric acid reactive substances (TBARS)
was used. The TBARS estimation was spectrophotometrically performed following the method
described by Ohkawa et al., 1979, with some modifications. The S1 fractions were incubated
with thiobarbituric acid, acetic acid (pH 3.4), and SDS at 95 °C for 60 min. The reaction product
was determined at 532 nm. For the interpretation of the results, a MDA curve was performed

and the data are expressed as equivalents of MDA in nmol/mg protein.

2.6.3 Carbonylated protein (CP) levels

Protein carbonyl derivatives were measured following the method described by Levine
et al., 1990, with some modifications. The S1 fractions were incubated with DNPH prepared
in 2 mol/L HCI. The mixture was kept in the dark for 1 h and vortexed each 15 min.
Denaturation buffer, ethanol, and hexane were then added to each tube and the final mixture
was vortexed for 40 sec and centrifuged at 3000 x g for 10 min. The supernatant obtained was

discarded. The pellet was washed with ethanol-ethyl acetate (1:1 v/v) and re-suspended in a

13
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denaturation buffer. The sample was vortexed for 5 min and was used to measure absorbance

at 370 nm. Results are expressed as nmol of carbonyl content/mg protein.

2.6.4 Superoxide dismutase (SOD) activity

The brain cortex and hippocampus SOD activities were spectrophotometrically
determined according to the method of Misra and Fridovich, 1972. The principle of this method
is the ability of the superoxide dismutase enzyme to inhibit the autoxidation of epinephrine.
The S1 fractions were incubated with 60 mmol/L of epinephrine bitartrate (pH 10) and the
sample color intensity was measured at 480 nm. The enzymatic activity was expressed in units

(U) of SOD/mg of protein.

2.6.5 Catalase (CAT) activity

The brain cortex and hippocampus CAT activities were spectrophotometrically
determined by the H2O, decomposition at 240 nm according to the method described by Aebi,
1984, with some modifications. The S1 fractions were incubated with 86 mmol/L H>O; and
sodium phosphate buffer (pH 7.0). The enzymatic activity was expressed in U of CAT/mg of

protein. One U of enzyme thus decomposed one pmol of H2O2/min at pH 7.0 at 25 °C.

2.6.6 Protein content determination
Total protein concentration was measured by the method described by Bradford, 1976

using bovine albumin serum as the standard.

2.7  Histopathological and morphometric analysis
The brain cortex and hippocampus were fixed by immersion in 4 % paraformaldehyde

(buffered in 0.1 M phosphate, pH 7.2) for 24 h. The tissues were then dehydrated through a

14
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crescent ethanol series, clarified in xylol, embedded in paraplast (Histosec, Merck, Darmstadt,
Germany), and sectioned at 5 um on a Leica microtome (Leica RM2155, Nussloch, Germany).
Sections were stained by thionine acetate and analyzed in a Zeiss Axioscope Al light
microscope (Zeiss, Germany). Morphometric analysis was performed to quantify the
neurodegeneration in terms of the percentage (%) of eosinophilic neurons (necrosis-like cells)
in the brain cortex and hippocampus (CA1 area). For this, 30 photomicrographic fields were
obtained (6 fields/animal, n = 5 animals/group). The percentage (%) of necrotic neurons was
obtained to the total number of neurons per photomicrographic field. All analyses were
conducted using Image Pro-Plus program version 6.1 (Media Cybernetics Inc., Silver Spring,

MD, USA).

2.8  Data presentation and statistical analysis

All experiments results are given as the mean (s) + standard error mean (SEM).
Statistical analyses were performed using Student t-test or one-way ANOVA followed by
Tukey's multiple comparisons test, Dunnett’s test, Bonferroni’s test, or Student’s t-test as
appropriate. Values of p < 0.05 were considered statistically significant. Calculations were
performed wusing the software GraphPad Prism 8.0. San Diego, CA USA.

(https://www.graphpad.com).

3. Results
3.1 In vitro studies
3.1.1Neurotoxicity
The cytotoxicity of chrysin was evaluated in neuronal SH-SY5Y cells to define the
range of concentrations not associated with toxicity. After 24 h of treatment with various

concentrations of chrysin (1.25 — 40 uM), the neuronal viability was measured using MTT
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assay. As reported in Fig. 2A, the treatment with concentrations up to 5 UM did not affect
neuronal viability. Therefore, we selected the range of 1.25 — 5 pM for the following

experiments.

3.1.2 Antioxidant activity in neuronal SH-SY5Y and microglial THP-1 cells

The antioxidant activity of chrysin was first evaluated in neuronal SH-SY5Y cells
against the ROS formation induced by H2O». After 30 min of treatment with chrysin (1.25 -5
pUM) and H20; (100 uM), the ROS formation was detected using the fluorescent probe H.DCF-
DA. As reported in Fig. 2B, chrysin significantly reduced the ROS formation in neuronal SH-
SY5Y cells with all the concentrations used (p = 0.0001). The antioxidant activity was dose-
correlated with ECsp (concentration in which the 50% of ROS formation is reduced) 4 uM and
maximum activity at 5 pM (51% of ROS formation inhibition). The antioxidant activity of
chrysin was then evaluated in both neuronal SH-SY5Y and microglial THP-1 cells against the
ROS formation induced by t-BuOOH, which is known to generate ROS from lipid peroxidation
(Christine et al., 2018). After 30 min of treatment with chrysin (1.25 — 5 pM) and t-BuOOH
(100 pM), the ROS formation was detected using the fluorescent probe H.DCF-DA. As
reported in Fig. 3A, chrysin significantly decreased the ROS formation in neuronal SH-SY5Y
cells with all the concentrations used (p = 0.0011). The antioxidant activity was dose-correlated
with ECsp 2 uM and maximum activity at 5 UM (73% of ROS formation inhibition). To better
evaluate the ability of chrysin to exert its antioxidant activity at the neuronal membrane level,
we measured the TAA of cytosolic and membrane-enriched fractions of neuronal SH-SY5Y
cells treated with 5 uM of chrysin for 2 h. The membrane fractions, but not the cytosolic
fractions, obtained from SH-SY5Y cells treated with chrysin showed a significant increase in
TAA in comparison to untreated cells (untreated cells = 44.57 £ 0.3526 pmolTE/mg prot vs

cells treated with chrysin = 68.90 + 1.238 umolTE/mg prot; p = 0.0001).
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The antioxidant activity of chrysin was also evaluated in microglial THP-1 cells in the
same experimental conditions. As reported in Fig. 3B, Only the concentration of 5 pM
significantly decreased the ROS formation induced by t-BuOOH in microglial THP-1 cells
(36% of ROS inhibition) (p = 0.0011). Driven by these results, the concentration of 5 uM was

selected for the following experiments.

3.1.3 Antioxidant and inflammatory activity in microglial THP-1 cells

After 24 h of treatment with chrysin (5 uM) and LPS (1 pg/ml), the ROS formation was
detected using the fluorescent probe HoDCF-DA. As reported in Fig. 4A, chrysin significantly
reduced the ROS formation evoked by 24 h of treatment with LPS (p = 0.0020). In parallel, the
expressions of pro-inflammatory cytokines iNOS, IL-1B, and TNFo were evaluated in
microglial THP-1 cells after 24 h of treatment with chrysin and LPS by RT-PCR. As reported
in Fig. 4B-D, chrysin significantly decreased iNOS, IL-1B, and TNFa expression at the

transcriptional level, suggesting its strong anti-inflammatory activity (p = 0.0001).

3.1.4 Antioxidant activity against Fenton reaction/AIClz in neuronal SH-SY5Y cells

The antioxidant activity of chrysin was also evaluated against the pro-oxidant activity
of AICIs on Fenton reaction in neuronal SH-SY5Y cells using the fluorescent probe H.DCF-
DA. As shown in Fig. 5, the adding of AICIz (50 uM) to FeSO4/H20> (50 uM/200 uM) reaction
for 15 min further increased the ROS formation in SH-SY5Y cells. In these experimental
conditions, chrysin (5 uM) significantly abolished the pro-oxidant activity evoked by AICIs (p
=0.0001). In parallel, chrysin and AlIClIs alone did not modify the basal level of ROS supporting
the ability of chrysin to counteract specific ROS generated by catalytic effects of AICIz on

Fenton reaction.

3.1.5 Neuroprotective activity in neuronal SH-SY5Y cells
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To determine the neuroprotective effects of chrysin in neuronal SH-SY5Y cells, the
cytotoxicity induced by AICIs in terms of cytostatic effect and necrosis was measured using
trypan blue and PI, respectively. As reported in Fig. 6A, chrysin (5 pM) significantly
counteracted the cytostatic effect induced by 24 h of treatment with AICIs in terms of the
number of total cells (p = 0.0041). In the same experimental conditions, chrysin significantly

reduced the necrosis induced by AICIs (Fig. 6B-C) (p = 0.0007).

3.2 In vivo studies
3.2.1 Behavioral test
3.21.10FTand CT
Mice performances in the OFT and CT are presented in Table 2. No effects on
spontaneous locomotor (p = 0.9662) or exploratory (p = 0.9518) activities were observed due

to any of the treatments.

3.2.1.2 SDPAT

Mice performance in the SDPAT is presented in Fig. 7. No difference among groups
was observed in the transfer latency time in the acquisition phase. Statistical analysis yielded a
significant difference among the groups (p = 0.001) in the retention phase. Post-hoc
comparisons revealed that the AICIs group presented a lower transfer latency time (~87%) than
the control group. Chrysin treatment at all tested doses (10, 30 and 100 mg/kg) prevented this
impairment (p = 0.031, p = 0.037 and p = 0.032, respectively). All doses tested were not
different when comparing the three chrysin doses (10, 30, and 100 mg/kg) between them (p >

0.05).

3.2.2 Biochemical assays

3.2.2.1 ChEs activity
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The brain cortex and hippocampus AChE activities are presented in Fig. 8A. Statistical
analysis of the brain cortex AChE activity showed no significant difference among the groups
(p = 0.8028). Statistical analysis of the hippocampus AChE activity showed a significant
difference among the groups (p = 0.001). Post-hoc comparisons revealed that AlCIs increased
(~38%) the brain cortex AChE activity when compared to the Control group. All doses of
chrysin showed a similar significant ability to normalize the AChE activity.

The brain cortex and hippocampus BChE activities are presented in Fig. 8B. Statistical
analysis of the brain cortex BChE activity showed no significant difference among the groups
(p = 0.1166). Statistical analysis of the hippocampus BChE activity showed a significant
difference among the groups (p = 0.001). Post-hoc comparisons revealed that AICls increased
(~31%) the brain cortex AChE activity when compared to the control group. All doses of

chrysin showed a similar significant ability to normalize the BChE activity.

3.2.2.2 LPO levels

The brain cortex and hippocampus LPO levels are presented in Fig. 9A. Statistical
analysis of the brain cortex LPO levels showed a significant difference among the groups (p =
0.002). Post-hoc comparisons revealed that AlICIs increased (~97%) the brain cortex LPO
levels when compared to the control group. Chrysin treatment at all tested doses prevented this
increase. Statistical analysis of the hippocampus LPO levels showed a significant difference
among the groups (p = 0.0001). Post-hoc comparisons revealed that AICI3 increased (~48%)
the hippocampus LPO levels when compared to the control group. All doses of chrysin showed

a similar significant antioxidant activity.

3.2.2.3 CP levels
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The brain cortex and hippocampus CP levels are presented in Fig. 9B. Statistical
analysis of the brain cortex CP levels showed a significant difference among the groups (p =
0.0167). Post-hoc comparisons revealed that AlClzincreased (~31%) the brain cortex CP levels
when compared to the control group. Chrysin treatment could not prevent this increase in the
brain cortex. Statistical analysis of the hippocampus CP levels showed a significant difference
among the groups (p = 0.004). Post-hoc comparisons revealed that AICI3 increased (~36%) the
hippocampus CP levels when compared to the control group. All doses of chrysin showed a

similar significant antioxidant activity.

3.2.2.4 SOD activity

The brain cortex and hippocampus SOD activities are presented in Fig. 9C. Statistical
analysis of the brain cortex SOD activity showed a significant difference among the groups (p
= 0.0001). Post-hoc comparisons revealed that AICI3 increased (~70%) the brain cortex SOD
activity when compared to the control group. Chrysin treatment in all tested doses prevented
this increase. Statistical analysis of the hippocampus SOD activity showed a significant
difference among the groups (p = 0.0001). Post-hoc comparisons revealed that AICIz inhibited
(~28%) the hippocampus SOD activity when compared to the control group. All doses of

chrysin showed a similar significant ability to normalize the SOD activity.

3.2.2.5 CAT activity

The brain cortex and hippocampus CAT activities are presented in Fig. 9D. Statistical
analysis of the brain cortex CAT activity showed no significant difference among the groups
(p = 0.2743). Statistical analysis of the hippocampus CAT activity showed a significant

difference among the groups (p = 0.0001). Post-hoc comparisons revealed that AICI3 inhibited
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(~30%) the hippocampus CAT activity when compared to the control group. All doses of

chrysin showed a similar significant ability to normalize the CAT activity.

3.2.3 Histopathology and morphometric analysis

Histopathological analysis showed that AICIs exposure induced tissue damage to the
cerebral cortex and the hippocampus, causing an increased incidence of degenerating neurons.
All groups exposed to AICI3 showed some neurons with nuclear disintegration and atrophic
cytoplasm. These neurons stained intensely in pink using the hematoxylin method (data not
shown), or in dark purple using the thionine acetate method, a pattern that is compatible with
eosinophilic neuronal death. As reported in Fig. 10A, morphologically, all chrysin treatments
decreased the occurrence of degenerative neurons with necrosis phenotype. The frequency (%)
of the necrotic cell in the brain cortex and CAl hippocampus are presented in Fig. 10B.
Quantitative analysis of the brain cortex indicated that treatment with chrysin caused a
significant reduction in the frequency of necrotic neurons, especially in the chrysin 100 group.
Similar results were observed in the CA1 hippocampus, where all groups treated with chrysin
had a lower frequency of necrotic neurons when compared to the AICI3 group, being the most

significant reduction found in the chrysin 100 group.

4. Discussion

In this study, we showed the ability of chrysin to counteract the early oxidative stress
evoked by different oxidant treatments, including H20., t-BuOOH, and Fenton reaction in
presence of AICI3 as well as the late neurotoxicity triggered by AICIs in neuronal SH-SY5Y
cells. Regarding the antioxidant activity of chrysin, several studies show that the presence of
two hydroxyl groups in the chrysin molecule is an important factor determining its antioxidant

potency against the oxidation at a cellular level (Huang et al., 2012). Dynamic distribution of
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chrysin at a cellular level can contribute to antioxidant effects recorded in neuronal SH-SY5Y
cells. A recent in vitro study reported a quick uptake or metabolic degradation of chrysin by
human hepatocytes after 2 h of incubation in a culture system (Huang et al., 2012).
Interestingly, we demonstrated in similar experimental conditions the scavenger activity of
chrysin against the ABTS"" radical at membrane levels in neuronal SH-SY5Y cells, suggesting
the dynamic distribution of chrysin in the membrane. It was reported the membrane localization
and distribution of various flavonoids, including chrysin, can improve the antioxidant activity
in proximity to the double bonds of the cell membrane lipids (Glnther et al., 2015). These
pieces of evidence may underlie the ability of chrysin to reduce the ROS formation elicited by
t-BuOOH in both neuronal SH-SY5Y and microglial THP-1 cells. Since t-BuOOH is an
oxidant compound that mimics the LPO in neuronal tissues, these results also suggest the
ability of chrysin to counteract the LPO at the neuronal and microglial membrane levels.

The antioxidant activity of chrysin at the membrane level could also modulate the redox
signaling in microglial cells. It is noted that NADPH oxidases present in the microglial
membrane are a source of ROS, such as H20, and O:'-, involved in pro-inflammatory
microglial activation (Haslund-Vinding et al., 2017). In this regard, we demonstrated that
chrysin reduced both the ROS formation and activation of pro-inflammatory gene expression,
such as iNOS, IL-1p, and TNFa, stimulated by LPS in microglial THP-1 cells, suggesting its
potential ability to modulate the redox signaling at the membrane level. These findings
corroborate with the ability of chrysin to counteract the oxidative stress-driven
neuroinflammation in various experimental models of focal cerebral ischemia/reperfusion
injury, Parkinson's disease and isoniazid-induced neurotoxicity (Yao et al., 2014; Goes et al.,
2018; Celik et al., 2020). However, we cannot exclude that chrysin exerts anti-inflammatory
effects through other molecular mechanisms such as the inhibition of nuclear factor-kappa B,

which is a signaling molecule involved in neuroinflammation (Ha et al., 2010; Li et al., 2019).
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In this regard, further studies are needed to elucidate the anti-inflammatory mechanisms of
chrysin.

Lastly, we demonstrated for the first time the antioxidant activity of chrysin against the
pro-oxidant ability of Al in neuronal SH-SY5Y cells. The oxidative damage of Al observed in
various in vitro and in vivo studies is a feature not expected for a metal without a redox
capability (Singla and Dhawan, 2013). Several studies suggest that the increase of O>’- lifetime
mediated by Al - O2"- complex coupled to Fenton reaction gives oxidative stress in biological
environments (Singla and Dhawan, 2013). In this context, a recent study demonstrated that
chrysin has a good scavenging ability for O,"-. This is due to the nucleophilic reaction taking
place between the unsaturated carbonyl group of chrysin and O2’- as well as the single-electron
transfer between the phenolic hydroxyl group and O, - (Zheng et al., 2005). We can therefore
assume that chrysin breaks the pro-oxidant activity of Al through its ability to neutralize the
O>'- downstream of the oxidative process triggered by Al.

The cell membrane is an important biological target of AI**, and the damage caused to
membrane components may impair important functions. In particular, AI** ions altered the lipid
profile and fluidity of the neuronal membrane, leading to a loss of membrane integrity (Singla
and Dhawan, 2013). According to these evidence, we recorded the membrane integrity loss in
terms of necrosis in neuronal SH-SY5Y cells treated with AICI3 for 24 h. Remarkably, chrysin
also counteracted the necrosis induced by AICIs in neuronal SH-SY5Y cells suggesting its
ability to preserve the neuronal membrane integrity.

Taken together, in vitro results suggest that antioxidant and neuroprotective effects of
chrysin against the toxicity of AICIz share the same neuronal membrane target. The chrysin
may act as a membrane shield against early oxidative events that contribute to progressive

neurodegeneration and neuronal death triggered by AIClz exposure.
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Considering the limitations of the in vitro models to predict the in vivo response, the
ability of chrysin to counteract the oxidative stress and neuronal death induced by Al was
further evaluated in a mouse model of neurotoxicity induced by chronic exposure of ninety
days to AICIs. Taken together, the in vivo results indicate that daily oral chrysin administration
during forty-five consecutive days prevented non-spatial learning and memory impairment
elicited by AICIs. In addition, the chrysin supplementation also normalized the increased
activities of AChE and BChE, decreased the oxidative damage, in terms of LPO and protein
carbonylation, as well as cell necrosis in the brain cortex and hippocampus.

It is well-known that in neurodegenerative disorders the CNS sensory and motor regions
damage can be present (Albers et al., 2015). This kind of impairment can induce false results
when behavioral memory tests are assessed. We, therefore, evaluated the motor activity of
animals. The OFT and CT performance showed that AICIs treatment did not affect their motor
activity and interference in behavioral tests as well as the SDPAT acquisition phase. However,
AICI; affected the non-spatial long-term memory as recorded by the latency time decrease in
the step down during the retention phase. This cognitive impairment in long-term memory was
then recovered by chrysin treatment. In this context, AIClz increased the AChE activity in the
hippocampus, but not in the brain cortex, interfering with the processes of memory
consolidation as observed in SDPAT. These findings suggest that the impairment of AChE
activity in hippocampus structure elicited by AICIs is enough to establish a cognitive deficit. A
similar ChE activity pattern in the brain cortex and hippocampus after the different treatments
were also recorded for BChE.

Several pre-clinical studies recorded flavonoid-inhibitor effects on ChEs activity
indicating their potential use for the treatment of motor neuron and dementia disorders, such
as myasthenia gravis, Lewy body dementia, and Alzheimer’s disease (Khan et al., 2018).

Among the plant-derived flavonoids, chrysin showed the ability to inhibit electric eels’ AChE
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activity as well as human AChE and BChE in in vitro systems (Balkis et al., 2015; Taslimi et
al., 2017).

It is established that Al promotes ROS and LPO in different tissues, including the brain
(Samarghandian et al., 2019). As expected, the AlICIs chronic administration to mice induced a
significant LPO, in terms of TBARS levels, in the brain cortex and hippocampus. Remarkably,
the chrysin treatment decreased the LPO elicited by AICl3 in both brain regions confirming its
ability to protect the tissue membrane from oxidative damage. These in vivo results corroborate
with the in vitro antioxidant profile of chrysin recorded in neuronal SH-SY5Y cells.

Along with the LPO elevation, the ROS formation also causes protein oxidation with
the formation of various carbonyl species. In this regard, AlClz chronic exposure increased the
CP levels in the brain cortex and hippocampus, indicating that the pro-oxidant action of Al
targets both the polyunsaturated fatty acids and proteins. Remarkably, the chrysin treatment
decreased the CP levels suggesting the ability of this flavonoid to prevent the triggering of the
protein carbonylation process. It is noted that the protein carbonylation is non-enzymatic
leading to irreversible modifications in proteins (Ferdorova et al., 2014).

The role and effectiveness of the first-line defense antioxidants that include SOD, CAT,
and glutathione peroxidase (GPX) are important and indispensable in the entire defense
strategy of antioxidants, including flavonoids (Ighodaro and Akinloye, 2017). Under oxidative
stress conditions, SOD acts as a first-line defense against superoxide as it converts the O2'-
radical to H2O> and molecular oxygen. Then CAT and the GPX, using reduced glutathione,
converts the H20; into H.O (Maya et al., 2016). Considering that, Al can strengthen the
oxidative capacity of Oz'-, directly or indirectly through catalysis of the Fenton reaction, we,
therefore, assessed the activity of SOD and CAT, two enzymes involved in the first extremely

efficient reactions of O, - detoxification.
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The conflicting effects promoted by Al on CAT and SOD activities in different rodent
brain regions has been described in the literature (Atienzar et al., 1998; Yuan et al., 2012;
Jelenkovi¢ et al., 2014; Benyettou et al., 2017; Sadauskiene et al., 2020), highlighting critical
experimental conditions, such as Al concentration, treatment time, species and age of animals.
Our in vivo studies showed that the AICIs treatment for 90 days inhibited CAT and SOD
activities in the hippocampus and increased the SOD activity in the cortex. The contradictory
increase of SOD can be interpreted as an adaptive neuronal response of the frontal cortex
involving a strong oxidative stress increase elicited by Al (Navarro et al., 2009). The different
composition of lipids between brain cortex and hippocampus and cortex could explain a greater
O.'- formation induced by Al and antioxidant response in terms of SOD levels in the
hippocampus. However, the chrysin treatment was able to reverse these enzymes activities
alterations, corroborating with the ability of chrysin to counteract early oxidant events at a brain
level.

Chronic oxidative damage induced by Al also leads to neuronal death, predominant in
necrosis (Feng et al., 2014; Yamawaki et al., 2019). The neuronal death in the brain cortex and
hippocampus can affect the learning and memory processes (Matthews, 2015; Yamawaki et
al., 2019. Our histological results in mice recorded that the treatment with AIClz induces
significant neurodegeneration in the brain cortex and hippocampus. In particular, the
histological analysis showed focal and neurodegenerative changes along with the increased
number of degenerative neurons with necrosis phenotype. In this regard, the necrotic neuron
frequency in the brain cortex was higher than hippocampus suggesting that the cortex is the
most sensitive brain area to neuronal damage elicited by AICIs. Interestingly, a recent study
recorded that the Al content of different human brain tissues, including cortex, in AD, autism
spectrum disorder, and multiple sclerosis was significantly elevated suggesting a critical role

of this metal in the etiology of these neurodegenerative diseases (Exley and Mold, 2019). The
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neurodegeneration in terms of necrosis was attenuated by chrysin in both the brain cortex and
hippocampus.

Taken together, in vivo results show that oral administration of chrysin can prevent and
counteract oxidative damage and neurodegeneration in the brain cortex and hippocampus
prompted by chronic exposure to AICls. In particular, all the doses (10, 30, and 100 mg/kg) of
chrysin used showed significant antioxidant and neuroprotective effects in both brain regions.
However, the dose of 10 mg/kg chrysin already exhibited the maximum antioxidant and
neuroprotective activity at a brain level. This evidence suggests that the BBB crossing
processes could become saturated limiting the increase of the chrysin levels in the brain. After
oral administration, the chrysin is highly biotransformed in the liver, during which conjugated
metabolites chrysin-7-sulfate and chrysin-7-glucuronide are formed in mice (Mohos et al.,
2020). Despite these conjugates appear at higher concentrations in the circulation than chrysin,
they probably do not contribute to the cerebral effects because they cannot cross the BBB as
predicted by in silico studies (Daiana and Zoete, 2016; Daiana et al., 2016). These evidence,
therefore, support that chrysin is predominant in brain action. It is probably that rising the dose
of chrysin also increases its metabolites that limit the availability of chrysin in the circulation
to cross the BBB, explaining the same neuroprotective effects recorded between 10 and 100

mg/kg.

5. Conclusion

This study demonstrates the ability of chrysin by oral administration to protect critical
brain regions for cognitive function from oxidative damage and neurodegeneration induced by
chronic AlCls exposure. Regarding the mechanisms of neuroprotective action, chrysin showed
the ability to act as a membrane shield against early oxidative events mediated by O>'- and

other ROS that contribute to neuronal death triggered by AICI3 exposure.
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These findings support the potential use of chrysin as a food supplement for the
prevention of neurological and neurodegenerative diseases or the maintenance of a healthy

brain.
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Figure captions

Figure 1. Chemical structure of chrysin (IUPAC: 5,7-Dihydroxy-2-phenyl-4H-chromen-4-

one, CAS registry number: 480-40-0).

Figure 2. Cytotoxicity and antioxidant activity of chrysin against H202-induced ROS
formation in neuronal SH-SY5Y cells. (A) Cells were incubated for 24 h with various
concentrations of chrysin (1.25 — 40 uM). At the end of incubation, the neuronal viability was
measured using MTT assay. (B) Cells were incubated for 30 min with the fluorescent probe
H>DCF-DA. At the end of incubation, cells were treated with various concentrations of chrysin
(1,25 -5 pM) and H202 (100 uM). Data are represented as mean = SEM of three independent
experiments. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s test. 2p = 0.0031, °p = 0.0001, and ¢p = 0.0001 when compared to cells treated with

H20..

Figure 3. Antioxidant activity of chrysin against t-BuOOH-induced ROS formation in
neuronal SH-SY5Y (A) and microglial THP-1 cells (B). Cells were incubated for 30 min with
the fluorescent probe HoDCF-DA. At the end of incubation, cells were treated for 30 min with
various concentrations of chrysin (1,25 — 5 uM) and t-BuOOH (100 pM). Data are represented
as mean £ SEM of three independent experiments. Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s test. (A)#p = 0.0335, °p = 0.0449, and ¢p = 0.0118
when compared to cells treated with t-BuOOH; (B) 2 p = 0.0035 when compared to cells treated

with t-BuOOH.
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Figure 4. Effects of chrysin against the oxidative stress and inflammation induced by LPS in
microglial THP-1 cells. (A) Cells were incubated for 24 h with chrysin (5 uM) and LPS (1
pg/mL). At the end of incubation, ROS formation was measured using the fluorescent probe
H>DCF-DA. Data are represented as mean + SEM of three independent experiments. Statistical
analysis was performed using Student’s t-test. # p = 0.0020 when compared to cells treated with
LPS. (B-D) Cells were incubated for 24 h with chrysin (5 uM) and LPS (1 pg/mL). At the end
of incubation, INOS (B), IL-1B (C) and TNFa (D) expression was measured by quantitative
RT-PCR. Data are represented as mean + SEM of three independent experiments. Statistical
analysis was performed using one-way ANOVA followed by Bonferroni’s test. (B) 2p = 0.0001
when compared to untreated cells and ° p = 0.0154 when compared to cells treated with LPS;
(C) #p = 0.0001 when compared to untreated cells and ®p = 0.0122 when compared to cells
treated with LPS; (D) 2 p = 0.0001 when compared to untreated cells and ° p = 0.0038 when

compared to cells treated with LPS.

Figure 5. Antioxidant activity of chrysin against the pro-oxidant effect of AICIz on Fenton
reaction in neuronal SH-SY5Y cells. Cells were incubated for 30 min with the fluorescent probe
H.DCF-DA. At the end of incubation, cells were first treated for 15 min with
FeSO4/H202/AICI3 (50 uM, 200 pM, and 50 pM, respectively) and then treated for 15 min with
chrysin (5 uM). Data are represented as mean £ SEM of three independent experiments.
Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s test. 2 p
= 0.0031 when compared to untreated cells, ®p = 0.0022 when compared to cells treated with

FeSO4/ H20z2and ¢p = 0.0012 when compared to cells treated with FeSO4/ H202 /AIClIs.

Figure 6. Neuroprotective effects of chrysin against the cytotoxicity induced by AICI3 in
neuronal SH-SY5Y cells. Cells were incubated for 24 h with chrysin (5 uM) and AICl3 (50
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p1M). At the end of incubation, the cytotoxicity of AlICIs in terms of cytostatic effect (A) and
necrosis (B) was assessed using trypan blue and propidium iodide, respectively. (C)
Representative bright field (BF) and PI fluorescence images. Scale bars: 100 pM. Data are
represented as mean £ SEM of three independent experiments. Statistical analysis was
performed using one-way ANOVA followed by Bonferroni’s test. (A) ® p = 0.0033 when
compared to untreated cells and ® p = 0.0432 when compared to cells treated with AICls; (B)?
p = 0.0010 when compared to untreated cells and ® p = 0.0071 when compared to cells treated

with AICls.

Figure 7. Effect of chrysin on AICls induced memory impairment in the step-down passive
avoidance task. Data are represented as mean = SEM. for n = 14 to 16 animals per group.
Statistical analysis was performed using one-way ANOVA followed by Tukey's test. 2 p < 0.05
when compared to the control group;® p = 0.0310 when compared to the AICls group. ¢ p =

0.0370 when compared to the AICI5 group; ¢ p = 0.0320 when compared to the AICIs group.

Figure 8. Effect of chrysin on brain cortex and hippocampus AChE (A) and BchE (B) activities
of mice treated with AICIs. Data are represented as mean + SEM. for n = 8 animals per group.
Statistical analysis was performed using one-way ANOVA followed by Tukey's test. (A) *p =
0.0013 when compared to the control group; fp = 0.0118,9 p = 0.0187, and " p = 0.0215 when
compared to the AICIs group for hippocampus AChE activity; (B) ¢ p < 0.0002 when compared
to the control group; Tp = 0.111, 9 p = 0.0115, and " p = 0.0194 when compared to the AICl3

group for hippocampus BChE activity.

Figure 9. Effect of chrysin on brain cortex and hippocampus LPO levels (A), CP levels (B),

SOD activities (C) and CAT activities (D) of mice treated with AICIs. Data are represented as
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mean £ SEM. for n = 8 animals per group. Statistical analysis was performed using one-way
ANOVA followed by Tukey's test. (A) # p = 0.0001 when compared to the control group, ° p =
0.001, ¢ p =0.032, and ¢ p = 0.010 when compared to the AICIs group, for brain cortex MDA
levels; ¢ p = 0.0005 when compared to the control group; "p = 0.0002, ¢ p = 0.0001, and " p =
0.0001 when compared to the AICIz group, for hippocampus MDA levels. (B) ¢ p = 0.0001
when compared to the control group for brain cortex CP levels; ¢ p = 0.0153 when compared
to the control group; F p = 0.001, 9 p = 0.027, and " p = 0.021 when compared to the AICl;
group, for hippocampus CP levels. (C) 2 p = 0.0001 when compared to the control group; ® p =
0.0014, ¢ p = 0.0385, and ¢ p = 0.0395 when compared to the AICIs group, for brain cortex
SOD activity; ¢ p = 0.0015 when compared to the control group; fp = 0.0084, 9 p = 0.0001, and
" p = 0.0001 when compared to the AICIs group, for hippocampus SOD activity. (D) ¢ p =
0.0012 when compared to the control group; fp = 0.0064, 9 p = 0.0001, and "p = 0.0002 when

compared to the AICI3 group, for hippocampus CAT activity.

Figure 10. Histological sections of the frontal cerebral cortex (left column) and CA1 region of
the hippocampus (right column) (A). Thionine acetate staining method. Arrows indicate
degenerating neurons with necrosis appearance. These neurons stain intensely in dark purple
and show nuclear degeneration and atrophic cytoplasm. All chrysin treatments promoted a
marked reduction in degenerative neurons in both cerebral cortex and hippocampus. Frequency
of degenerative neurons in the brain cortex and hippocampus (B). Data are represented as mean
+ SEM. for n = 5 animals per group. Statistical analysis was performed using one-way ANOVA
followed by Tukey's test. 2 p = 0.0001 when compared to the control group; ® p = 0.0001, ¢ p =
0.0001, and ¢ p = 0.0001 when compared to the AICI3 group, for brain cortex necrotic cells
frequency. ¢ p = 0.0041 when compared to the control group; f p = 0.0334, 9 p = 0.0387, and "

p = 0.0003 when compared to the AICI3z group, for hippocampus necrotic cells frequency.
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Tables
Tables 1

Primer sequences for quantitative RT-PCR.

Primer 5’ to 3’ Sequence
Forward Reverse
INOS TGAACTACGTCCTGTCCCCT CTCTTCTCTTGGGTCTCCGC
IL-1B TGATGGCTTATTACAGTGGCAATG GTAGTGGTGGTCGGAGATTCG
TNF-a ATCTTCTCGAACCCCGAGTG GGGTTTGCTACAACATGGGC
B-actin GCGAGAAGATGACCCAGATC GGATAGCACAGCCTGGATAG
GAPDH GGTCGGAGTCAACGGATTTG GGAAGATGGTGATGGGATTTC
Table 2

Spontaneous locomotor and exploratory activity in the open field and chimney test of mice

Open Field (num) Chimney (s)

Crossings Climbing
Control 102.0 £ 5.30 13.92 +2.08
AIClI; 110.8+11.51 15.70 £ 3.05
Chrysin 10 109.6 £ 19.21 16.16 + 1.69
Chrysin 30 115.4 + 23.35 16.44 + 2.08
Chrysin 100 107.8 £ 12.97 15.14 £ 2.25

Data are represented as mean £ SEM for n = 14 -16 animals per group.
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