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Abstract Methyl mercury (MeHg) is a developmental neuro-
toxin that causes irreversible cognitive damage in offspring of
gestationally exposed mothers. Currently, no preventive drugs
are established against MeHg developmental neurotoxicity.
The neuroprotective effect of gestational administration of a
flavanoid against in utero toxicity of MeHg is not explored
much. Hence, the present study validated the effect of a bio-
active flavanoid, fisetin, on MeHg developmental neurotoxic-
ity outcomes in rat offspring at postnatal weaning age.
Pregnant Wistar rats were simultaneously given MeHg
(1.5 mg/kg b.w.) and two doses of fisetin (10 and 50 mg/kg
b.w. in two separate groups) orally from gestational day (GD)
5 till parturition. Accordingly, after parturition, on postnatal
day (PND) 24, weaning F; generation rats were studied for
motor and cognitive behavioural changes. Biochemical and
histopathological changes were also studied in the cerebral
cortex, cerebellum and hippocampus on PND 25.
Administration of fisetin during pregnancy prevented behav-
ioural impairment due to transplacental MeHg exposure in
weaning rats. Fisetin decreased the levels of oxidative stress
markers, increased enzymatic and non-enzymatic antioxidant
levels and increased the activity of membrane-bound ATPases
and cholinergic function in F; generation rats. In light micro-
scopic studies, fisetin treatment protected the specific off-
spring brain regions from significant morphological aberra-
tions. Between the two doses of fisetin studied, 10 mg/kg
b.w. was found to be more satisfactory and effective than
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50 mg/kg b.w. The present study shows that intake of fisetin
during pregnancy in rats ameliorated in utero MeHg exposure-
induced neurotoxicity outcomes in postnatal weaning F; gen-
eration rats.
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Introduction

Developmental methyl mercury (MeHg) exposure is a
perilous environmental issue, progressing drastically
across the planet as a critical threat to the coming gener-
ations [1]. The developing fetal brain exposed to MeHg,
in utero, via maternal food habits is subjected to irrevers-
ible motor and cognitive damages, which is manifested as
neurobehavioural complications after birth, in both
humans and animals [2]. Mercury released from various
natural and anthropogenic sources is bioaccumulated in
fish, marine mammals and vegetables cultivated in con-
taminated sewage water as MeHg, and hence, it reaches
the human system via the food chain [3, 4]. The immature
developing central nervous system (CNS) is highly vul-
nerable to exogenous toxins even at very lower exposure
levels when compared to the adult brain [5-7]. The F,
generation of mothers exposed to MeHg during gestation
showed various neurological and cognitive impairments
[8, 9].

The mechanism between MeHg and CNS developmen-
tal changes is not well defined till date, but many studies
have shown involvement of oxidative imbalance in the
brain of pups exposed to MeHg in utero [10-16]. Na*-
K* ATPase is involved in cellular metabolism and also in
uptake, storage and metabolism of neurotransmitters
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[17-20]. Ca®*-ATPase equilibrizes the intracellular calci-
um levels. Mg”*-ATPase balances the intracellular Mg>*
levels and is involved in the protein synthesis and growth
of neurons [21-23]. Our study investigated the effect of
prenatal exposure to MeHg on membrane-bound ATPases
in weaning rats. The cholinergic system, involving cho-
line esterases, has an important role in maintaining cog-
nition [24-26]. Studies have shown that AchE activity is
inhibited by MeHg exposure which finally results in cho-
linergic hyperactivity and epileptic convulsions [27, 28].

Novel preventive strategies are needed against the
MeHg toxicity elicited during the critical stages of brain
development. The fetal environment is highly vulnerable
to mild imbalance in homeostasis, and hence, preventive
approaches with a natural product would be much safer
with minimal side effects. There is a considerable body of
evidence for the hypothesis that a plant-based diet can be
effective against various metal-related toxicity disorders
[29, 30]. Considering the limited data available on the
neuroprotective role of gestational administration of
flavanoids on MeHg developmental toxicity outcomes in
the rat F; generation, we have studied the effect of fisetin
(3,7,3',4'-tetrahydroxyflavone, Fig. 1) on transplacental
MeHg neurotoxicity. Fisetin is commonly found in fruits
and vegetables like onions, cucumbers, apples, persim-
mons and strawberries; nuts; wine, etc. Proven neuropro-
tective effects of fisetin are enhancement of long-term
memory, antidepressive action, protection from ischemic
reperfusion injury, reduction in behavioural deficits, re-
duction of lipid peroxide production, neurotrophic activi-
ty, activation of neurite outgrowth, antioxidant effects and
induction of intracellular levels of glutathione [31, 32].
This wide range of beneficial effects made us investigate
the effect of gestational administration of fisetin on in
utero MeHg exposure-induced toxic outcomes like motor
and cognitive impairment, altered antioxidant status, in-
creased oxidative stress and declined activities of
membrane-bound ATPases, impaired cholinergic function
and cytoarchitectural aberrations in specific brain regions
of postnatal F; generation weaning rats.

Fig. 1 Chemical structure of fisetin
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Materials and Methods
Drug, Chemicals and Stains

Methyl mercury (I) chloride [CAS No: 115-09-03] and fisetin
[CAS No: 345909-34-4] were purchased from Sigma-Aldrich
Company, USA. All the chemicals and reagents used for the
estimations were of AR grade.

Dosage Selection

The dosage of methyl mercury and fisetin was determined
based on previous studies. We gave 1.5 mg/kg b.w of MeHg
orally to the pregnant mother rats (groups II, III and IV) from
gestational day (GD) 5 till parturition to create developmental
neurotoxicity in the F; generation. The level of the MeHg
dosage was based on the literature showing that at this expo-
sure level, the mercury concentration in newborn rats was
comparable to that found in human infants born in populations
with high dietary fish consumption [33]. The effective and
safe dosages of fisetin were chosen based on previous litera-
tures that are given below. As this is a pioneer study that
explored the efficacy of gestational administration of fisetin,
we used two different proven effective doses of fisetin (10 and
50 mg/kg b.w.) that authenticated its neuroprotective charac-
teristics in many previous studies [34-36].

Animals

The study subjects were F; generation weaning rat pups of
pregnant Wistar rats (Rattus norvergicus). Female Albino rats
of the Wistar strain of 12—14 weeks of age and 180-200 g
weight obtained from the Central Animal House, Dr.
ALMPGIBMS, University of Madras, Taramani campus,
Chennai-113, Tamil Nadu, India, were used for the study.
The animals were allowed to acclimatize to the laboratory
conditions 7 days prior to the beginning of the experiment.

Breeding

After the acclimatization period (1 week), all the female rats in
each group were allowed to mate with fertile male rats (1:2)
overnight. The mating and conception was confirmed by ob-
serving live sperms in vaginal smears, and the day was desig-
nated as gestational day (GD) 0.

Caring

The rats were sheltered separately in polypropylene cages. A
standard pellet diet purchased from Hindustan Lever Ltd and
sterilized water were given ad libitum. All the individual cages
were maintained at 23 + 3 °C temperature, average humidity
and hygienic conditions.
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Ethical Approval

The experimental animals were handled according to the uni-
versity and institutional ethical guidelines (IAEC No. 01/09/
2015) after ethical committee approval was obtained.

Experimental Design and Grouping

The mother rats were partitioned into six groups (n = 6 rats
in each group) and housed individually in independent
cages with a proper label denoting the date of GD 0. The
experimental period was from GD 5 (day after fetal implan-
tation, to avoid chance of miscarriage/abortion) until deliv-
ery. All the mothers delivered after 21 days of gestation. The
offspring were maintained in standard conditions till the
weaning period, 21 days after birth. Based on the grouping
of the mother rats, the offspring were allotted into six dif-
ferent groups (n = 6 pups in each group) for the present
study.
Group I: Normal pregnant rats administered with 0.1%
DMSO (vehicle control) orally from GD 5 till
parturition
Pregnant rats administered with 1.5 mg/kg b.w. of
MeHg (dissolved in distilled water) orally from
GD 5 till parturition

Pregnant rats administered with 1.5 mg/kg b.w. of
MeHg and 10 mg/kg b.w. of fisetin (dissolved in
0.1% DMSO) orally from GD 5 till parturition
Pregnant rats administered with 1.5 mg/kg b.w. of
MeHg and 50 mg/kg b.w. of fisetin (dissolved in
0.1% DMSO) orally from GD 5 till parturition
Pregnant rats administered with 10 mg/kg b.w. of
fisetin alone (dissolved in 0.1% DMSO) orally
from GD 5 till parturition

Pregnant rats administered with 50 mg/kg b.w. of
fisetin alone (dissolved in 0.1% DMSO) orally
from GD 5 till parturition

Group II:

Group III:

Group I'V:

Group V:

Group VI:

Sampling

The day of parturition was counted as postnatal day 0 (PND
0). The pups were maintained in standard conditions with
mother rats till weaning. Required training for the specific
behavioural studies was given from PND 21 to PND 23, and
the final evaluations of neurobehavioural studies were taken
on PND 24. After 24 h of neurobehavioural studies, on PND
25, six animals from each group were euthanized by cervi-
cal dislocation for the study of biochemical parameters
(Fig. 2).

Brain Dissection and Homogenization

A midline incision was made on the anesthetized rat to view
the skull. Then, a small incision at the posterior aspect of the
parietal bone and a rigid but gentle cut in the anterior part of
the frontal bone were made to remove the brain easily. The
brains were extracted out instantly and washed in cool saline
to remove blood. The three brain regions were promptly seg-
regated out from the intact brain carefully on an ice plate in
accordance with the method of Glowinski and Iverson [37].
The brain regions were homogenized in ice-cold 0.1 M Tris—
HCI buffer, pH 7, using a Potter-Elvehjem homogenizer filled
with Teflon pestle and a homogenate (10% w/v) solution was
produced. The biochemical parameters were assessed imme-
diately after homogenization of the tissues.

Neurobehavioural Toxicity Study

Two pups from each litter were chosen randomly and gave
three days trial from PND 21 to PND 23 for doing behavioural
tests. On PND 24, final readings for behavioural tests were
taken. Total calmness and absence of external disturbances
were maintained throughout the test. Proper rest was given
to each rat in between each test and was done in room
temperature.

Conception Parturition Weaning
2 I 34
[epo eps GD2 |PNDO [PND 21 22232425 |
\ J
—— !
MecHg and Fisetin Neurobehavioural studies
administration
Biochemical & Histological
studies

Fig. 2 Study outline. Pregnant Wistar rats were administered MeHg and
fisetin based on the grouping, orally, from GD 5 till parturition. The
weaning pups were given training for specific behavioural studies from

PND 21 to PND 23, and the final readings were taken on PND 24. On
PND 25, the animals were euthanized for the study of biochemical and
histopathological changes
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Rotarod Test

Motor activity was evaluated by determining the time spent in
seconds by the rat on a rotating rod of 2.5 cm diameter. The
speed of the rotation was increased slowly from 0 rpm and the
velocity of 10 rpm was kept constant for the experiment. The
rats were not allowed to stay on the rotating rod for not more
than 60 s. On PND 24, three trials with an interval of 2 min
resting time were given. Average latency to fall out of the three
trials was noted as a measurement of motor activity [38].
Latency is a time interval between the stimulation and re-
sponse, or a time delay between the cause and the effect of
some physical change in the system being observed.

Morris Water Maze Test

Spatial learning and memory were evaluated using the Morris
water maze test. A circular pool of 180 cm diameter x 75 cm
height was filled to a depth of 45 cm with black opaque water
at 22 °C. A plexiglass (14 x 14 cm), painted in black, was
placed 1.5 cm below the water level. A hidden platform was
placed in the middle of one of the four quadrants in the maze.
On PND 21 to 23, 3-day trials (four trials per day with a 1-min
resting time interval) were given to each rat, and the final test
was taken on PND 24. The pups from each were released from
different positions into one of the four quadrants. Escape la-
tency was calculated within 60 s of the test [32].

Forced-Swim Test

Depressive syndrome was evaluated by keeping the rat in an
unexpected situation. The rat was suddenly put in a vertical
glass cylinder 25 cm high and 14 cm in diameter filled with
water (30 °C) to a depth of 20 cm. The water depth was
balanced to ensure that the hind limbs and tail were not touch-
ing the base. Each rat was placed in the cylinder for not more
than 6 min. After a series of struggles to escape, the rat became
immobile and the floating time was determined as the immo-
bility time in seconds [39].

Open-Field Test

General locomotor and explorative activity was evaluated by
an open field test. A 60 cm % 90 cm floor covered with an
opaque wall of 30 cm height was divided into six equal
squares. The pups were placed at the centre of the open field,
and the rearing and resting time in seconds and distance trav-
elled were observed for 5 min. A silent and undisturbing en-
vironment was maintained to study the locomotor and explor-
ative behaviour of the animals [40].
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Nociceptive Testing (Hot Plate Test)

Pain thresholds of the offspring were evaluated by a hot plate
test. The rats were kept in a suitable glass beaker, which was
kept on a hot plate of 55 °C. The latency period was calculated
as the time taken for the rats to respond to the thermal pain,
which was shown by licking their paws or jumping from the
beaker. The latency time for the pain sensation was kept to a
maximum of 45 s to prevent burning of skin [41].

Biochemical Studies

Protein concentrations in the samples were determined by
using the standard method of Lowry et al., using bovine serum
albumin as the standard [42].

Determination of Markers of Lipid and Protein Oxidation

Lipid peroxidation (LPO) was measured based on the method
of Devasagayam and Tarachand [43]. Malondialdehyde
formed as a product of lipid peroxidation reacts with thiobar-
bituric acid (TBA) to form a pink chromogen (TBA 2-
malondialdehyde adduct) and was measured at 532 nm absor-
bance with a spectrophotometer. The malondialdehyde
(MDA) content of the sample was expressed as nanomoles
of MDA formed/milligram protein. The marker of oxidized
proteins, protein carbonyl content, was determined by the
method of Levine et al. at 366 nm absorbance [44]. The results
were calculated as micromoles of carbonyl group/milligram/
minute/milligram protein.

Determination of Non-enzymatic Antioxidants

Glutathione (GSH) level in the selected brain regions was
measured based on the method of Moron et al. [45]. The
reduced glutathione was expressed as micrograms/milligram
protein. NO production was evaluated by determining its me-
tabolites nitrate (NO5 ) and nitrite (NO, ), by using the meth-
od of Miranda et al. [46].

Determination of Enzymatic Antioxidants

Glutathione-S-transferase (GST) activity was measured based
on the method of Habig and Jakoby, and the absorbance was
measured at 340 nm and expressed as nanomoles of CDNB
conjugated/minute/milligram protein [47]. The glutathione re-
ductase (GR) activity was determined using the method of
Carlberg and Mannervik [48]. GR reduces (oxidized glutathi-
one) GSSG to GSH; the disappearance of NADPH during this
process is assessed at 340 nm. Glutathione peroxide (GPx)
activity was determined using the method of Wendel by mea-
suring NADPH utilized at 340 nm [49]. The GPx reduces
hydroperoxides into GSSG by utilizing GSH. GSSG is
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converted into GSH by GR using NADPH as a reducing
equivalent donor. The total superoxide dismutase (SOD) ac-
tivity was measured using the method of Kono in which auto-
oxidation of hydroxylamine was calculated at 560 nm for
2 min at 30-s intervals using a UV spectrophotometer [50].
Total thiol and protein-bound thiol were measured using
Ellman’s reagent [51]. Catalase (CAT) activity was assessed
using the method of Aebi in which formation of a stable com-
plex of H,O, with ammonium molybdate was used to assay
the CAT activity, and the absorbance was measured spectro-
photometrically at 405 nm [52, 53].

Determination of Membrane-Bound ATPases

Na*™-K* ATPase (EC 3.6.1.3) activity was assayed by using
the method of Bonting [54]. The homogenate (0.2 ml) was
mixed in 184 mM Tris—HCI buffer (1 ml) (pH 7.5), 50 mM
MgSO4 (0.2 ml), 50 mM KCI (0.2 ml ), 600 mM NaCl
(0.2 ml), 1 mM EDTA (0.2 ml) and 10 mM ATP (0.2 ml)
and kept for 15 min at 37 °C. One millilitre of ice-cold 10%
TCA was used to arrest the reaction. Liberated Pi was estimat-
ed in the protein-free supernatant.

Ca”* ATPase (EC 3.6.1.3) activity was assayed by using
the method of Hjerton and Pan [55]. The homogenate (0.1 ml)
was mixed in 125 mM Tris—HCI buffer (0.1 ml) (pH 8),
50 mM CaCl, (0.1 ml) and 10 mM ATP (0.1 ml) and incubat-
ed for 15 min at 37 °C. Ice-cold 10% TCA (0.5 ml) was used
to arrest the reaction.

Mg** ATPase (EC 3.6.1.3) activity was assayed by using
the method of Ohnishi et al. [56]. The homogenate (0.1 ml)
was mixed in 375 mM Tris—HCI buffer (0.1 ml) (pH 7.6),
25 mM MgCl, (0.1 ml), 10 mM ATP (0.1 ml) and water
(0.1 ml) and incubated for 15 min at 37 °C. Ice-cold 10%
TCA (0.5 ml) was used to arrest the reaction.

Liberated inorganic phosphorus (Pi) in protein-free super-
natant was estimated using the method of Fiske and Subbarow
[57]. ATPase activities were expressed in millimoles of Pi
liberated per minute per milligram protein [57].

Determination of Acetyl Cholinesterases

The activity of acetylcholine esterase (AChE) was determined
using the method of Ellman in specific brain regions [58]. The
method is based on the hydrolyzation of acetylthiocholine
iodide (substrate) to thiocholine and butyric acid. 5-Thio-2-
nitrobenzoic acid (yellow colour) produced by the reaction
between thiocholine and 5,50-dithiobis (2-nitrobenzoic acid)
was measured by a spectrophotometer at 412 nm.

Histopathological Studies

The whole brain from three randomly selected pups (PND 25)
from each group was used for histopathological examination.

Haematoxylin and Eosin (H&E) Staining

The animals were given ether anesthesia and sacrificed by
transcardiac perfusion with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). The brains were excised out and
weighed, and postfixation was done using the same fixative.
The tissue blocks were further embedded in paraffin wax, and
5-um-thick serial coronal sections were cut using a micro-
tome. The sections from three specific brain regions were used
for haematoxylin and eosin (H&E) [59].

Cresyl Violet (CV) Staining

Nissl body staining was done to assess the extent of neuronal
damage in the cerebral cortex, cerebellum and hippocampus in
rat offspring [60]. Coronal brain sections were stained with
0.1% (w/v) cresyl violet acetate (Nissl stain) for 5 min,
dehydrated through graded concentrations of ethanol and
cleared in xylene. The stained sections were visualized and
analyzed using a light microscope. The appearance of Nissl-
stained dark neurons (NDN) was analyzed in the cerebral
cortex, cerebellum and hippocampus of the control and exper-
imental groups. The digital images were captured by using a
microscope (BX40 Olympus, Melville, NY) and a digital
camera [Nikon D70 DSLR (6.1 megapixels)]. The digital im-
ages were analyzed with image analysis software (Optimas
version 6.1 Media Cybernetics, Del Mar, CA).

Mercury (Hg) Analysis

The whole brain from six randomly selected pups from each
group was used for measurement of Hg accumulation.
Isolated whole brain was immediately frozen and stored at
—80 °C until analysis using atomic absorption spectroscopy.

Statistical Analysis

Data are represented as mean + SD. Statistical comparisons
were performed by one-way analysis of variance (ANOVA)
using SPSS 20 software. If ANOVA indicated significant dif-
ferences, Tukey’s post hoc test was performed to compare
mean values between the study groups and control. A value
of p < 0.05 was considered as statistically significant.

Results

Hg Accumulation

Table 1 shows the effect of gestational administration of fisetin
against mercury accumulation in the whole brain of control

and experimental rats. On PND 25, the brain Hg accumulation
was significantly (p < 0.05) high in MeHg-exposed pups,

@ Springer



302

Jacob and Thangarajan

Table 1 Effect of gestational

administration of fisetin against Control  MeHg MeHg + fisetin ~ MeHg + fisetin ~ Fisetin Fisetin
mercury accumulation in the (1.5 mg/kg (10 mg/kg (50 mg/kg (10 mg/kg (50 mg/kg
whole brain of control and b.w.) b.w) b.w) b.w.) b.w.)
experimental offspring rats on
PND 25 Hg BDL 0.62+0.09% 0.12+0.05"  0.14+0.07* BDL BDL
accumulation
(mg/kg)

The table shows the effect of gestational administration of fisetin against mercury accumulation in the whole brain
of control and experimental offspring rats on PND 25. Data represents mean = SD; n = 3 animals in each group.
One-way ANOVA with Tukey’s post hoc test

BDL below detection limit, detection limit = 0.1 mg/kg

*p < 0.05, significantly different from the control; *p < 0.05 and * p < 0.01, significantly different from the

MeHg-exposed group (group II)

whereas simultaneous gestational administration of fisetin in
MeHg-exposed mother rats reduced the Hg accumulation sig-
nificantly [10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w.
(p < 0.05)]. Groups treated solely with fisetin showed no sig-
nificant changes in comparison with the control.

Gestational Characteristics

Table 2 shows the protective effect of fisetin administration
during pregnancy on gestational characteristics in the control
and experimental rats. Oral administration of 1.5 mg/kg b.w.
MeHg from GD 5 till parturition caused significant alterations
in the maternal and offspring characteristics, whereas simul-
taneous gestational administration of fisetin in MeHg-exposed
mother rats prevented MeHg-induced maternal and fetal

toxicity. Groups treated solely with fisetin showed no signif-
icant changes in comparison with the control. On PND 21, the
body weight of MeHg-exposed pups was significantly
(p < 0.05) less in comparison with that of the control, whereas
simultaneous gestational administration of fisetin in MeHg-
exposed mother rats increased the body weight of pups sig-
nificantly [10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w.
(p < 0.05)] in comparison to group II. Groups treated solely
with fisetin showed no significant changes in comparison with
the control.

Oxidative Stress Markers

Table 3 shows the effect of gestational administration of
fisetin on LPO and protein carbonyl levels in specific brain

Table 2 Effect of fisetin administration during pregnancy on gestational characteristics in control and experimental rats

Gestational characteristics Control MeHg MeHg + fisetin MeHg + fisetin Fisetin Fisetin
(1.5 mgkgbw.) (10 mgkgb.w.) (50 mgkgb.w.) (10 mg/kg b.w.) (50 mg/kg b.w.)
Gestational length (days) 21.00 = 00 28.00 00" 21.00 + 00™ 21.00 + 00* 21.00 £ 00 21.00 £ 00
Maternal weight on GD 0 22042+ 1042 22141498 218.94+10.5 218.42+9.8 221.97+8.17 220.52 +10.21
(8
Maternal weight gain to GD 11454 +£8.52 9221 +10.62"  109.12 £ 894"  108.84 £ 16.04" 11284 +11.82 11542+ 10.74
21(g)
Delay in delivery (no. of 0 8" o* 0 0
days delayed) )
Live births (%) 100 98" 100% 100 100
Viability (%) 100 98" 100% 100 100
No. of dead pupson PND 1 0 0 0 0 0
to PND 5
Mean weight on PND 1 (g)  6.61 =0.24 4124017 6.21 £ 0.54™ 6.15+0.76" 6.5432+£0.71 641 =081
Mean weight on PND 21 416+0.62 35.14+0.92" 40.97+0.18%  38.97+0.87" 41.43+0.17 4211021
(®

The table shows the effect of fisetin administration during pregnancy on gestational characteristics in control and experimental rats. Data represents mean
+ SD; n = 6 animals in each group. One-way ANOVA with Tukey’s post hoc test

#p <0.05 and **p < 0.01, significantly different from the control; * p < 0.05 and ™ p < 0.01, significantly different from the MeHg-exposed group (group

1)
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Table3  Effect of gestational administration of fisetin on oxidative stress marker (LPO and protein carbonyl) levels in specific brain regions of control

and experimental offspring rats on PND 25

Oxidative stress markers (unit of product formed)  Control MeHg MeHg + MeHg + Fisetin Fisetin
(1.5 mg/kg) fisetin fisetin (10 mg/kg) (50 mg/kg)
(10 mg/kg) (50 mg/kg)

Lipid peroxidation (nmol Cerebral cortex  40.14 £ 1.21 8226+326 " 4635=2.62" 54.17+2.82% 3922+245 3852+282
of MDA formed/mg protein)  Cerebellum 4826282 9531+4.12"" 5478 +281" 61.12+2.97" 46.72+£298  49.01 +2.94
Hippocampus ~ 22.14+125 6451 +2517" 2872+ 182" 3419+295% 2027+163 23.92+133
Protein carbonyl Cerebral cortex ~ 345+024 628+0317"  442+026" 448+031% 3440243, 346+022
content (umol/mg/min/mg  Cerebellum 415037  617+0297  429+034" 482+035% 412+£032  4.17+039
protein) Hippocampus ~ 2.82+0.19 458+032"  3.14+0.15% 382+0.69" 280+015  286+0.11

The table shows the effect of gestational administration of fisetin on oxidative stress marker (LPO and protein carbonyl) levels in specific brain regions of
control and experimental offspring rats on PND 25. Data represents mean = SD; n = 6 animals in each group. One-way ANOVA with Tukey’s post hoc

test

##%p < 0.001, significantly different from the control; * p < 0.05 and * p < 0.01, significantly different from the MeHg-exposed group (group II)

regions of pups belonging to MeHg-exposed mother rats. On
PND 25, the levels of LPO and protein carbonyl were found
to be increased significantly (p < 0.001) in all the brain re-
gions of MeHg-exposed pups, whereas simultaneous gesta-
tional administration of fisetin in MeHg-exposed mother rats
reduced the levels of LPO and protein carbonyl significantly
[10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w. (p < 0.05)].
Groups treated solely with fisetin showed no significant
changes in comparison with the control.

Non-enzymatic Antioxidants

Table 4 shows the effect of fisetin on GSH and NO in
specific brain regions of pups belonging to MeHg-
exposed mother rats. On PND 25, the levels of GSH
and NO were significantly decreased (p < 0.001) in all

the brain regions of MeHg-exposed pups, whereas simul-
taneous gestational administration of fisetin in MeHg-
exposed mother rats preserved the levels of GSH and
NO significantly [10 mg/kg b.w. (p < 0.01) and 50 mg/kg
b.w. (p < 0.05)]. Groups treated solely with fisetin showed
no significant changes in comparison with the control.

Enzymatic Antioxidants

Table 5 shows the effect of fisetin on SOD, CAT, GPx,
GST and GR activities in specific brain regions of pups
belonging to MeHg-exposed mother rats. On PND 25, a
significant decrease in the activities of SOD (p < 0.001),
CAT (p < 0.001), GPx (p < 0.01) and GST (p < 0.05) and
an increase in GR (p < 0.05) were observed in all the
brain regions of MeHg-exposed pups, whereas

Table4  Effect of gestational administration of fisetin on levels of non-enzymatic antioxidants (GSH and NO) in specific brain regions of control and

experimental offspring rats on PND 25

Control MeHg MeHg + fisetin MeHg + fisetin Fisetin Fisetin
(1.5 mg/kg b.w.) (10 mg/kg b.w.) (50 mg/kg b.w.) (10 mg/kg b.w.) (50 mg/kg b.w.)
GSH  Cerebral cortex ~ 1.79+0.01  0.41+0.02" 1.22 +0.05" 0.99 +0.01% 1.76 £ 0.05 1.71 +£0.01
Cerebellum 1.88+0.19  0.32+0.01" 127 £0.01% 0.84 +0.01* 1.86 + 0.01 1.89 +0.01
Hippocampus 12+0.17  0.14+0.01™ 0.92 + 0.03" 0.64 +0.02* 1.4 +0.02 0.9+0.01
NO Cerebral cortex ~ 1.38+0.12  024+047" 0.82 +0.19™ 0.72 +0.92* 1.29 +0.62 1.18 £0.51
Cerebellum 231+0.11 0.94 +0.14™ 1.83 + 0.68™ 126 +0.71* 2.97+0.93 2.82+0.82
Hippocampus 086+0.55  0.14+041°" 0.67 + 0.92% 0.44 +0.62* 0.85+0.19 0.83 +0.52

The table shows the effect of gestational administration of fisetin on levels of non-enzymatic antioxidants (GSH and NO) in specific brain regions of
control and experimental offspring rats on PND 25. Data represents mean = SD; n = 6 animals in each group. One-way ANOVA with Tukey’s post hoc
test. GSH and NO as micrograms/milligram protein

sy < 0.001, significantly different from the control; # p < 0.05 and ™ p < 0.01, significantly different from the MeHg-exposed group (group II)
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Table 5  Effect of gestational administration of fisetin on the activities of enzymatic antioxidants (SOD, CAT, GPx, GST and GR) in specific brain
regions of control and experimental offspring rats on PND 25

Control MeHg MeHg + fisetin MeHg + fisetin Fisetin Fisetin
(1.5 mg/kg b.w.) (10 mg/kg b.w.) (50 mg/kg b.w.) (10 mg/kg b.w.) (50 mg/kg b.w.)
SOD  Cerebral cortex 5.19+0.14 2.86+0.12° 4.92 +0.09% 3.29 +0.08" 5.96 +0.12 5.09+0.18
Cerebellum 429+0.19 1.81 +0.02" 3.99 +0.05" 3.45 +0.06" 419+021 411+022
Hippocampus 2.15+0.02 0.67 +0.04™" 1.92 +0.02% 122 +0.01% 2.02 +0.09 1.99 + 0.08
CAT  Cerebral cortex ~ 14.26 + 1.45 6.82+0.24™" 13.68 + 1.81% 11.55 + 1.74* 14.19 £ 1.09 14.01 £1.19
Cerebellum 18.96 +2.11 9.02 +1.08™" 16.99 + 1.94" 14.62 £ 1.12% 18.52+0.77 18.12 +2.05
Hippocampus 9.06 +0.16 128 £0.14™ 8.12+0.21% 7.95 +0.98" 8.99 +0.12 8.67+0.24
GPx Cerebral cortex ~ 52.14 £2.42 28.26 +4.45"" 4491 + 5.96™ 32.22 +6.72% 52.16 +4.12 51.92 +2.18
Cerebellum 49.64 +£9.14 22.51+9.64™ 37.16 + 8.93" 30.72 £ 8.11* 48.81 +£9.17 4728+9.16
Hippocampus 2642 £2.42 12.23 +8.45™ 21.16 +9.59" 18.72 + 11.21* 26.12 + 4.68 25.98 +9.43
GST  Cercbral cortex ~ 42.16 £10.02  24.12+596" 38.18 + 8.14% 30.83 + 7.96" 4221 +827 40.96 + 11.06
Cerebellum 48.57+10.02  2237+9.67 42.11 +4.69™ 37.35 + 8.44" 47.99 +12.01 46.78 +8.19
Hippocampus 32341002  1121+9.14™ 27.98 + 8.91% 22.02 +12.05% 32.96 +10.22 30.62+9.24
GR Cerebral cortex 324 +0.02 56.42 + 6.84" 39.16 + 9.11* 41.82 + 10.46" 32.26 +7.96 31.89 +10.72
Cerebellum 3842+10.02  64.16+891" 44.82 + 8.34% 51.97 + 9.42* 37.99 +9.17 36.6 + 10.05
Hippocampus 28.25 +9.08 46.04 +9.24" 30.29 +8.17* 34.17 + 6.96" 27.18 £4.76 26.98 + 8.68

The table shows the effect of gestational administration of fisetin on the activities of enzymatic antioxidants (SOD, CAT, GPx, GST and GR) in specific
brain regions of control and experimental offspring rats on PND 25. Data represent mean + SD; n = 6 animals in each group. One-way ANOVA with
Tukey’s post hoc test. SOD activity as units/milligram protein, CAT activity is expressed as micromoles of H,O, decomposed/minute/milligram protein,
GPx as nanomoles of GSH oxidized/minute/milligram protein, GST as nanomoles of GSH formed/minute/milligram protein, GR as nanomoles of
NADPH oxidized/minute/milligram protein

sy < 0.001, **p < 0.01 and *p < 0.05, significantly different from the control; * p < 0.01 and * p < 0.03, significantly different from the MeHg-exposed

group (group II)

simultaneous gestational administration of fisetin in
MeHg-exposed mother rats significantly increased
[10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w.
(» < 0.05)] SOD, CAT, GPx and GST activities and de-
creased GR activity [10 mg/kg b.w. (p < 0.01) and
50 mg/kg b.w. (p < 0.05)] in all the specific brain regions.
Groups treated solely with fisetin showed no significant
changes in comparison with the control.

Thiol Status

Table 6 shows the effect of fisetin on total thiol (T-SH) and
protein-bound thiol (Pr-SH) content in specific brain re-
gions of pups belonging to MeHg-exposed mother rats.
On PND 25, protein-bound thiol and total thiol content
were significantly decreased (p < 0.001) in all the brain
regions of MeHg-exposed pups, whereas simultaneous

Table 6  Effect of gestational administration of fisetin on thiol status in specific brain regions of control and experimental offspring rats on PND 25

Thiol content (umol/mg protein) Control MeHg MeHg + fisetin ~ MeHg + fisetin ~ Fisetin Fisetin
(1.5 mgkg) (10 mg/kg) (50 mg/kg) (10 mg/kg) (50 mg/kg)
Total thiol (T-SH) Cerebral 1376 £027 425+0.12"  11.88+0.31" 982 +0.28" 1298 +0.17  11.75+0.22
cortex
Cerebellum 14624012  5.14+0.18" 12.85+0.11" 853 +0.16" 13.10+£0.14 14.10+0.14
Hippocampus ~ 11.35+0.18 3.24+0.12"  9.55+0.19%  7.55+0.23" 11.92+0.17  10.39 +0.34
Protein-bound thiol (Pr-SH) ~ Cerebral 1197+021 3.84+0.01" 10.66+0.24"  883+0.15% 1122+0.11  10.04+0.15
cortex
Cerebellum 1274 +026 4.82+0.11"7" 11.58 +0.14™  7.69 + 0.04" 1124+0.11 12.21+042
Hippocampus ~ 10.15+0.17  3.1+0.017  8.63+0.06"  6.91 +0.09* 1052+£0.14  9.49+027

The table shows the effect of gestational administration of fisetin on thiol status in specific brain regions of control and experimental offspring rats on
PND 25. Data represents mean + SD; n = 6 animals in each group. One-way ANOVA with Tukey’s post hoc test

sy < 0.001, significantly different from the control; # p < 0.05 and ™ p < 0.01, significantly different from the MeHg-exposed group (group II)
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gestational administration of fisetin in MeHg-exposed
mother rats preserved protein thiol and total thiol content
of the brain regions significantly [10 mg/kg b.w.
(p < 0.01) and 50 mg/kg b.w. (p < 0.05)]. Groups treated
solely with fisetin showed no significant changes in com-
parison with the control.

Neurobehaviour of Pups on PND 24

Figure 3 shows the neuroprotective effect of fisetin on
defective motor co-ordination due to transplacental
MeHg exposure in rat offspring. On PND 24, pups ex-
posed to MeHg in utero showed significantly less time
latency to fall (»p < 0.001) in the rotarod test, whereas
pups born to fisetin-administered pregnant rats showed
significantly increased time latency to fall [10 mg/kg
b.w. (p < 0.01) and 50 mg/kg b.w. (p < 0.05)] from the
rotating rod. Figure 4 shows the neuroprotective effect of
fisetin on learning and memory impairment due to trans-
placental MeHg exposure in rat offspring. On PND 24,
pups exposed to MeHg in utero showed significantly in-
creased escape latency (p < 0.001) in the Morris water
maze test, whereas pups born to fisetin-administered preg-
nant rats showed significantly decreased escape latency
[10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w.
(p < 0.05)] in comparison to MeHg-exposed pups.
Figure 5 shows the neuroprotective effect of fisetin on
depression syndromes due to transplacental MeHg expo-
sure in rat offspring. On PND 24, pups exposed to MeHg
in utero showed significantly increased immobility time
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Fig. 3 Neuroprotective effect of gestational administration of fisetin on
defective motor co-ordination due to transplacental MeHg exposure in rat
offspring. Pups of mother rats from each group were used for the rotarod
test. On PND 24, the time taken to fall (latency to fall) in seconds from the
rotating rod was noted as a measure of cerebellar motor co-ordination
function of the weaning rats. The data represent mean values + SD
(n = 6 animals in each group). Three asterisks p < 0.001, significantly
different from the control; one number sign p < 0.05 and two number
signs p < 0.01, significantly different from the MeHg-exposed group
(group II); one-way ANOVA with Tukey’s post hoc test was used for
statistical analysis
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Fig. 4 Neuroprotective effect of gestational administration of fisetin on
learning and memory impairment due to transplacental MeHg exposure
in rat offspring. Pups of mother rats from each group were used for the
Morris water maze test. After 3 days of training (from PND 21 to PND
23), on PND 24, the time taken by the rat to find the hidden platform
(escape latency) was taken as a measure of memory function in the
weaning rats. The data represent mean values + SD (n = 6 animals in
each group). Three asterisks p < 0.001, significantly different from the
control; one number sign p < 0.05 and two number signs p < 0.01,
significantly different from the MeHg-exposed group (group II); one-
way ANOVA with Tukey’s post hoc test was used for statistical analysis

(p < 0.001) in the forced-swim test, whereas pups born
to fisetin-administered pregnant rats showed significantly
decreased immobility time [10 mg/kg b.w. (p < 0.01) and
50 mg/kg b.w. (p < 0.05)] in comparison to MeHg-
exposed pups.
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Fig. 5 Neuroprotective effect of gestational administration of Fisetin on
depression syndromes due to transplacental MeHg exposure in rat
offspring. Pups of mother rats from each group were used for Forced
swim test. On PND 24, the rats were kept on an unanticipated adverse
situation by putting the rat in a water-filled beaker. Floating time taken by
the rat above water without any mobility (immobility time) was
considered as a measure of depression behaviour. The data represent
mean values £ SD (n = 6 animals in each group). Three asterisks
p < 0.001, significantly different from the control; one number sign
p < 0.05 and two number signs p < 0.01, significantly different from the
MeHg-exposed group (group II). One-way ANOVA with Tukey’s post
hoc test was used for statistical analysis
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Figure 6a—c shows the neuroprotective effect of fisetin
on defective locomotor activity and emotionality behav-
iour due to transplacental MeHg exposure in rat offspring.
On PND 24, pups exposed to MeHg in utero showed sig-
nificantly decreased distance travelled (p < 0.01, Fig. 6a),
decreased resting time (p < 0.01, Fig. 6b) and increased
number of rears (p < 0.001, Fig. 6¢) in the open field test,
whereas pups born to fisetin-administered pregnant rats
showed significantly increased resting time [10 mg/kg
b.w. (p < 0.01) and 50 mg/kg b.w. (p < 0.05)], increased
distance travelled [10 mg/kg b.w. (p < 0.05) and 50 mg/kg
b.w. (p < 0.05)] and decreased number of rears [10 mg/kg
b.w. (p <0.001) and 50 mg/kg b.w. (p < 0.01)] in compar-
ison to MeHg-exposed pups. Figure 7 shows the neuropro-
tective effect of fisetin on impaired nociception signals due
to transplacental MeHg exposure in rat offspring. On PND
24, pups exposed to MeHg in utero showed significantly
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a
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Fig. 6 a—c Neuroprotective effect of gestational administration of fisetin
on defective locomotor activity and emotionality behaviour due to
transplacental MeHg exposure in rat offspring. Pups of mother rats
from each group were used for the open-field test on PND 24. The pups
were placed at the centre of the open field (60 cm x 90 cm) and were
observed for 5 min. The distance travelled in centimetres (a), the resting
time in seconds (b) and the number of rears (¢) were noted as a measure of
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increased time for pain sensation (p < 0.05) in the hot plate
test, whereas pups born to fisetin-administered pregnant
rats showed significantly decreased time for pain sensation
[10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w. (p < 0.05)] in
comparison to MeHg-exposed pups. Groups treated solely
with fisetin showed no significant changes in comparison
with the control in all the behavioural tests.

Membrane-Bound ATPases

Figure 8a—c shows the neuroprotective effect of gestational
administration of fisetin on the activities of Na*-K* ATPase,
Ca”* ATPase and Mg”* ATPase in specific brain regions of
control and experimental rats. On PND 25, the specific activ-
ity of membrane-bound ATPases was found to be decreased
significantly [Na*-K* ATPase (p < 0.001), Ca>* ATPase
(p < 0.01) and Mg** ATPase (p < 0.05)] in all the three brain

b

O Control

B MeHg (1.5mg/kgb.w.)

MeHg + Fisetin (10mg/kg b.w.)
B MeHg + Fisetin (SOmg/kg b.w.)
DFisetin (10mg/kg b.w.)

Resting Time (seconds) on PND 24

B Fisetin (50mg/kg b.w.)

locomotor activity and emotionality behaviour of the animals. The data
represent mean values + SD (n = 6 animals in each group). Two asterisks
p < 0.01 and three asterisks p < 0.001, significantly different from the
control. One number sign p < 0.05, two number signs p < 0.01 and three
number signs p < 0.001, significantly different from the MeHg-exposed
group (group II). One-way ANOVA with Tukey’s post hoc test was used
for statistical analysis
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Fig. 7 Neuroprotective effect of gestational administration of fisetin on
impaired nociception signals due to transplacental MeHg exposure in rat
offspring. Pups of mother rats from each group were used for the hot plate
test on PND 24. The latency to pain sensation was calculated as the time
taken for the rats (within 45 s) to respond to the thermal pain, which was
shown by licking their paws or jumping from the beaker. The data
represent mean values £ SD (n = 6 animals in each group). One
asterisk p < 0.05, significantly different from the control. One number
sign p < 0.05 and two number signs p < 0.01, significantly different from
the MeHg-exposed group (group II). One-way ANOVA with Tukey’s
post hoc test was used for statistical analysis

regions of MeHg-exposed pups, whereas simultaneous gesta-
tional administration of fisetin in MeHg-exposed mother rats
significantly preserved the activities of Na™-K* ATPase
[10 mg/kg b.w. (p < 0.001) and 50 mg/kg b.w. (p < 0.01)],
Ca®* ATPase [10 mg/kg b.w. (p < 0.01) and 50 mg/kg b.w.
(p < 0.05)] and Mg** ATPase [10 mg/kg b.w. (p < 0.05) and
50 mg/kg b.w. (p < 0.05)]. Groups treated solely with fisetin
showed no significant changes in comparison with the control.

AchE Activity

Figure 9 shows the neuroprotective effect of fisetin on the
activities of AchE in specific brain regions of control and
experimental rats. On PND 25, the specific activity of AchE
was found to be decreased significantly (»p < 0.001) in all the
brain regions of MeHg-exposed pups, whereas simultaneous
gestational administration of fisetin in MeHg-exposed mother
rats preserved the AchE activity significantly [10 mg/kg b.w.
(p < 0.001) and 50 mg/kg b.w. (p < 0.01)]. Groups treated
solely with fisetin showed no significant changes in compar-
ison with the control.

Histopathological Studies

Figure 10a—c represents the neuroprotective effect of gesta-
tional administration of fisetin on the altered cellular morphol-
ogy due to transplacental MeHg exposure in specific brain
regions of pups belonging to MeHg-exposed mother rats
(H&E staining). On PND 25, light microscopic studies
showed widespread neurodegeneration in specific motor and

cognitive regions of offspring brain due to transplacental ex-
posure to MeHg. Neurons in the Purkinje layer of the cerebel-
lum were diminished, and a large number of pyknotic nuclei
(CAL1 and CA2 regions) in the hippocampus and appearance
of gliosis in the cerebral cortex were observed in pups of
MeHg-exposed mother rats. Fisetin administration protected
the brain of the developing fetus from much cellular morpho-
logical alterations in the three brain regions. Groups treated
solely with fisetin showed no significant changes in compar-
ison with the control.

Figure 11a—c represents the neuroprotective effect of ges-
tational administration of fisetin on changes in Nissl body
characteristics in specific brain regions of pups belonging to
MeHg-exposed mother rats (Cresyl violet staining). On PND
25, Nissl-stained dark neurons (NDN), a feature of extensive
damage with neuronal cell loss with atrophic neurons, shrunk-
en cytoplasm and damaged nuclei in the cerebral cortex, cer-
ebellum and cortical and pyramidal cells of the hippocampus
(CA1 and CA2 regions) were observed. Fisetin administration
protected the brain of the developing fetus from morphologi-
cal changes; a decrease in NDN was observed in the three
regions on PND 25. Groups treated solely with fisetin showed
no significant changes in comparison with the control.

Discussion

The current study is the first that exemplified a novel protec-
tive effect of the flavanoid fisetin against the neurotoxicity
caused by MeHg during the most susceptible stage of life in
rats. The experiment was designed to represent the current
scenario of gestational exposure to MeHg in pregnant mothers
via contaminated seafood consumption habits which result in
motor and cognitive disorders in the developing fetus. MeHg
is easily absorbable from the gastrointestinal (GI) tract to the
circulation (90-95%) and can easily cross the placental and
blood-brain barriers and cause oxidative stress in the brain
[61-64].

The half-life of MeHg is about 52-93 days [65] in adult
rats, and in the current study, the exposure protocol followed
resulted in significant accumulation of mercury in F; genera-
tion rat brains even 25 days after the halt of MeHg exposure.
Results from a number of studies on gestational exposure to
MeHg have also shown significant accumulation of inorganic
mercury in the offspring brain of both humans and rats [65].
The fisetin-administered group showed comparatively less Hg
concentration in the current study. MeHg binds to the —SH
group of cysteine, and the MeHg/L-cysteine (MeHg-Cys)
complex closely resembles L-methionine which is the sub-
strate for L-type neutral amino acid carrier transport (LAT)
that transports MeHg across the placenta and blood-brain bar-
rier [63]. Further studies have to be done to explore the mech-
anism of inhibition of Hg accumulation in the fetal brain by
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Fig. 8 a—c Neuroprotective effect of gestational administration of fisetin
on the altered activities of Na*-K* ATPase, Ca>* ATPase and Mg**
ATPase due to transplacental MeHg exposure in the rat offspring brain.
Pups of mother rats from each group were euthanized on PND 25, and the
activity of Na*-K* ATPase (a), Ca>* ATPase (b) and Mg** ATPase (c)
was evaluated in the cerebral cortex, cerebellum and hippocampus of the
rat offspring brain. The data represent mean values + SD (n = 6 animals in
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Fig. 9 Neuroprotective effect of gestational administration of fisetin on
the altered activities of AchE due to transplacental MeHg exposure in the
rat offspring brain. AchE activity was assessed in pups of mother rats
from each group on PND 25 in the cerebral cortex, cerebellum and
hippocampus of the rat brain. The data represent mean values £ SD
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each group). One asterisk p < 0.05, two asterisks p < 0.01 and three
asterisks p < 0.001, significantly different from the control. One
number sign p < 0.05, two number signs p < 0.01 and three number
signs p < 0.001, significantly different from the MeHg-exposed group
(group II). One-way ANOVA with Tukey’s post hoc test was used for
statistical analysis
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(n = 6 animals in each group). Three asterisks p < 0.001, significantly
different from the control. Two number signs p < 0.01 and three number
signs p < 0.001, significantly different from the MeHg-exposed group
(group II). One-way ANOVA with Tukey’s post hoc test was used for
statistical analysis
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Fig. 10 a—c Neuroprotective effect of gestational administration of
fisetin on the altered cellular morphology due to transplacental MeHg
exposure in rat offspring. Pups of mother rats from each group were
used for the histopathological study on PND 25. Haematoxylin and
eosin staining of the cerebral cortex, cerebellum and hippocampus of rat
offspring is shown in a, b and ¢ respectively. A Control with normal
morphology (H&E, x400). B MeHg (1.5 mg/kg b.w.) showing neuronal
damage (H&E, x400). In the cerebral cortex (a), MeHg exposure caused
extensive neurodegeneration; appearance of astrocyte gliosis is denoted
with arrows. In the cerebellum (b), MeHg exposure caused decreased

fisetin, whether it is at the level of the LAT system or at the
placental barrier, or else by any direct interaction with the
MeHg structure. Throughout the study, there was no change
in food and water consumption habits of pregnant mother rats.
Moreover, the fisetin-administered group showed no

neurons in the Purkinje layer (PL) of the cerebellum and is denoted
with arrows. The granular layer (GL) and molecular layer (ML) are also
shown. In the hippocampus (¢), MeHg exposure caused increased
appearance of pyknotic nuclei in the CA/ and CA2 regions as shown by
arrows. C MeHg + fisetin (10 mg/kg b.w.) protected neurons from
degeneration (H&E, x400). D MeHg + fisetin (50 mg/kg b.w.)
protected neurons from degeneration (H&E, x400). £ Fisetin (10 mg/kg
b.w.) showing near-normal morphology (H&E, x400). F Fisetin
(50 mg/kg b.w.) showing near-normal morphology (H&E, x400)

symptoms of overdosage or any other toxicity signs. The pres-
ent study found extended gestational days and decreased ma-
ternal body weight gain in MeHg-exposed mother rats where-
as co-administration with fisetin showed near-normal mater-
nal characteristics.

Fig. 10 continued.
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Fig. 10 continued.

Impairment of motor co-ordination is one of the toxic be-
havioural outcomes of prenatal MeHg exposure in the F; gen-
eration of humans and laboratory rodents [66, 67]. In the pres-
ent study, rat offspring exposed to MeHg during gestation
were unable to spend enough time on the rotating rod, whereas
concurrent administration of fisetin protected the offspring
from severe motor impairment. The present results are

B TRITE, |

.T'\\-'.

reinforcing the alleviating effects of fisetin on impaired motor
neurons which were reported in many pioneering studies [68].
In the open-field test, MeHg-exposed rat offspring showed
less resting time, travelled less distance, but showed increased
rearing time, indicating the reduction in arousal or increase in
the level of emotionality of the rats which was reported in an
earlier similar study [40]. The concurrent developmental

Fig. 11 a—c Neuroprotective effect of gestational administration of
fisetin on changes in Nissl body characteristics in specific brain regions
of pups belonging to MeHg-exposed mother rats. Pups of mother rats
from each group were used for the histopathological study on PND 25.
Cresyl violet staining of the cerebral cortex, cerebellum and hippocampus
of rat offspring is shown in a, b and ¢ respectively. The appearance of
Nissl-stained dark neurons (NDN) was analyzed in the cerebral cortex,
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cerebellum and hippocampus of control and experimental groups. A
control with normal morphology (CV, x400), B MeHg showing
increased NDN (CV, x400), C MeHg + fisetin (10 mg/kg b.w.)
showing decreased Nissl-stained dark neurons (NDNs) (CV, x400), D
MeHg + fisetin (50 mg/kg b.w.) showing decreased NDNs (CV, x400),
E fisetin (10 mg/kg b.w.) showing near-normal morphology (CV, x400),
F fisetin (50 mg/kg b.w.) showing near-normal morphology (CV, x400)
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Fig. 11 continued.

exposure to fisetin ameliorated the impairment in spontaneous
locomotor activity of rat offspring during postnatal weaning
days.

In the forced-swim test, rat offspring showed depression
symptoms. Our findings are in accordance with the previous
studies in which rat offspring exposed to MeHg in utero
showed behavioural despair to an aversive situation, in the
forced-swim test [39]. The concurrent administration of fisetin
prevented the development of depressive behaviour. The anti-
depressant effect of fisetin has been validated previously in a
mouse model which showed the role of non-adrenergic and
serotonergic neurons. The Morris water maze test showed

evidence for impairment of learning and memory due to trans-
placental exposure to MeHg. Our results are supporting the
earlier studies [69]. Simultaneous administration of fisetin
during gestation protected from learning and memory impair-
ment. Previous studies show that fisetin promotes ERK-
dependent improvement of memory and the learning process
[68]. Nociception signals were also found to be damaged due
to in utero MeHg exposure which was evident from the hot
plate test, which showed decreased sensitivity to pain in rat
pups of the present study. Concurrent administration of fisetin
during gestation showed an improvement in nociception sig-
nals of the postnatal weaning pups.

Fig. 11 continued.
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In the present study, high brain levels of LPO and protein
carbonyl indicate an oxidative imbalance in the system. MeHg
generates reactive oxygen species (ROS) which cause perox-
idation of lipid membranes and cause oxidative modifications
of proteins in the brain [15]. Protein carbonyls are novel
markers of oxidized proteins, and carbonylation of proteins
disrupts many functions of receptors, signalling molecules,
transporters and enzymes [44]. Reduction of LPO and protein
carbonyl levels in the fisetin-administered group can be ex-
plained based on its high free radical scavenging property
[70]. In the present study, prenatal MeHg exposure caused
reduced thiol content in rat offspring brain regions, which
could be due to covalent binding of MeHg to reactive thiols
of cellular proteins, called S-mercuration, that results in for-
mation of protein adducts [71]. GSH is the most abundant
intracellular thiol compound in the CNS, which was highly
reduced in all the three regions of the MeHg-exposed rat off-
spring brain in the present study.

Transplacental exposure to MeHg impaired the antiox-
idant status significantly which was seen as reduced ac-
tivity of enzymatic (GPx, GST, SOD and CAT) and non-
enzymatic (NO and GSH) antioxidants in weaning rat
pups. A previous study on an animal model showed sim-
ilar results due to MeHg exposure [16]. GR is responsible
for the formation of GSH from GSSG. MeHg reduces the
GSH level by binding to it and hence increases GR activ-
ity [16]. Simultaneous gestational administration of fisetin
preserved the levels of antioxidants in F; generation rat
brains, which can be explained, based on the previous
report that showed inhibition of lipid peroxidation by
fisetin and reduction of oxidative stress leading to im-
provement of memory and learning. Concurrent adminis-
tration of fisetin in pregnant rats preserved the develop-
mental profile of the endogenous GSH antioxidant sys-
tem, which is in agreement with the study that showed
fisetin retains endogenous GSH levels and preserves mi-
tochondrial function during oxidative stress [71, 72].

In the present study, the activities of membrane-bound en-
zymes Na*-K* ATPase, Ca”* ATPase and Mg+ ATPase were
decreased markedly due to prenatal MeHg exposure in the rat
offspring brain. The decreased activity of ATPases could be
due to increased S-mercuration of these membrane-bound
proteins by MeHg. Increased intracellular Ca>* concentration
is found to be an important factor in the onset of MeHg neu-
rotoxicity. Ca®* ATPase expels Ca>* ions and maintains a low
Ca®* level in the cytosol which is essential for maintaining
ionic balance in the neurons [21, 22, 73, 74]. Na*™-K*
ATPase and Mg”* ATP are involved in calcium homeostasis
by maintaining cellular levels of Na* and Mg* ions respec-
tively. Inhibition of these ATPases might finally affect the
electrochemical balance in the neurons which might finally
affect the action potential and neuronal survival [75, 76].
Concurrent gestational administration of fisetin prevented
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the dwindling of ATPase activity during weaning periods of
F, generation rats in all the three regions.

The cholinergic system is an important therapeutic target
for many neuropsychological disorders. AChE catalyzes hy-
drolysis of the important neurotransmitter acetylcholine to its
inactive metabolites, choline and acetate. Prompt removal of
free acetylcholine from the synapse is crucial for absolute
function of cognition, learning and the memory process [20,
26, 27]. In the present study, MeHg exposure in utero caused
decreased activity of the specific cholinergic marker protein,
AchE. Our results are in accordance with those of previous
studies [27, 77] . Decreased AchE activity was manifested as
inefficiency to execute well in the Morris water maze test by
postnatal weaning rats. Synchronous administration of fisetin
in mother rats during pregnancy substantially prevented the
declining of AchE activity due to MeHg in the rat offspring
brain during its postnatal life, which is in agreement with
many earlier documented studies that have improved the im-
pairment of the cholinergic system by fisetin in several disor-
ders. Earlier investigations showed involvement of AchE in
induction of long-term potentiation in hippocampal pyramidal
neurons which helps in enhancement of cognitive function;
simultaneously, previous studies showed the ability of fisetin
to promote long-term potentiation in the hippocampus and
enhancement of memory [31, 32, 36]. Further studies are re-
quired to identify the exact mechanism of the protective effect
of fisetin against impairment of the cholinergic system due to
developmental MeHg exposure.

In light microscopic studies, transplacental exposure to
MeHg caused significant changes in the microstructure of
the cerebral cortex, cerebellum and hippocampus. Vast neuro-
nal degeneration in the Purkinje layer of the cerebellum, pres-
ence of increased pyknotic nuclei in the hippocampus and
appearance of gliosis in the cerebral cortex were observed in
the pups which was reported previously [78—80]. In Nissl
staining analysis, developmental MeHg exposure caused in-
creased presence of Nissl-stained dark neurons (NDN), which
was similar to a previous report [81], whereas fisetin-exposed
offspring rats caused reduced NDN levels due to its antioxi-
dant activity. Supplementation of fisetin in pregnant mother
rats significantly mitigated the morphological damages due to
in utero MeHg exposure in specific motor and cognitive cen-
ters of the rat offspring brain and consequently improved its
physiological outcome, which was evident in
neurobehavioural studies.

Conclusion

As the developing nervous system is susceptible to MeHg-
induced toxicity, our study demonstrates that fisetin restrains
the development of oxidative stress due to MeHg and main-
tains the antioxidant status, membrane-bound ATPases and
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ACHhE activities in the developing brain. Fisetin also mitigated
MeHg-induced cytoarchitectural damages in specific motor
and cognitive centers of F; generation rats. Additionally,
fisetin hampered neurobehavioural toxicity manifestations of
MeHg in weaning rat pups. Taken together, gestational intake
of fisetin protects the developing rat brain from transplacental
MeHg toxicity. Further investigation on the neuroprotective
effect of this flavanoid is warranted.
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