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The neuroinflammatory response following traumatic brain injury is known to be a key secondary injury factor that can
play a critical role in accelerating the progression of neurodegeneration. This study reports protective effect of dietary
quercetin against neuroinflammation-induced changes in mice triggered by weight drop injury model. Quercetin
is a natural flavonoid found in high quantities in fruits and vegetables, with properties of antioxidant, free radical
scavenger, and anti-inflammation. Hence, this study reports the effects of quercetin on neuroinflammation-mediated
oxidative stress and behavioral and histological alterations in mice. Mice were divided into four groups: control,
inflammation, inflammation + Quercetin (20 mg/kg mass), and Quercetin (20 mg/kg mass). The treatments were
carried out on mice for 7 days and subsequently, behavioral studies were conducted and then brains were collected and
used for biochemical and histological studies. Mice undergoing inflammation showed significant (p < 0.05) deficits
in motor coordination, increase in the paw withdrawal latency period, and levels of lipid peroxidation, as well as
decline in the activities of antioxidant enzymes, such as superoxide dismutase, catalase, glutathione peroxidase, and
histological alterations in cerebral cortex region in the brain compared with the control group. Quercetin treatment
significantly (p < 0.05) reversed the behavioral alterations, decreased the lipid peroxidation level, and increased the
superoxide dismutase, catalase, glutathione peroxidase activities, and histological alterations in cerebral cortex region
of the brain compared with the inflammation group. These findings suggest that dietary quercetin has potential benefits
in mitigating neuroinflammation-mediated oxidative stress and behavioral and histological alterations.

INTRODUCTION
Neuroinflammation

causing neurodegeneration and neuronal death (Miguel et al.,

2011). Damon et al. (2016) reported that neuronal tissue was

the immune response in

the neuronal tissues of brain in which the resident immune
cells—microglia—secretes pro-inflammatory factors on the
activation of cytokines to scavenge the pathogenic infiltrators
and minimize the damages (Jin-Tao er al., 2015). During
neuroinflammation, cytokines and chemokines play a role in
mediating the inflammation of the brain tissue (Geeta et al.,
2013). This resident immune cells—microglia—sometimes go
uncontrolled and lead to prolonged activation in the course of
time, thereby releasing enormous amount of harmful neurotoxic
compounds. They enhance the apoptosis of the neuronal tissues
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damaged during the process of neuroinflammation. The initiation
of neuroinflammation was reported due to bacterial constituents
like lipopolysaccharides and cause of mechanical injury in the
brain (Cristina et al., 2012). The inflammation of brain neuronal
tissue results in cognitive impairment, neurodegeneration, and
neurological diseases (Roisin and McManus Michael, 2017).
Oxidative stress induced excessive reactive oxygen species
release, elicit cellular damage. Oxidative stress markers such as
superoxide dismutase, Glutathione S-transferase, and glutathione
peroxidase were altered in lipopolysaccharide-induced
neuroinflammation in mice (Doaa ef al., 2018). Traumatic brain
injuries (TBIs) result in short- and long-term symptoms, including
cognitive and emotional difficulties (Ping ez al., 2013). Animals
with neuroinflammation have problems to diagnose because
they lack clear morphological brain deficiencies. Utagawa et al.
(2008) observed the morphological changes of neurons and their
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degeneration in brain of rat exposed to neuroinflammation. Ruth
et al. (2018) study showed that the neuroinflammation of brain at
the neurodevelopmental stage triggered the adverse risk during the
preterm birth.

The weight drop models (WDMs) are fast, reliable, and
produce a significant degree of brain injury, neuroinflammation,
and histological and behavioral alterations and provide important
information on TBI in mice. WDM creates focal brain damage
with a cortical contusion, hippocampal and thalamic damage
(Niklas and Lars, 2011). The force in WDM quickly accelerates
the head into a supporting foam block, resulting in diffuse brain
injury without skull fracture. Primary characterization of this
model revealed bilateral injury to neurons in the cerebral cortex
in the brain (Thomas et al., 2004). Thus, various animal models
have been developed to reproduce the neural damage, oxidative
stress, and pathologic changes associated with TBI with possible
underlying mechanism of neuroinflammation. Nevertheless,
several of TBI models are non-physiologic or fail to duplicate
the functional deficits observed in animals. In the current study,
we developed a model of TBI in mice using a closed-head,
weight-drop technique, which characteristically shows significant
disruption to the blood-brain barrier, local and systemic
inflammation, and functional deficits in behavioral, stress markers,
and histological alterations. Quercetin is a potent neuroprotectant
with antioxidative and anti-neuroinflammatory properties. Hence,
the present study evaluates the protective effects of quercetin on
neuropathological injuries of TBI in mice model which almost all
equivalent to natural head injuries.

Recent studies have indicated potential of certain
plants and their products such as Ashwagandha, Curcumin,
and Resveratrol in treating the effects of neuroinflammation
(Charbel et al., 2017; Muskan and Gurcharan, 2016; Vincenzo
et al., 2018). Quercetin is a flavonoid compound and commonly
found in vegetables and fruits—onions, broccoli, tomatoes,
potatoes, soya beans, apples, berries, tea, and coffee and also in
red wine (Alessandro et al., 2017). Quercetin is mainly present
in the form of glycosides at different entities; the derivatives of
quercetin are glycosides and ethers: Quercetin 3-O-galactoside,
Quercetin 3-O-glucoside, Quercetin 3-O-glucuronide, Quercetin
7-O-glucoside, Quercetin  3-O-diglucoside, and Quercetin
3-methyl ether in plants (Muhammad ef al., 2018). Ingested
Quercetin with the help of intestinal bacteria triggers glycosidase
activity, thereby hydrolyzing to form aglycone and is readily
absorbed in the stomach or small intestine (Ju-Suk et al., 2016).
Quercetin has got plethora pharmacological importance and known
for its antioxidant activity, neurological effects, antiviral activity,
anticancer activity, cardiovascular protection, antimicrobial
activity, and anti-inflammatory activity (Aneela et al., 2014).
Quercetin is known for its anti-inflammatory capacity which
reduced the effect of CCl,-induced inflammation in liver tissues
(Xi et al., 2018). Quercetin on administration decreased adipose
tissues inflammation which was induced by obesity in mice (Jing
et al., 2014). Recently, we have reported the neuroprotective
and memory enhancing effect of quercetin by inhibiting sodium
fluoride-induced neurodegeneration in developing brain of
rat (Nageshwar et al., 2017). Another study also reported the
antioxidant properties of quercetin against sodium-induced
neurodegeneration in brain of rat (Nageshwar et al., 2018). In this

study, we investigated the ameliorative effects of Quercetin as
anti-inflammatory and antioxidant on neuroinflammation induced
by TBI-WDM in mice through behavioral, oxidative parameters,
and histological alterations.

MATERIALS AND METHODS

Chemicals

Quercetin was purchased from Sigma Aldrich Company.
All other chemicals used in the investigation were of analytical
grade.

Animals

The experimentation was performed using mice (Mus
musculus). The animals were obtained from National Center
for Laboratory Animal Sciences (NCLAS), National Institute of
Nutrition (NIN), Jamai Osmania, Hyderabad-500007, Telangana,
India. The protocols of the experiments were designed as per
the guidelines of Departmental ethical committee, CPCSEA
No: 383/01/a/CPCSE. The animals were maintained at standard
laboratory conditions. Each animal was maintained in a separate
polypropylene cage bedded with 2—3 c¢cm paddy husk. The cage
top was covered with a stainless steel grill on 12/12 hours: day/
night cycle, with 20°C-22°C room temperature. Water and food
(Standard pellet diet NIN, NCLAS, Hyderabad) are provided
through ad libitum.

Quercetin dosage

Quercetin dose (20 mg/kg mass) was standardized as
appropriate dosage for animal experimentation. The quercetin
(20 mg/kg mass) dose was standardized based on the previous
experimental studies (Nabavi et al., 2011; Nageshwar et al., 2017,
2018). The solvent in the ratio of 0.2 ml of ethanol and 0.8 ml of
water for 1 ml is used as vehicle for injection of quercetin.

Experimental design

Animals were divided into four groups.

Group-I: Mice without any treatment served as
control.

Group-II:  TBI caused by weight drop injury (WDI)
as the inflammation group.

Group-III: TBI caused by WDI-inflammation along
with quercetin (20 mg/kg mass) through
intraperitoneal injection.

Group-1V:  Mice were treated with quercetin (20 mg/

kg mass) by intraperitoneal injection.

The study period was for 7 days. After 7 days, the
behavioral studies were conducted and the mice were sacrificed
and brains were dissected out to perform biochemical parameters
and histology.

Methods

Traumatic brain injury—weight drop model

The experimental TBI-WDM in mice was maintained
as per the protocol described by Marmarou et al. (1994), with
necessary modifications. The procedure followed was shown
in Figure 1. The metal helmet disk is 6 mm. The weight of the
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Figure 1. Traumatic brain injury-weight drop model.

brass taken was 26 g. The mice were first anesthetized by using
pentobarbital (40 mg/kg body weight, i.p). The anesthetized mice
were brought under the vertical plastic tube and made apart about
3 cm in between the head of the mice against it. The metallic
helmet was placed on the head of the mice and the brass weight
was dropped into the plastic tube from the fixed point instantly.

Behavioral studies

Rotarod test

The rotarod test was performed according to the method
of Hutter ef al. (2012). The rotarod test is widely used to measure
the fore and hind limb coordination, motor skills, and continues
to be a primary method for the study of motor learning. The time
of the instrument (Dolphin™ instruments) adjusted to 0’s and
the rotational speed to 20 rpm before the experimentation. The
time was noted and the results were analyzed. The results were
expressed as time in seconds.

Hot plate test

The hot plate test was performed according to the
method of Gunn et al. (2011). Rat’s response latency to either a
hind-paw lick or a jump on the hot plate (Analgesiometer—Eddy’s
Hot Plate) was recorded. In the absence of a response, the animals
were removed from the hot plate at 60 seconds (cut off time) and
a 60 seconds latency was assigned as the passive response. The
results were expressed as time in seconds.

Biochemical estimations

The brain tissue was isolated and homogenized and
the supernatant was collected for biochemical estimations. The
lipid peroxidation was assessed by measuring thiobarbituric acid
reactive substances and was expressed in terms of malondialdehyde
(MDA) content, according to the method of Garcia et al. (2005).
The results were expressed as nanomole MDA/g weight of tissue.
The superoxide dismutase activity was assayed according to the

method of Marklund and Marklund (1974). The enzyme activity
was expressed as units/mg protein. The catalase activity was
assayed by the method of Aebi (1984). One unit of activity is equal
to the moles of degraded/minute/mg/protein. The glutathione
peroxidase activity was assessed by the method of Flohe and
Gunzler (1984). The enzyme activity was expressed as microgram
per milligram protein.

Histological studies
Golgi-Cox staining

The Golgi-Cox stock solution-fixed brain tissues were
sliced at 4-10 pum thickness, mounted on silanized slides, and
subjected to Golgi-Cox staining according to the histological
method (Gibb and Bryan, 1998). Histological changes were

observed using a Lawrence & Mayo microscope (Magnification
40x).

Hematoxylin and Eosin and Congo red staining

Brain sections were fixed in freshly prepared 10%
formalin, processed routinely, and embedded in paraffin. Paraffin
sections, 5-pm thick, were prepared and stained with hematoxylin
and eosin (Leeson ef al., 1985) and Congo red (Romhanyi, 1971)
for histological examination. Sections were observed using a
Lawrence & Mayo microscope (Magnification 40x).

Statistical Analysis

The results are expressed as the mean + standard error
of the mean (SEM). Comparison of means was conducted using
one-way analysis of variance, followed by least significant
difference post hoc test to compare means between the different
groups. Differences were considered as significant (p < 0.05).
Statistical analyses were performed using SPSS version 20
software (USA).

RESULTS

Behavioral observations

In the rotarod test, the experimental (inflammation)
mice group showed significantly (p < 0.05) decreased motor
coordination compared to control group. Inflammation along
with quercetin group showed significantly (p < 0.05) improved
grip strength on rotarod. The group administered with quercetin
alone showed normal behavior as that of control group (Fig. 2). In
the hotplate test, the paw withdrawal latency period significantly
(p < 0.05) increased in inflammation exposed mice compared to
control mice, and quercetin-treated mice showed significantly
(p < 0.05) declined paw withdrawal latency period compared to
inflammation group (Fig. 3).

Biochemical assessment of oxidative stress markers

The lipid peroxidation level was significantly (p < 0.05)
increased in inflammation group compared with the control group.
Inflammation group with quercetinsignificantly (p<0.05)decreased
the lipid peroxidation level (Fig. 4). Oxidative stress markers such
as superoxide dismutase, catalase, and glutathione peroxidase
activities significantly (p < 0.05) declined in inflammation group
compared with control group. The inflammation group with
quercetin significantly (p < 0.05) reversed superoxide dismutase,
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Figure 2. Effect of quercetin treatment on motor coordination (rotarod test) in
mice subjected to inflammation for 7 days. %p < 0.05 as compared to control
group and ® < 0.05 as compared to inflammation group. Data expressed as the
mean = SEM (n = 5) and results were shown in time (second).
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Figure 3. Effect of quercetin treatment on latency period (Hotplate test) in mice
subjected to inflammation for 7 days. %p < 0.05 as compared to control group
and ®p < 0.05 as compared to inflammation group. Data expressed as the mean =
SEM (n = 5) and results were shown in time (second).

catalase, and glutathione peroxidase activities as compared to the
inflammation group (Figs. 5-7).

Histological study results

The histological sections of inflammation and
quercetin-treated mice brains were observed with Golgi-Cox,
Hematoxylin-eosin, and Congo red stains in the cerebral
cortex region. In the Golgi-Cox stained sections, the neuronal
morphological changes such as neuron structure, density, and
neuron connections were less and some of them degenerated
in cerebral cortex region of the brain of inflammation group
compared to the control group. This neuronal morphological
damage was markedly reversed in the inflammation + Quercetin
group (Fig. 8). In the Hematoxylin-eosin stained section, the
size, shape of the cell, nuclear membrane, and a number of
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Figure 4. Effect of quercetin on lipid peroxidation levels in the
brain of mice with inflammation for 7 days. Values are expressed
as mean + SEM (n = 5). %p < 0.05 compared with control, ®p < 0.05
compared with the inflammation group.
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Figure 5. Effect of quercetin on superoxide dismutase activity
in the brain of mice with inflammation for 7 days. Values are
expressed as the mean + SEM (n = 5). p < 0.05 compared with
control, °p < 0.05 compared with the inflammation group.

neurons were noticeably damaged in the cerebral cortex region
of the brain of inflammation group. Regeneration of cellular
structures, normal size, shape, and arrangement of neurons were
observed in the inflammation + Quercetin group (Fig. 9). In the
Congo red-stained sections, specific changes of amyloid protein
plaques formation and irregular shape of neurons were detected
in cerebral cortex region of the brain of inflammation group.
The inflammation + Quercetin group was noticed with decreased
amyloid plaque formation and clear structure of neuron (Fig. 10)
while the morphology of neurons in Quercetin group was same as
that of control group.

DISCUSSION

Neuroinflammation, which was induced by TBI
(weight drop model), resulted in alteration of the motor and
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Figure 6. Effect of quercetin on catalase activity in the brain of mice
with inflammation for 7 days. Values are expressed as the mean +
SEM (n = 5). *p < 0.05 compared with control, °p < 0.05 compared
with the inflammation group.
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Figure 7. Effect of quercetin on glutathione peroxidase activity in the brain
of mice with inflammation for 7 days. Values are expressed as the mean +
SEM (n = 5). %p < 0.05 compared with control, ’» < 0.05 compared with the
inflammation group.

nociceptive behavioral activities. The course of inflammation
is associated with motor and cognitive deficits (Rachel and
Justin, 2013). Jin-Song et al. (2017) study suggested that motor
coordination was decreased in rats by 1-Methyl-4-phenyl-1,
2, 3, O-tetrahydropyridine-induced neuroinflammation. The
inflammation in the brain also gives chances for neurotoxicity,
which usually brought death to the cells (Daniela et al., 2018).
The present study indicates that the inflammation group treated
with quercetin showed an improvement in their ability to
manage themselves along with the rod rotations and also in their
nociceptive capacity to respond to the thermal heat exerted by
Eddy’s hot plate when compared to the inflammation subjected
group. The inflammation subjected group lost their ability to grip
during rod rotations for which is required to manage from falling

Control Inflammation

®
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Figure 8. Quercetin effects on neuronal morphology and connections caused
by TBI-WDI observed after 7 days. Density of neural connections and
dendrites were clear in Control, Inflammation + Quercetin, and Quercetin
groups (blue arrows); degenerated neurons with irregular shape was distinct
in inflammation group compared to the control group (red arrows) (Golgi-Cox
stain, Magnification—40x).

off and also do not responds to thermal heat when compared to
the control group. This refers the efficiency of quercetin against
motor, cognitive, and nociceptive responsive alterations.

In the neuroinflammation process, oxidative stress
is involved in numerous identified pathological mechanisms
ending in neuronal cell death. Federico et al. (2015) reported
excessive production of reactive oxygen species and nitrogen
oxygen species due to the beginning, and progression of
neurodegenerative diseases. Tamy et al. (2009) also reported that
continuing neuroinflammation contains not only long-standing
activation of microglia and subsequent sustained release of
inflammatory mediators but also outcomes in increased oxidative
stress. The previous findings reported that lipid peroxidation
was gradually increased during tissue inflammation (Somayeh
et al., 2018). Several studies have suggested that free radical
triggered peroxidative events occur after TBI (Tao et al., 2014).
Neuroinflammation treated mice had significant reductions in
activity of antioxidant enzymes such as superoxide dismutase,
catalase, and glutathione peroxidase (Luisa et al., 2018). The
increased lipid peroxidation was observed in injury-induced
inflammation may be due to increased release of inflammatory
mediators, as well as oxidative stress. Furthermore, reversal of
lipid peroxidation levels and the activity of antioxidant enzymes
such as superoxide dismutase, glutathione peroxidase, and catalase
were may be due to treatment with the quercetin. Quercetin is the
most powerful flavonoid for protecting the body against reactive
oxygen species, produced during the normal metabolism (Liu ez al.,
2012). One of the most important mechanism and the sequence of
events by which free radicals interfere with the cellular functions
is lipid peroxidation, which eventually leading to the cell death. To
inhibit this cellular damage from reactive oxygen species, living
organisms have developed antioxidant line of defense systems.
These include enzymatic and non-enzymatic antioxidants that
keep in check reactive oxygen species or reactive nitrogen species
level and repair oxidative cellular injury (Nabavi et al., 2011).
The major enzymes, directly involved in the neutralization of
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Figure 9. Quercetin effects on neuron shape, cell membrane, and neurons
arrangement caused by TBI-WDI observed after 7 days. Inflammation
group: showing the cells with irregular shape and indistinct nuclear
membrane in the cerebral cortex region of the brain (Yellow arrows);
Control, Inflammation + Quercetin, and Quercetin groups showing the
normal cells with regular shape and size in the cerebral cortex region of
the brain (H&E stain, Magnification—40x).

reactive oxygen species/reactive nitrogen species are glutathione
peroxidase, superoxide dismutase, and catalase. Quercetin, the
antioxidant, prevents the oxidation chain initiation and stops chain
propagation (Pany et al., 2014). Quercetin not only acts as an
antioxidant with the ability of direct hydrogen-donating properties
to quench reactive oxygen species but also may exert modulatory
actions on the endogenous anti-oxidative defense system through
interacting with intracellular signaling cascades (Chan-Min et al.,
2015).

The implementation of WDM to mice in the present
study has showed the loss of neurons, impairment of nociceptive
stimuli, grip strength, and oxidative metabolism. The microglial
neuroinflammation also produces reactive oxygen species and
nitric oxide (Andrew and Jean, 2011), thereby causing oxidative
stress as a sensitive figure in the brain tissues (Valerio et al., 2016),
taken together leading to axonal loss. This may be due to the
elevated levels of apoptotic markers and cognitive impairment as
observed with behavioral changes. Liang et al. (2014) reported that
brain tissue exhibited severe structural abnormalities, a vacuolated
fibrous structure, neural cell shrunken, and neuron degeneration
in TBI model in rat. Another experimental study demonstrated
the areas of injury on the olfactory bulbs and inferior surface
of the frontal lobes in brain of rat associated with TBI (Sung
et al., 2013). Present study also showed that inflammation mice
group showed fewer neural connections, amyloid protein plaque
formation, and indistinct shape and size of neurons compared to
the control group. The quercetin treatment has showed the reversal
of these changes providing evidence of its efficiency to ameliorate
neurodegeneration.

Quercetin anti-inflammatory effects involve numerous
pathways. Quercetin can suppress the activity of cellular
proteins involved in inflammatory response and impede
NFkB transcription factor that controls the expression of
proinflammatory molecules (Federico, 2012). Quercetin exerts
inflammatory activity by inhibition of a number of different

Control Inflanmation

Inflammation+G}

Quercetin

Figure 10. Quercetin effects on Congo red stain specific changes in amyloid
protein plaques formation, neuron shape, and neurons arrangement caused
by TBI-WDI observed after 7 days. Yellow colored arrow mark showing the
amyloid protein plaques formation, cells with irregular shape and nuclear
membrane was indistinct in the cerebral cortex region of inflammation group
and black colored arrow mark showing the decreased amyloid protein plaques
formation, closely arranged neurons, circular shape, and nuclear membrane was
clear in the cerebral cortex region of control, Inflammation + Quercetin, and
Quercetin groups (Congo red stain, Magnification—40x).

molecules that play an important role in inflammation and
acts as an inhibitor for cyclooxygenase, 5-lipoxygenase, and
glutathione S-transferase (Russo ef al., 2012). Quercetin
modulate both the lipooxygenase and cyclooxygenase pathways
at relatively lower concentrations, while at high concentrations,
the lipooxygenase pathway was the primary target of inhibitory
anti-inflammatory activity (Natarajan et al., 2016). Activation
of microglia and astrocytes associated with neurons induces
the expression of proinflammatory mediators such as cytokines,
inducible nitric oxide synthase, and nitric oxide; these leads to
neuronal degeneration (Lyman et al., 2014). Quercetin ability to
modulate nitric oxide production, glial signaling cascades, and
pro-inflammatory cytokines might suppress neuro-inflammation,
thereby inhibiting neuronal death (Lucio ef al., 2016). Quercetin
antagonizes microglia activation and reduces the release of
proinflammatory cytokines that would be of ample relevance
(Entaz et al., 2017). Quercetin, through its direct free radical
scavenging and metal chelating actions, can effectively inhibit
oxidative stress-mediated behavioral and histological alterations
in inflamed mice. Therefore, this study provides an evidence for
quercetin potential on reversing the altered motor coordination,
nociceptive sensitivity, oxidative stress, and neurodegeneration
in TBI model of neuroinflammation.

CONCLUSION

In conclusion, the study demonstrated multifaceted
effects of quercetin on functional recovery in WDI model-induced
neuroinflammation associated with behavioral, biochemical,
and histological alterations. The study indicated that antioxidant
property and blockade of inflammatory mediators production by
quercetin treatment displayed potent neuroprotective effect. Hence,
quercetin has potent protective ability against WDI model-induced
neuroinflammation in mice. However, a potential limitation
of our study is that we did not observe animals for long-term
functional outcomes, such as oxidative stress, behavioural, and
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histological deficits along with molecular mechanisms and their
amelioration. Furthermore, limitation of the TBI model includes
some variability and it may be, at least initially, technically
challenging with marked differences in outcome. Even minor
changes in craniotomy position may result in large differences in
biochemical, behavioral, and histological outcomes. Furthermore,
elaborate studies are required to record long-term changes, its
molecular mechanism, and potential ameliorative target for
quercetin for head injury neural damages.
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