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Abstract

Despite intense investigations, no effective therapy is available to halt the pathogenesis of traumatic brain injury (TBI), a
major health concern, which sometimes leads to long-term neurological disability, especially in war veterans and young
adults. This study highlights the use of glyceryl tribenzoate (GTB), a flavoring ingredient, in ameliorating the disease
process of controlled cortical impact (CCI)-induced TBI in mice. Oral administration of GTB decreased the activation
of microglia and astrocytes to inhibit the expression of inducible nitric oxide synthase (iNOS) in hippocampus and cortex
of TBI mice. Accordingly, GTB treatment protected and/or restored synaptic maturation in the hippocampus of TBI mice
as revealed by the status of PSD-95, NR-2A4, and GluR 1. Furthermore, oral GTB also reduced the size of lesion cavity in
the brain of TBI mice. Finally, GTB treatment improved locomotor functions and protected spatial learning and memory
in TBI mice. These results outline a novel neuroprotective property of GTB in which it may be beneficial for TBI.
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1. Introduction

In the 2023 article by Rangasamy et al, there were overlaps in
some images between 'CCI' and "CCI + Vehicle" groups in Figure
3A [1]. Therefore, the article was retracted [1]. We have corrected
these honest mistakes in the current manuscript.

According to the Centers for Disease Control and Prevention,
traumatic brain injury (TBI) is defined as a disruption in the
normal brain function caused by a bump, blow, or jolt to the head,
or a penetrating head injury. In the United States, TBI is a leading
cause of disability and death, particularly in children and young
adults [2,3]. Each year, nearly 1.5 million people suffer from a

TBI with approximately 50,000 deaths from TBI related
complications, while around 85,000 are impacted from long term
disabilities [4]. As stated by the Defense and Veterans Brain Injury
Center, about 414,000 U.S. service members worldwide between

2000 and late 2019 suffered from TBI. Most of the TBI survivors
suffer from different clinical symptoms, such as depression,
cognitive/memory deficits, epilepsy and motor function
impairments throughout the rest of their lives. Together, it leaves a
huge cost burden on the society for the care and lost productivity
due to TBI and therefore, describing new and effective therapeutic
approaches against TBI is an important area of research [5,6].

Activation of glial cells and synaptic damage play important
roles in the pathogenesis of different neurodegenerative and
neuroinflammatory diseases including TBI [7-14]. A number of
proinflammatory molecules released from activated astrocytes and
microglia are believed to cause synaptic injury [15]. For example,
studies from focal and diffuse mouse models of TBI have revealed
the involvement of various proinflammatory molecules such as
TNF-q, IL-1B and inducible nitric oxide synthase (iNOS) in the
disease process of TBI[12,16]. Accordingly, human studies showed
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the upregulation in IL-13 and TNF-a in CSF and serum of TBI
patients in comparison to healthy controls [17,18]. Recently we
have described that glyceryl tribenzoate (GTB), a white crystalline
chemical compound, has the potency to attenuate the expression
of proinflammatory molecules and inhibit the pathogenesis of
autoimmune and neurodegenerative disorders [19-21]. Oral GTB
protects mice from EAE, an animal model of MS, via upregulation
of TGFP and regulatory T cells [20]. GTB also inhibits microglial
activation in a mouse model of Huntington’s disease [19] and a
monkey model of Parkinson’s disease [22]. GTB is used in the
pharmaceutical industry as a safe and nontoxic additive in different
dosage forms. Federal Emergency Management Agency (FEMA)
has described GTB as a flavoring agent based on self-

limiting properties, absorption, rapid metabolic detoxication, and
secretion in human and other animals.

Here, we examined the neuroprotective effect of GTB in controlled
cortical impact (CCI) mouse model of TBI. We demonstrate that
after oral administration GTB is capable of attenuating glial
activation, reducing the level of proinflammatory molecules,
decreasing lesion volume, and improving synaptic structure in
CClI-induced TBI mice. Functionally, oral GTB restored locomotor
performance and improved learning and memory in TBI mice,
highlighting possible therapeutic application of GTB in TBI.

2. Materials and Methods

2.1 Animals

Male C57BL6 mice (7-8 weeks old) were purchased from Envigo,
Indianapolis, IN for this study. Animal maintenance and surgical
procedure were conducted in compliance with NIH guidelines
for the Care and Use Committee and were approved by the Jesse
Brown VA Medical Center Animal Care and Use Committee
(protocol # 1498771). Animals were housed in an environment
with stable temperature and 12h light-dark cycle. Water and food
were provided ad libitum.

2.2. Controlled Cortical Impact procedure

It was performed as described previously [14,23-26]. Briefly,
mice were anesthetized with 2% isoflurane and allowed to
breathe normally without tracheal intubation. During surgery,
body temperature was maintained at 37°C on a heating pad and
monitored by a rectal probe. The head of anesthetized mice was
shaved with sterile electric shaver and skin was cleaned with
betadine solutions. A midline skin incision was performed to
expose the skull and 4 mm diameter craniotomy was made in
the right side of exposed skull with the coordinates -1.5 mm AP
and -1.5 mm ML using the stereotaxic apparatus. Then the brain
was exposed in this burr-hole with intact dura. Under surgical
microscope control, the Leica Impact One Stereotaxic Impactor
(Leica Microsystems, Buffalo Grove, IL) attached with 1.0 mm
rounded metal tip was angled vertically towards the brain surface
with intact dura to cause mild CCI injury (Imm tip and 1.25 V).
Sham group animals underwent the similar surgical procedure but

without CCI injury. Then the operated animal was removed from
the stereotaxic holder and the skin incision was lightly sutured to
close the incised region. All operated animals were placed in a
thermal blanket for the maintenance of body temperature. These
animals were monitored until the recovery from anesthesia and
over the next three consecutive postoperative days.

2.3. Treatment with GTB

GTB was solubilized in 0.1% methyl cellulose solution. Starting
from 24 hours of CCI injury, mice were treated with GTB (50
mg/kg in 100 pl volume) once daily via gavage for either 7
postoperative days or 21 postoperative days.

2.4. Experimental groups

All mice were randomized into the following groups:

* Group 1: Control/Sham: Mice underwent surgery without any
injury and treatment.

* Group 2: CCI: Mice underwent CCI injury and received no
treatment.

* Group 3: CCI+GTB: Mice with CCI received 100 pl GTB (50
mg/kg) daily via gavage.

* Group 4: CCI+Vehicle: Mice with CCI received only 100 pl
vehicle daily via gavage.

2.5. Determination of group size

Usually, any animal experiment is justified with a 99% confidence
interval that generates p = 0.99 and (1 — p) = (1-0.99) = 0.01; ¢
is the margin of error = 0.05. Based on these values, the resultant
sample size is as follows:

1,282+0.99(1-0.99) _ 1,282%0.99+0.01 _ 0.016

N = =
0.052 0.052 0.0025

=6.48~6

Therefore, six mice (n=6) will be used in each group.

2.6. Western Blotting

Western blotting was performed as described earlier [27-29].
Equal amount of protein samples was electrophoresed in 10% or
12% SDS-PAGE and transferred onto nitrocellulose membrane.
The blot was probed with primary antibodies overnight at 4°C.
The following are the primary antibodies used in this study: anti-
iNOS (1:1000, BD Biosciences), anti-Ibal (1:1000, Abcam),
anti-GFAP (1:1000, Santa Cruz Biotechnology, Dallas, TX), and
anti-B-actin (1:5000, Abcam) (Table 1). Following the overnight
incubation, primary antibodies were removed and the blots were
washed with phosphate buffer saline containing 0.1% Tween-20
(PBST) and corresponding infrared fluorophore tagged secondary
antibodies (1:10,000, Jackson Immuno-Research) were added at
room temperature. The blots were then incubated with secondary
antibodies for 1 hour. Following wash, blots were scanned with an
Odyssey infrared scanner (Li-COR, Lincoln, NE). ImageJ software
(NIH, USA) was employed for quantification of band intensities.
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Antibody Manufacturer Catalog Host Application/Dilution
GFAP Dako 70334 Rabbit IF/1:2000
INOS BD Biosciences 610432 Mouse IF/1:500

Ibal Abcam ab5076 Goat IF/1:500
GFAP Dako 70334 Rabbit WB/1:1000
iNOS BD Biosciences 610432 Mouse WB/1:1000

Ibal Abcam ab5076 Goat WB/1:1000
Actin Abcam ab1801 Mouse WB/1:5000

IF, immunofluorescence; WB, western blot; GFAP, glial fibrillary acidic protein; iNOS, inducible nitric oxide synthase; Ibal, ionized

calcium-binding adapter molecule 1.

Table 1: Antibodies, sources and dilutions used in this paper

2.7. Immunohistochemistry

Mice were anesthetized with ketamine-xylazine and perfused with
PBS and then with 4% paraformaldehyde (w/v) in PBS, followed
by dissection of the brain [30-33]. Dissected brains were incubated
in 10% sucrose for 3 hours followed by 30% sucrose overnight at
4°C. Brains were then embedded in optimal cutting temperature
medium (Tissue Tech) at -80°C and processed for conventional
cryosectioning. Frozen sections (40 pum thickness) were treated
with cold ethanol (-20°C), washed with PBS, blocked with 2%
BSA in PBST, and double labeled with two primary antibodies
(Table-1). After three washes with PBST, sections were incubated
with Cy2 and CyS5 (Jackson ImmunoResearch Laboratories). The
sections were mounted and observed under an Olympus IX81
fluorescence microscope. Counting analysis was performed using
Olympus Microsuite V software with the help of a touch counting
module.

2.8. Quantification of Lesion Volume Using Stereological
Techniques

The estimation of lesion volume was performed based
on the Cavalieri method of unbiased stereology using the
Stereolnvestigator software (MicroBright Biosciences, USA)
[26,34,35]. Both the ipsilateral and contralateral hemisphere of
brain volumes were determined using the Cavalieri estimator with
a 1 mm grid spacing 1 mm. Every fourth section was analyzed
beginning from a random start point. Lesion volume was estimated
by subtracting the volume of the ipsilateral hemisphere from that
of the contralateral hemisphere. Then the volume of lesion cavity
estimated in brain section of untreated mice was compared with
lesion volume of brain sections of drug treated mice.

2.9. Behavioral analysis
Analysis of behaviors in animals were conducted on the 7th and
21st postoperative days after CCI injury. These time-points for
behavioral testing were selected based upon earlier studies with
these animal models where behavioral abnormalities were seen at
these time points [26,36].

2.10. Open Field Behavior
The performance of animals in open field test was analyzed as

described in our earlier studies [28,35,37]. Briefly, each animal
was allowed to move freely to explore an open field arena designed
with a square shaped wooden floor measuring 40 x 40cm, with
walls 30 cm high for 5 min. A video computer 6 (Basler Gen I Cam
— Basler acA 1300-60) connected to a Noldus computer system
was fixed in top facing-down on the open field arena. Each mouse
was placed individually on center of the arena and the performance
was monitored by the live video tracking system. The central area
was arbitrarily defined as a square of 20 x 20cm (half of the total
area).

2.11. Rotarod

The fore-hindlimb motor coordination and balance in animals
was observed using the rotarod test as described in earlier studies
[35,38,39]. Briefly, each mouse was placed on the confined section
of the rod and trial was initiated with a smooth increase in speed
from 4 rpm to 40 rpm for 5 mins. If the mouse did not fall from
the rod, it was removed from the rod after 5 mins. The latency to
fall was measured in seconds and used for the analysis. Following
the CCI injury, each mouse performed the task three trials during
the testing sessions and the average score on these three trials was
used as the individual rotarod score. Each trial on the rod was
terminated when the mice fell off the rod or held on to the rod by
hanging and completed improper revolutions.

2.12. Tail Suspension Test

Mice were subjected to the tail suspension test as described earlier
[35,40,41]. The mice were gently hung upside down by the tail
using the non-toxic adhesive tape 50 cm above the floor for 6 mins.
Immobility time was defined as the period of time during which
the mice only hung passively, without any active movements. An
increased immobility time is defined as a depression-like behavior.

2.13. Nesting Behavior

This test was performed as described earlier [26,35,42,43]. Briefly,
anestlet consisting ofa 5 cm x 5 cm pressed cotton square was kept
inside the cage between 5 pm. and 6 pm. Next morning between 9
am. to 10 am, two observers blind to our experimental procedures
scored the quality of nest built by the mice using a 5-point scale as
follows: Score 1 (> 90% of nestlet intact), Score 2 (50% to 90%
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of nestlet intact), Score 3 (10% to 50% of nestlet intact but no
recognizable nest site), Score 4 (<10% of nestlet intact, nest is
recognizable but flat), Score 5 (<10% of the nestlet intact, nest is
recognizable with walls higher than the mouse body).

2.14. Beam Runway

The beam runway made of smooth wooden material and measures
65 cm length x 0.7 cm breadth x 4 cm height. A black box with
an opening was fixed at one end and an aversive stimulus (bright
lamp) at the other end of beam. This test was used to evaluate
the complex coordination and balance of mice while traversing
the beam and we performed the procedure as described in earlier
studies [35,44]. The mouse was placed on the beam near the light
source and the light was turned ‘on’ and this makes the animal move
into the box to avoid the aversive stimulus, which was then turned
off. Six repetitions were performed with a 2 mins resting period
inside the box. The parameters measured were the time taken (sec)
to reach the box and the number of steps with contralateral limb
drag/slips. An error was considered whenever the paw slipping on
the beam and the number of slips were counted. The beam walk
analysis was performed by an observer blinded to the treatment at
7th and 21st postoperative day.

2.15. Grid Runway

The grid runway (65cm length x 8 cm breadth x 1 cm intervals)
made of parallel grid bars with interbar intervals of 1 cm apart
and grid were kept above the surface on a table during the testing
session [35,44]. The soft padding was positioned under the grid
runway in the event for protection to avoid serious injury, if the
animal falls from the grid. Each mouse was allowed to walk freely
on grid and the time taken and number of steps to cross the runway
was noted. Each successful foot placement on grid was recorded as
a step. However, an error was considered whenever the paw slips
through the grid or the paw misses a bar and extends downwards
through the plane of bars. The locomotor behavior of animal on
grid was evaluated by an observer blinded to the treatment.

2.16. Barnes Maze Test

The Barnes maze test was performed as described earlier
[27,35,45]. Briefly, the mice were initially trained for 2
consecutive days followed by examination on day 3. After each
training session, maze and escape tunnel were thoroughly cleaned
with a mild detergent to avoid instinctive odor avoidance due to
mouse’s odor from the familiar object. On day 3, a video camera
(Basler Gen I Cam — Basler acA 1300-60) connected to a Noldus
computer system was placed above the maze and was illuminated
with high voltage light that generated enough light and heat to
motivate animals to enter into the escape tunnel. The performance
was monitored by the video tracking system (Noldus System).
Cognitive behavior parameters were examined by measuring
latency (duration before all four paws were on the floor of the
escape box) and errors (incorrect response before all four paws
were on the floor of the escape box).

2.17. T-maze
The T-maze test was conducted as previously described [35,46,47].

Mice were initially habituated in the T-maze for 2 days under food-
deprived conditions. Food reward was provided for at least 5 times
over a 10 mins period of training. T-maze was cleaned with mild
detergent solution between each testing session, so as to minimize
the animal’s ability to use any olfactory clues. The food-reward
side was always associated with a visual cue. Each time the animal
consumed food-reward and it was considered as a positive turn.

2.17. Novel object recognition (NOR) test

This test evaluates the animal’s ability to recognize the novel
object in the environment and monitor short-term memory as
described in our earlier studies [35,46,48]. Initially, the mice were
placed in a square novel box (20 in. long x 8 in. high) surrounded
with an infrared sensor. Two plastic toys (2.5-3 in. size) that varied
in color, shape, and texture were placed in specific locations in the
environment 18 in. away from each other. The mice were able to
freely explore the environment and objects for 15 mins and were
then placed back into their individual home cages. After 30 mins
intervals, the mice were placed back into the environment, with the
2 objects in the same locations, but now one of the familiar objects
was replaced with a third novel object. The mice were again
allowed to freely explore both objects for 15 mins. The familiar
and novel objects were thoroughly cleaned with a mild detergent
after each testing session.

2.18. Statistical Analysis

Statistical analyses were performed with Student’s t-test for two-
group comparison and One-way ANOVA or Two-way ANOVA
followed by Tukey’s post-hoc tests using GraphPad Prism 8.
Data are represented as mean +SD. Statistical significance was
determined at the level of p<0.05 [27,49].

3. Results

3.1. Attenuation of astroglial and microglial activation in CCI-
induced TBI mice by oral GTB

Astrocytes and microglia are two important cell types of the central
nervous system [7,8]. However, studies over the last three decades
have revealed that upon activation, these cells release different
proinflammatory molecules to participate in the pathogenesis of
different neuroinflammatory and neurodegenerative disorders,
including TBI [26-29,50-52].

Therefore, we examined the effect of oral GTB on glial activation
in the CNS of TBI mice. At first, we monitored astroglial activation
and as expected, CCI insult induced astroglial activation in cortex
and hippocampus as revealed by enhanced GFAP expression on
day 7 post-injury as compared to sham control (Figure 1A-B)
[12,13]. This finding was corroborated by counting of GFAP-
positive cells in both cortex (Figure 1E) and hippocampus (Figure
1F). Increase in GFAP following TBI was further confirmed
by Western blot analysis of hippocampal extracts (Figure 1I-
J). Recently we have seen that oral administration of GTB at a
dose of 50 mg/kg body wt/d alleviates Huntington pathology in
mice and inhibits the adoptive transfer of experimental allergic
encephalomyelitis (EAE), an animal model of multiple sclerosis
(MS), in mice [19,20].
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Figure 1: Oral administration of GTB inhibits astroglial inflammation in vivo in the cortex and hippocampus of mice with TBI. TBI
was induced in mice by CCI injury and after 24 h of injury mice were treated with 50 mg/kg/day of GTB via oral gavage. Seven days
after GTB treatment, brain sections were double-labeled for GFAP and iNOS (A, control; B, CCI; C, CCI+GTB; D, CCI+Vehicle).
Cells positive for GFAP were counted in cortex (E) and CAl region of hippocampus (F). Similarly, cells positive for iNOS were also
counted in cortex (G) and CA1 region (H). Results represent analysis of six sections of each of six mice per group. Tissue extracts of
hippocampal region from all groups of mice (n= 4 per group) were immunoblotted for GFAP 25 (I) and iNOS (K). Actin was run as a
loading control. Bands were scanned, and values (GFAP/Actin) (J) and (iNOS/Actin) (L) presented as relative to control.

Therefore, here, CCl-insulted mice were treated with GTB orally of GFAP protein (Figure 11-J) in the hippocampus of TBI mice
via gavage at a dose of 50 mg/kg body wt/d and we observed upon GTB treatment. This result was specific as we did not find
decrease in GFAP-positive astrocytes (Figure 1A-F) and the level such change with vehicle treatment (Figure 1A-F & I-J).
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Activated astrocytes express different proinflammatory molecules
including inducible nitric oxide synthase (iNOS), which is known
to produce excessive nitric oxide to cause nitrosative stress in a
neuroinflammatory milieu [7,53]. Therefore, we examined the
status of iNOS in the hippocampus and cortex of GTB-treated
and untreated TBI mice. As expected, we also found increase in
iNOS-positive cells (Figure 1A, B, G, & H) and the level of iNOS
protein (Figure 1K-L) in the brain of TBI mice as compared to
sham control.

Many GFAP-positive astrocytes colocalized with iNOS (Figure
1A-D). However, similar to the suppression of astroglial activation,
oral GTB also decreased iNOS-positive cells (Figure 1A, B, G, &
H) and the level of iNOS protein (Figure 1K-L) in the brain of TBI
mice.

Next, we investigated microglial activation and found marked
increase in Ibal-positive microglia in cortex and hippocampus of
TBI mice as compared to sham control (Figure 2A, B, E, & F).
This result was confirmed by Western blot of Ibal in hippocampal
extracts (Figure 2G-H). Double-labeling experiment also showed
colocalization of Ibal-positive microglia with iNOS (Figure 2A-
D). However, similar to the attenuation of astroglial activation,
oral administration of GTB, but not vehicle, reduced the number of
Ibal-positive astrocytes (Figure 2A-F) and the level of Ibal protein
(Figure 2G-H) in the brain of TBI mice. Together, these results
suggest that oral GTB is capable of decreasing both astroglial and
microglial activation in the hippocampus of TBI mice.
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Figure 2: Oral GTB decreases microglial activation in vivo in the cortex and hippocampus of mice with TBI. TBI was induced in mice
by CCI injury and after 24 h of injury, mice were treated with 50 mg/kg/day of GTB via oral gavage. Seven days after GTB treatment,
brain sections were double-labeled for Ibal and iNOS (A, control; B, CCI; C, CCI+GTB; D, CCI+Vehicle). Cells positive for Ibal were
counted in cortex (E) and CAl region of hippocampus (F). Results represent analysis of two sections of each of six mice per group.
Tissue extracts of hippocampal region from all groups of mice (n= 4 per group) were immunoblotted for Ibal (G). Actin was run as a
loading control. Bands were scanned, and values (Ibal/Actin) (H) presented as relative to control.
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3.2. Oral administration of GTB reduces the lesion volume in
the CCI model of TBI.

Since GTB treatment inhibited astroglial and microglial activation
in the brain of TBI mice, next, we decided to monitor whether oral
GTB could reduce the lesion volume after 21 days post-injury.

For measuring lesion volume, brain sections were stained with
hematoxylin and eosin (H&E). Figure 3A displays H&E-stained
brain sections arranged serially to show the volume of lesion
cavity from different groups of mice. As anticipated, we found
typical lesion with the distended cavity, originating from cortex

A

through hippocampus and involving to the lateral ventricle in
TBI mice as compared to no lesion in sham control (Figure 3B).
However, consistent to the suppression of astroglial and microglial
inflammation, treatment with GTB, but not vehicle, reduced the
size of lesion cavity in TBI mice (Figure 3A-B). This was also
corroborated by quantitative analysis of lesion volume using the
Cavalieri Stereological techniques, which revealed the decrease in
total lesion volume in the whole hemisphere upon GTB treatment
as compared to either untreated or vehicle-treated TBI-mice
(Figure 3C).
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Figure 3: Decrease in lesion volume in TBI mice by GTB treatment. TBI was induced in mice by CCI injury and after 24 h of injury,
mice were treated with 50 mg/kg/day of GTB via oral gavage. Twenty-one days after injury, brain sections were stained with H&E and
H&E stained sections were arranged in a series demonstrating the volume of lesion cavity in different groups. (B) Illustrative images of
H&E stained sections are shown. (C) Lesion volume was quantified in all groups of mice. Statistical analyses were performed with two-
way ANOVA and expressed as mean + SD to compare the lesion volume between unlesioned and lesioned side of the brain.
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3.3. GTB treatment restores synapse maturation in the brain
of CCI-insulted mice.

Recent studies have shown that TBI has a major impact on
synapse structure and function via a combination of the instant
mechanical insult and the resultant secondary injury processes
(e.g. inflammation), ultimately leading to synapse loss. For
example, according to Witcher et al, TBI causes chronic cortical
inflammation mediated by activated microglia, ultimately leading
to synaptic dysfunction [54].

Therefore, since GTB treatment reduces glial inflammation, we
examined whether GTB could protect the synapse in TBI mice.
PSD-95 is involved in synapse development and maturation [55].

NeuN PSD95

>

Double-labeling of brain sections for NeuN and PSD-95 indicated
loss of synaptic maturation in cortex and hippocampus of TBI
mice as indicated by decrease in PSD-95 after 21 days post-
injury in comparison to sham control mice (Figure 4A-B). On the
other hand, we did not observe such loss of NeuN in cortex and
hippocampus of TBI mice (Figure 4A-B). Western blot analysis
of hippocampal tissues also confirmed a marked decrease in PSD-
95 in the hippocampus of TBI mice as compared to sham mice
(Figure 4E-F). However, consistent to the suppression of astroglial
and microglial inflammation, treatment with GTB, but not vehicle,
upregulated the level of PSD-95 in the brain of TBI mice (Figure
4A-F).
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Figure 4: Restoration of PSD-95, NR2A and GluR1 in the hippocampus of TBI mice by oral administration of GTB. TBI was induced
in mice by CCI injury and after 24 h of injury, mice were treated with 50 mg/kg/day of GTB via oral gavage. Twenty-one days after
CCI injury, brain sections were double-labeled for NeuN and PSD-95 (A, control; B, CCI; C, CCI+GTB; D, CCI+Vehicle). Results
represent analysis of one section of each of six mice per group. Hippocampal tissue extracts from all groups of mice (n= 4 per group)
were immunoblotted for PSD-95, NR2A and GluR1 (E). Actin was run as a loading control. Bands were scanned, and values (Ibal/
Actin, F; NR2A/Actin, G; GluR1/Actin, H) presented as relative to control. Data are expressed as mean + SD. Statistical analyses were

performed with one-way ANOVA.
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In addition to PSD-95, other molecules such as NR2A and GluR1
are also involved in synapse maturation [45]. Therefore, we also
monitored the levels of NR2A and GuR1 and found significant
decrease in both NR2A (Figure 4E & G) and GluR1 (Figure 4E
& H) in the hippocampus of TBI mice after 21 days post-injury
in comparison to sham control mice. Similar to the upregulation
and/or restoration of PSD-95, GTB treatment increased the level
of NR2A (Figure 4E & G) and GluR1 (Figure 4E & H) in the
hippocampus of TBI mice. These results were specific as we did
not observe any such increase in NR2A and GluR1 by vehicle
treatment (Figure 4E, G & H). These results suggest that oral GTB
is capable of restoring synapse maturation in the hippocampus of
TBI mice.

3.4. Oral GTB protects cognitive functions in TBI mice

Many TBI survivors suffer from cognitive deficits throughout the
rest of their lives [56,57]. It has been reported that impaired synaptic
alterations are implicated in contributing to cognitive defects in
TBI [58]. Since GTB treatment protected and/or improved synapse
development and maturation in hippocampus and cortex of TBI

mice, we examined whether GTB could protect cognitive functions
in TBI mice after 21 days post-injury. While to monitor short-term
memory, we employed novel object recognition (NOR) test, for
spatial learning and memory, mouse behaviors were analyzed on
Barnes maze and T-maze.

As evident from NOR task, TBI mice spent less time with novel
object as compared to sham control mice (Figure 5SA & C). On
the other hand, upon treatment with GTB, but not vehicle, TBI
mice spent significantly more time with novel object (Figure
5A & C), indicating improvement in short term memory by oral
GTB. Barnes maze is a hippocampus-dependent memory task
that requires spatial reference memory. It showed that TBI mice
without treatments did not find the reward hole easily (Figure 5B),
made more errors (Figure 5D) and required greater time (latency)
(Figure 5E) as compared to sham control mice. However, GTB-
treated, but not vehicle-treated, TBI mice performed much better
on Barnes maze (Figure 5B), made less errors (Figure 5D), and
took less time (Figure S5E) to find the target hole as compared to
untreated TBI mice.
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Figure 5: Effect of GTB on spatial learning and memory in TBI mice. TBI was induced in mice by CCI injury and after 24 h of injury,
mice were treated with 50 mg/kg/day of GTB via oral gavage. Twenty-one days after CCI injury, mice were tested by Novel object
recognition test (A, Heat map; C, Exploration time), Barnes maze (B, Heat map; D, number of errors; E, latency or time taken) and
T-maze (F, positive turns; G, Negative turns). Six mice were used in each group. Statistical analyses were performed by one way

ANOVA followed by Tukey’s post hoc test.

J Clin Exp Immunol, 2026

Volume 11 | Issue 2 | 9



In T-maze as well, TBI mice without treatments exhibited a
smaller number of positive turns (Figure. 5F) and greater number
of negative turns (Figure 5G) than sham control mice. Consistent
to NOR task and Barnes maze, oral administration of GTB, but
not vehicle, considerably enhanced the hippocampus dependent
memory performance in TBI mice as exhibited by a higher number
of positive turns (Figure 5F) and a lower number of negative turns
(Figure 5G) than untreated TBI mice.

3.5. GTB treatment improves locomotor functions in TBI mice
after 7 days of CCI injury

The principal therapeutic aim of TBI research is to preserve or
recover the behavioral functions. Since GTB treatment protected
cognitive functions in TBI mice, next, we investigated whether
GTB also protected overall locomotor activities. For recording

general locomotor behaviors, we employed the Noldus computer
system connected to a video camera 6 (Basler Gen I Cam — Basler
acA 1300-60) that remained stationary on top facing-down on the
open-field arena. Figure 6A represents heat maps summarizing the
overall movement of mice in the open field arena after 7 day of
CClI injury.

As expected, TBI mice exhibited decreased open field activity
in comparison to sham control with respect to heat map (Figure
6A), distance travelled (Figure 6B), velocity (Figure 6C), center
frequency (Figure 6D), and rearing (Figure 6E) on 7th day post
CCI injury. However, treatment of TBI mice with GTB, but not
vehicle, led to significant increase in open field behavior (Figure
6A-E).
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Figure 6: GTB treatment recovers motor functions in TBI mice. TBI was induced in mice by CCI injury and after 24 h of injury, mice
were treated with 50 mg/kg/day of GTB via oral gavage. Seven days after CCI injury, mice were tested for open-field behavior (A,
heat map analysis monitored by using the Noldus system; B, distance moved; C, velocity; D, center frequency; E, rearing), rotorod
(F, latency), tail suspension test (G, immobility time), beam walking (H, number of steps; I, time taken; J, slips), and grid runway (K,
number of steps; L, time taken; M, misplacements). Six mice were used in each group. Statistical analyses were performed by one way

ANOVA followed by Tukey’s posthoc test.

J Clin Exp Immunol, 2026

Volume 11 | Issue 2 | 10



21 days pop

A Control CCI+GTB CCIl+Vehicle

1
1
i
i
i
i
i
i
i
i
i
i
i
i

D

(@ J T ———

B 4000 - ns

15
- T 10 - 30 ns E ns
§ 3000 | K ns g 2 12
3 275 s >
8 s g 20 £ o
< 2000 4 > 5 L 15 s
k7 g g 10 6
o 1000 A Qo5 =
(] ) 5 3 1
> o
0 0 0 0
@® control @ cci ® cci:cTB @ CCl+Vehicle
p<0.05
300 G_
F _NS_ g 300 p<0.01
[<1]
225 A $ 225 1 p<0.001 p<0.01
’a [
S £
150 | = l
8 < 150
1y =
S 751 S 75
E £
0 - E 0
15 -
H 40 ; I e NS J
12 1

w
o
-
N
M

p<0.001 NS

9 4
6 A
3 4 i i i
o0 -

Time (sec)
-]
Slips

-
o
F

Number of Steps
N
o

IR

L 147 p<0001 Ns

o

A

-
N
J

M

] 2
2 30 4 NS o 12 =
2 8 10 2 97
gzo- < 54 5 p<0.001 NS
Nt E o s 61
] = -
F=] 2
Em.,l : - i i [
=
= 2 4

0 A 0 A 0 =

Figure 7: Effect of GTB on motor functions in TBI mice on 21st day of CCI injury. TBI was induced in mice by CCI injury and after
24 h of injury, mice were treated with 50 mg/kg/day of GTB via oral gavage. Twenty-one days after CCI injury, mice were tested for
open-field behavior (A, heat map analysis monitored by using the Noldus system; B, distance moved; C, velocity; D, center frequency;
E, rearing), rotorod (F, latency), tail suspension test (G, immobility time), beam walking (H, number of steps; I, time taken; J, slips),
and grid runway (K, number of steps; L, time taken; M, misplacements). Six mice were used in each group. Statistical analyses were
performed by one way ANOVA followed by Tukey’s post hoc test.
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Next, we used rotorod test to examine motor coordination and
balance activity of mice. Similar to open field activity, TBI mice
exhibited significant decrease in latency to fall at 7-day post CCI
injury as compared to sham control (Figure 6F). On the other hand,
oral administration of GTB, but not vehicle, improved rotorod
performance as seen by increase in latency) (Figure 6F).

Depression is a noticeable symptom of TBI particularly during the
initial stage of brain injury, which can be monitored in mice by tail
suspension test [41]. Therefore, we performed this test to monitor
the effect of GTB treatment on depression like behavior in TBI
mice. As evident from Figure 6G, TBI mice on 7th day of CCI
insult exhibited significantly higher immobility time than sham
control, indicating more depressive behavior in TBI mice than sham
mice. However, GTB-treated TBI mice displayed significantly less
immobility time during tail suspension test than either untreated
or vehicle-treated TBI mice (Figure 6G), suggesting inhibition of
depressive behavior by GTB.

TBI is known to damage the connection between brain and muscles,
thereby impairing gait movements. Therefore, we employed
beam walking to monitor gait behavior and observed poor gait
movement of TBI mice as compared to sham control (Figure 6H-
J). TBI mice used more steps (Figure 6H), took more time (Figure
61) and made more slips (Figure 6J) than sham control mice while
crossing the beam. However, oral administration of GTB, but not
vehicle, improved beam walking of TBI mice (Figure 6H-J). To
further confirm the results, we also used grid runway that allows
scientists the opportunity to analyze and compare gait activities.

Similar to that found with beam walking, TBI mice also performed
poorly in comparison to sham control on grid runway in terms
of number of steps (Figure 6K), time taken (Figure 6L) and
misplacement (Figure 6M). In this case as well, GTB treatment
improved the performance of TBI mice on grid runway (Figure
6K-M). Together, these results indicate improved locomotor
performance of TBI mice on 7th day of CCI injury upon GTB
treatment.

On the other hand, many of the locomotor parameters improved
spontaneously on 21st day of CCI injury and we also did not
observe any significant change after GTB treatment (Figure
7A-M). For example, no significant change was seen in all
parameters tested for open field behavior (Figure 7A, heat map;
Figure 7B, distance traveled; Figure 7C, velocity; Figure 7D,
center frequency; Figure 7E, rearing) and some parameters tested
for beam walking (Figure. 7H, number of steps; Figure 71, time
taken) and grid runway (Figure 7K, number of steps). Only on tail
suspension test, significant impairment was seen in TBI mice as
compared to untreated TBI mice and GTB treatment also led to
significantly less immobility time during tail suspension test than
either untreated or vehicle-treated TBI mice on 21st day of CCI
injury (Figure 7G), suggesting that GTB can inhibit depressive
behavior even in the later phase of TBI.

4. Discussion

Apart from regular medical evaluation and care, effective treatment
is till unavailable for improving the quality of life in patients with
TBI. Therefore, delineating an effective, but harmless, therapy
for modulating pathogenic processes and improving behavioral
outcome is an important area of research. GTB is an FDA-
permitted secondary food additive that is usually documented as
safe for use in food or food packaging. Here we provide the first
confirmation that oral gavage of GTB is capable of protecting mice
from CCI-induced TBI. Although TBI caused a significant
amount of lesion cavity, daily oral administration of GTB
starting from 24 h after the CCI injury reduced the lesion volume
and reestablished the structural-tissue integrity of damaged
hippocampus. Similarly, GTB treatment also reduced motor
dysfunction, improved cognitive performance and attenuated
depression-like behavior in mice with TBI. Moreover, consistent
to its safety profile, oral GTB did not cause any side effects (for
example, bacterial or viral infection, decrease in body weight, loss
of hair, fecal boli, unusual behavior, etc.). Together, these results
suggest that oral GTB may exhibit beneficial effects for TBI and
that GTB may not be toxic for patients with TBI.

Microglial and astroglial activation have become a hallmark of
different neuroinflammatory and neurodegenerative disorders
including TBI [7,8,12,13,59]. Usually following TBI, astrocytes
and microglia are activated in and around the damaged area of
the brain, which eventually produce different proinflammatory
molecules (e.g. IL-1B, IL-6, TNFa, NO, etc.) to cause inflammation
and synaptic injury [7,12,16]. Accordingly, although induction of
TBI increased glial inflammation in the hippocampus as evident
by upregulation of microglial marker Ibal and astroglial marker
GFAP and increase in the expression of inducible nitric oxide
synthase (iNOS), oral GTB strongly inhibited and/or normalized
astroglial and microglial activation. This is consistent to our recent
findings demonstrating suppression of microglial inflammation in
an animal model of Huntington disease [19] and hemiparkinsonian
monkeys by oral GTB [22]. Several studies have shown that TBI has
amajor impact on synapse structure and function via a combination
of the instant mechanical insult and glial inflammation, ultimately
leading to synapse loss. For example, according to Witcher et
al [54], TBI causes chronic cortical inflammation mediated by
activated microglia, ultimately leading to synaptic dysfunction.
Consistent to the attenuation of glial activation, oral GTB restores
synaptic maturation in cortex and hippocampus of TBI mice as
indicated by the increase in PSD-95, NR2A and GluR 1. Therefore,
by attenuating glial activation and restoring synaptic function,
GTB can exhibit neuroprotection in TBI mice.

Mechanisms by which GTB can inhibit glial activation are poorly
understood. Recently, we have seen that GTB is capable of
suppressing the production of proinflammatory cytokines (TNFa,
IL-1B and IL-6) in activated mouse primary glial cells [21].
Moreover, being a benzoic acid ester, GTB could be metabolized
to benzoate in the body. For example, recently we have detected
sodium benzoate (NaB), an FDA-approved drug against urea
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cycle disorders and nonketotic hyper glycinemia, in the cortex
of GTB-fed Huntington mouse model and in the substantia nigra
of GTB-fed MPTP mouse model of PD [19,22]. NaB is known
to inhibit activation of NF-kB and microglial inflammation via
suppression of farnesylation — p21Ras pathway [60]. Accordingly,
oral GTB reduced the levels of GTP-bound p21Ras (activated
Ras) and p65 (RelA subunit of NF-kB) in the substantia nigra of
hemiparkinsonian monkeys. Therefore, in the hippocampus of TBI
mice, GTB treatment may inhibit glial activation via modulation of
the NaB - p21Ras — NF-kB pathway. Despite intense investigations,
there is no effective treatment for discontinuing the progression of
TBI. Although some medications are there for taking care of blood
clot, muscle spasms, anxiety, depression, mood instability, many
of these drugs exhibit symptomatic relief with a number of side
effects. Alternatively, there are several advantages of GTB over
available anti-TBI therapies. First, GTB is a U.S. Food and Drug
Administration (FDA)-permitted flavoring constituent that is used
in food and food packaging businesses. Second, oral administration
is the least painful route of drug treatment and GTB can be taken
orally. Consistent to that found in mouse models of Huntington
disease and multiple sclerosis and monkey model of Parkinson’s
disease, here, we have noticed reduction in glial activation in
the hippocampus and protection of memory and learning in TBI
mice by oral GTB [19,20,22]. Third, many drugs do not cross
the blood-brain barrier (BBB) to reach the brain. However, after
oral GTB treatment, the active molecule NaB is detected in the
brain, indicating its accessibility to the brain. Moreover, many TBI
patients suffer from constipation and fecal incontinence [19,61].
Since upon metabolism, GTB generates glycerol having laxative
effect to help digested food move through the gut smoothly, TBI
patients may get additional benefit from oral GTB.

In summary, we have described that oral administration of GTB,
a flavoring ingredient and an indirect food additive, reduces
microglial and astroglial activation, protected and/or restored
synaptic maturation, and decreases lesion cavity to improve
motor and cognitive functions in CCl-induced mouse model of
TBI. Although the disease process of TBI in human and mice
are different, our results suggest that GTB may have therapeutic
importance in TBI. Accordingly, GTB treatment protected and/or
restored synaptic maturation in the hippocampus of TBI mice.

Acknowledgement

This study was supported by merit award (1101BX005002) from
US Department of Veterans Affairs. Moreover, Dr. Pahan is the
recipient of a Research Career Scientist Award (1IK6 BX004982)
from the Department of Veterans Affairs. However, the views
expressed in this article are those of the authors and do not
necessarily reflect the position or policy of the Department of
Veterans Affairs or the United States government.

References

1. Rangasamy, S. B., Poddar, J., & Pahan, K. (2023).
RETRACTED: Protection of Mice from Controlled Cortical
Impact Injury by Food Additive Glyceryl Tribenzoate.

10.

11.

12.

13.

14.

15.

16.

International Journal of Molecular Sciences, 24(3), 2083.
Mollayeva, T., Mollayeva, S., & Colantonio, A. (2018).
Traumatic brain injury: sex, gender and intersecting
vulnerabilities. Nature Reviews Neurology, 14(12), 711-722.
Zeiler, F. A., Thelin, E. P., Donnelly, J., Stevens, A. R,
Smielewski, P., Czosnyka, M., ... & Menon, D. K. (2019).
Genetic drivers of cerebral blood flow dysfunction in TBI: a
speculative synthesis. Nature Reviews Neurology, 15(1), 25-
39.

McKee, A. C., & Robinson, M. E. (2014). Military-related
traumatic brain injury and neurodegeneration. Alzheimer's &
Dementia, 10, S242-S253.

Coronado, V. G., McGuire, L. C., Sarmiento, K., Bell, J.,
Lionbarger, M. R., Jones, C. D., ... & Xu, L. (2012). Trends in
traumatic brain injury in the US and the public health response:
1995-2009. Journal of safety research, 43(4), 299-307.
Levin, H. S., & Robertson, C. S. (2013). Mild traumatic brain
injury in translation. Journal of neurotrauma, 30(8), 610-617.
Saha, R. N., & Pahan, K. (2006). Regulation of inducible
nitric oxide synthase gene in glial cells. Antioxidants & redox
signaling, 8(5-6), 929-947.

Saha, R. N., & Pahan, K. (2006). Signals for the induction
of nitric oxide synthase in astrocytes. Neurochemistry
international, 49(2), 154-163.

Pahan, K., Namboodiri, A. M., Sheikh, F. G., Smith, B. T,
& Singh, 1. (1997). Increasing cAMP attenuates induction
of inducible nitric-oxide synthase in rat primary astrocytes.
Journal of Biological Chemistry, 272(12), 7786-7791.

Pahan, K., Sheikh, F. G., Namboodiri, A. M., & Singh,
I. (1998). N-acetyl cysteine inhibits induction of no
production by endotoxin or cytokine stimulated rat peritoneal
macrophages, C6 glial cells and astrocytes. Free Radical
Biology and Medicine, 24(1), 39-48.

Roy, A., Fung, Y. K., Liu, X., & Pahan, K. (2006). Up-
regulation of microglial CD11b expression by nitric oxide.
Journal of Biological Chemistry, 281(21), 14971-14980.
Petrov, T., Underwood, B. D., Braun, B., Alousi, S. S., &
Rafols, J. A. (2001). Upregulation of iNOS expression and
phosphorylation of elF-2 a are paralleled by suppression of
protein synthesis in rat hypothalamus in a closed head trauma
model. Journal of neurotrauma, 18(8), 799-812.

Atkins, C. M., Oliva Jr, A. A., Alonso, O. F., Pearse, D. D.,
Bramlett, H. M., & Dietrich, W. D. (2007). Modulation of
the cAMP signaling pathway after traumatic brain injury.
Experimental neurology, 208(1), 145-158.

Poddar, J., Rangasamy, S. B., & Pahan, K. (2024). Therapeutic
efficacy of cinnamein, a component of balsam of Tolu/
Peru, in controlled cortical impact mouse model of TBI
Neurochemistry international, 176, 105742.

Werneburg, S., Feinberg, P. A., Johnson, K. M., & Schafer,
D. P. (2017). A microglia-cytokine axis to modulate synaptic
connectivity and function. Current opinion in neurobiology,
47, 138-145.

Clark, R. S., Kochanek, P. M., Schwarz, M. A., Schiding,
J. K., Turner, D. S., Chen, M., ... & Watkins, S. C. (1996).

J Clin Exp Immunol, 2026

Volume 11 | Issue 2 | 13


https://doi.org/10.3390/ijms24032083
https://doi.org/10.3390/ijms24032083
https://doi.org/10.3390/ijms24032083
https://doi.org/10.3390/ijms24032083
https://doi.org/10.1038/s41582-018-0091-y
https://doi.org/10.1038/s41582-018-0091-y
https://doi.org/10.1038/s41582-018-0091-y
https://doi.org/10.1038/s41582-018-0105-9
https://doi.org/10.1038/s41582-018-0105-9
https://doi.org/10.1038/s41582-018-0105-9
https://doi.org/10.1038/s41582-018-0105-9
https://doi.org/10.1038/s41582-018-0105-9
https://doi.org/10.1016/j.jalz.2014.04.003
https://doi.org/10.1016/j.jalz.2014.04.003
https://doi.org/10.1016/j.jalz.2014.04.003
https://doi.org/10.1016/j.jsr.2012.08.011
https://doi.org/10.1016/j.jsr.2012.08.011
https://doi.org/10.1016/j.jsr.2012.08.011
https://doi.org/10.1016/j.jsr.2012.08.011
https://doi.org/10.1089/neu.2012.2394
https://doi.org/10.1089/neu.2012.2394
https://doi.org/10.1089/ars.2006.8.929
https://doi.org/10.1089/ars.2006.8.929
https://doi.org/10.1089/ars.2006.8.929
https://doi.org/10.1016/j.neuint.2006.04.007
https://doi.org/10.1016/j.neuint.2006.04.007
https://doi.org/10.1016/j.neuint.2006.04.007
https://doi.org/10.1074/jbc.272.12.7786
https://doi.org/10.1074/jbc.272.12.7786
https://doi.org/10.1074/jbc.272.12.7786
https://doi.org/10.1074/jbc.272.12.7786
https://doi.org/10.1016/s0891-5849(97)00137-8
https://doi.org/10.1016/s0891-5849(97)00137-8
https://doi.org/10.1016/s0891-5849(97)00137-8
https://doi.org/10.1016/s0891-5849(97)00137-8
https://doi.org/10.1016/s0891-5849(97)00137-8
https://doi.org/10.1074/jbc.m600236200
https://doi.org/10.1074/jbc.m600236200
https://doi.org/10.1074/jbc.m600236200
https://doi.org/10.1089/089771501316919166
https://doi.org/10.1089/089771501316919166
https://doi.org/10.1089/089771501316919166
https://doi.org/10.1089/089771501316919166
https://doi.org/10.1089/089771501316919166
https://doi.org/10.1016/j.expneurol.2007.08.011
https://doi.org/10.1016/j.expneurol.2007.08.011
https://doi.org/10.1016/j.expneurol.2007.08.011
https://doi.org/10.1016/j.expneurol.2007.08.011
https://doi.org/10.1016/j.neuint.2024.105742
https://doi.org/10.1016/j.neuint.2024.105742
https://doi.org/10.1016/j.neuint.2024.105742
https://doi.org/10.1016/j.neuint.2024.105742
https://doi.org/10.1016/j.conb.2017.10.002
https://doi.org/10.1016/j.conb.2017.10.002
https://doi.org/10.1016/j.conb.2017.10.002
https://doi.org/10.1016/j.conb.2017.10.002
https://doi.org/10.1203/00006450-199605000-00007
https://doi.org/10.1203/00006450-199605000-00007

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Inducible nitric oxide synthase expression in cerebrovascular
smooth muscle and neutrophils after traumatic brain injury in
immature rats. Pediatric research, 39(5), 784-790.
Woodcock, T., & Morganti-Kossmann, M. C. (2013). The
role of markers of inflammation in traumatic brain injury.
Frontiers in neurology, 4, 18.

Zeiler, F. A., Thelin, E. P., Czosnyka, M., Hutchinson, P. J.,
Menon, D. K., & Helmy, A. (2017). Cerebrospinal fluid and
microdialysis cytokines in severe traumatic brain injury: a
scoping systematic review. Frontiers in neurology, 8, 331.
Dutta, D., Majumder, M., Paidi, R. K., & Pahan, K.
(2021). Alleviation of Huntington pathology in mice by
oral administration of food additive glyceryl tribenzoate.
Neurobiology of disease, 153, 105318.

Mondal, S., Dasarathi, S., & Pahan, K. (2017). Glyceryl
tribenzoate: a flavoring ingredient, inhibits the adoptive
transfer of experimental allergic encephalomyelitis via
TGF-B: implications for multiple sclerosis therapy. Journal of
clinical & cellular immunology, 8(1), 488.

Pahan, S., Dasarathi, S., & Pahan, K. (2021). Glyceryl
tribenzoate: A food additive with unique properties to be a
substitute for cinnamon. Journal of clinical & experimental
immunology, 6(5), 367.

Rangasamy, S. B., Dutta, D., Mondal, S., Majumder, M.,
Dasarathy, S., Chandra, G., & Pahan, K. (2022). Protection
of dopaminergic neurons in hemiparkinsonian monkeys by
flavouring ingredient glyceryl tribenzoate. Neurolmmune
pharmacology and therapeutics, 1(1), 7-22.

Atkins, C. M., Cepero, M. L., Kang, Y., Liebl, D. J., &
Dietrich, W. D. (2013). Effects of early rolipram treatment
on histopathological outcome after controlled cortical impact
injury in mice. Neuroscience letters, 532, 1-6.

Xu, S. Y., Liu, M., Gao, Y., Cao, Y., Bao, J. G, Lin, Y. Y., ...
& Zhong, C. L. (2019). Acute histopathological responses and
long-term behavioral outcomes in mice with graded controlled
cortical impact injury. Neural regeneration research, 14(6),
997-1003.

Dal Pozzo, V., Crowell, B., Briski, N., Crockett, D. P., &
D’arcangelo, G. (2020). Reduced reelin expression in the
hippocampus after traumatic brain injury. Biomolecules,
10(7), 975.

Rangasamy, S. B., Raha, S., Dasarathy, S., & Pahan, K. (2021).
RETRACTED: Sodium Benzoate, a Metabolite of Cinnamon
and a Food Additive, Improves Cognitive Functions in Mice
after Controlled Cortical Impact Injury. International journal
of molecular sciences, 23(1), 192.

Rangasamy, S. B., Jana, M., Roy, A., Corbett, G. T., Kundu,
M., Chandra, S., ... & Pahan, K. (2018). Selective disruption
of TLR2-MyD88 interaction inhibits inflammation and
attenuates Alzheimer’s pathology. The Journal of Clinical
Investigation, 128(10), 4297-4312.

Dutta, D., Jana, M., Majumder, M., Mondal, S., Roy, A., &
Pahan, K. (2021). Selective targeting of the TLR2/MyDS88/NF-
kappaB pathway reduces alpha-synuclein spreading in vitro
and in vivo. Nat. Commun. 12, 5382.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pahan, K., Sheikh, F. G., Namboodiri, A. M., & Singh, L.
(1997). Lovastatin and phenylacetate inhibit the induction of
nitric oxide synthase and cytokines in rat primary astrocytes,
microglia, and macrophages. The Journal of clinical
investigation, 100(11), 2671-2679.

Dutta, D., Paidi, R. K., Raha, S., Roy, A., Chandra, S., &
Pahan, K. (2022). Treadmill exercise reduces a-synuclein
spreading via PPARa. Cell reports, 40(2).

Ghosh, A., Jana, M., Modi, K., Gonzalez, F. J., Sims, K. B.,
Berry-Kravis, E., & Pahan, K. (2015). Activation of peroxisome
proliferator-activated receptor o induces lysosomal biogenesis
in brain cells: implications for lysosomal storage disorders.
Journal of Biological Chemistry, 290(16), 10309-10324.
Ghosh, A., Roy, A., Matras, J., Brahmachari, S., Gendelman,
H. E., & Pahan, K. (2009). Simvastatin inhibits the activation
of p21ras and prevents the loss of dopaminergic neurons in a
mouse model of Parkinson's disease. Journal of Neuroscience,
29(43), 13543-13556.

Mondal, S., Prieto, S., Rangasamy, S. B., Dutta, D., & Pahan,
K. (2024). Nebulization of low-dose aspirin ameliorates
Huntington’s pathology in N171-82Q transgenic mice.
Neurolmmune Pharmacology and Therapeutics, 3(1), 47-59.
Kumar, A., Stoica, B. A., Sabirzhanov, B., Burns, M. P,,
Faden, A. 1., & Loane, D. J. (2013). Traumatic brain injury
in aged animals increases lesion size and chronically alters
microglial/macrophage classical and alternative activation
states. Neurobiology of aging, 34(5), 1397-1411.

Rangasamy, S. B., Ghosh, S., & Pahan, K. (2020). RNS60, a
physically-modified saline, inhibits glial activation, suppresses
neuronal apoptosis and protects memory in a mouse model of
traumatic brain injury. Experimental Neurology, 328, 113279.
Kabadi, S. V., Stoica, B. A., Loane, D. J., Byrnes, K. R,
Hanscom, M., Cabatbat, R. M., ... & Faden, A. 1. (2012).
Cyclin D1 gene ablation confers neuroprotection in traumatic
brain injury. Journal of neurotrauma, 29(5), 813-827.
Chandra, S., & Pahan, K. (2019). Gemfibrozil, a lipid-lowering
drug, lowers amyloid plaque pathology and enhances memory
in a mouse model of Alzheimer’s disease via peroxisome
proliferator-activated receptor o. Journal of Alzheimer's
disease reports, 3(1), 149-168.

Chandra, G., Roy, A., Rangasamy, S. B., & Pahan, K. (2017).
Induction of adaptive immunity leads to nigrostriatal disease
progression in MPTP mouse model of Parkinson’s disease.
The Journal of Immunology, 198(11), 4312-4326.

Gottschalk, C. G., Jana, M., Roy, A., Patel, D. R., & Pahan,
K. (2021). Gemfibrozil protects dopaminergic neurons in a
mouse model of Parkinson's disease via PPARa-dependent
astrocytic GDNF pathway. Journal of Neuroscience, 41(10),
2287-2300.

Cunha, M. P, Machado, D. G., Bettio, L. E., Capra, J. C,,
& Rodrigues, A. L. S. (2008). Interaction of zinc with
antidepressants in the tail suspension test. Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 32(8), 1913-
1920.

Can, A., Dao, D. T., Terrillion, C. E., Piantadosi, S. C., Bhat,

J Clin Exp Immunol, 2026

Volume 11 | Issue 2 | 14


https://doi.org/10.1203/00006450-199605000-00007
https://doi.org/10.1203/00006450-199605000-00007
https://doi.org/10.1203/00006450-199605000-00007
https://doi.org/10.3389/fneur.2013.00018
https://doi.org/10.3389/fneur.2013.00018
https://doi.org/10.3389/fneur.2013.00018
https://doi.org/10.3389/fneur.2017.00331
https://doi.org/10.3389/fneur.2017.00331
https://doi.org/10.3389/fneur.2017.00331
https://doi.org/10.3389/fneur.2017.00331
https://doi.org/10.1016/j.nbd.2021.105318
https://doi.org/10.1016/j.nbd.2021.105318
https://doi.org/10.1016/j.nbd.2021.105318
https://doi.org/10.1016/j.nbd.2021.105318
https://doi.org/10.4172/2155-9899.1000488
https://doi.org/10.4172/2155-9899.1000488
https://doi.org/10.4172/2155-9899.1000488
https://doi.org/10.4172/2155-9899.1000488
https://doi.org/10.4172/2155-9899.1000488
https://doi.org/10.33140/jcei.06.05.04
https://doi.org/10.33140/jcei.06.05.04
https://doi.org/10.33140/jcei.06.05.04
https://doi.org/10.33140/jcei.06.05.04
https://doi.org/10.1515/nipt-2022-0005
https://doi.org/10.1515/nipt-2022-0005
https://doi.org/10.1515/nipt-2022-0005
https://doi.org/10.1515/nipt-2022-0005
https://doi.org/10.1515/nipt-2022-0005
https://doi.org/10.1016/j.neulet.2012.10.019
https://doi.org/10.1016/j.neulet.2012.10.019
https://doi.org/10.1016/j.neulet.2012.10.019
https://doi.org/10.1016/j.neulet.2012.10.019
https://doi.org/10.4103/1673-5374.250579
https://doi.org/10.4103/1673-5374.250579
https://doi.org/10.4103/1673-5374.250579
https://doi.org/10.4103/1673-5374.250579
https://doi.org/10.4103/1673-5374.250579
https://doi.org/10.3390/biom10070975
https://doi.org/10.3390/biom10070975
https://doi.org/10.3390/biom10070975
https://doi.org/10.3390/biom10070975
https://doi.org/10.3390/ijms23010192
https://doi.org/10.3390/ijms23010192
https://doi.org/10.3390/ijms23010192
https://doi.org/10.3390/ijms23010192
https://doi.org/10.3390/ijms23010192
https://doi.org/10.1172/jci96209
https://doi.org/10.1172/jci96209
https://doi.org/10.1172/jci96209
https://doi.org/10.1172/jci96209
https://doi.org/10.1172/jci96209
https://doi.org/10.1038/s41467-021-25767-1
https://doi.org/10.1038/s41467-021-25767-1
https://doi.org/10.1038/s41467-021-25767-1
https://doi.org/10.1038/s41467-021-25767-1
https://doi.org/10.1172/jci119812
https://doi.org/10.1172/jci119812
https://doi.org/10.1172/jci119812
https://doi.org/10.1172/jci119812
https://doi.org/10.1172/jci119812
https://doi.org/10.1016/j.celrep.2022.111058
https://doi.org/10.1016/j.celrep.2022.111058
https://doi.org/10.1016/j.celrep.2022.111058
https://doi.org/10.1074/jbc.m114.610659
https://doi.org/10.1074/jbc.m114.610659
https://doi.org/10.1074/jbc.m114.610659
https://doi.org/10.1074/jbc.m114.610659
https://doi.org/10.1074/jbc.m114.610659
https://doi.org/10.1523/JNEUROSCI.4144-09.2009
https://doi.org/10.1523/JNEUROSCI.4144-09.2009
https://doi.org/10.1523/JNEUROSCI.4144-09.2009
https://doi.org/10.1523/JNEUROSCI.4144-09.2009
https://doi.org/10.1523/JNEUROSCI.4144-09.2009
https://doi.org/10.1515/nipt-2023-0026
https://doi.org/10.1515/nipt-2023-0026
https://doi.org/10.1515/nipt-2023-0026
https://doi.org/10.1515/nipt-2023-0026
https://doi.org/10.1016/j.neurobiolaging.2012.11.013
https://doi.org/10.1016/j.neurobiolaging.2012.11.013
https://doi.org/10.1016/j.neurobiolaging.2012.11.013
https://doi.org/10.1016/j.neurobiolaging.2012.11.013
https://doi.org/10.1016/j.neurobiolaging.2012.11.013
https://doi.org/10.1016/j.expneurol.2020.113279
https://doi.org/10.1016/j.expneurol.2020.113279
https://doi.org/10.1016/j.expneurol.2020.113279
https://doi.org/10.1016/j.expneurol.2020.113279
https://doi.org/10.1089/neu.2011.1980
https://doi.org/10.1089/neu.2011.1980
https://doi.org/10.1089/neu.2011.1980
https://doi.org/10.1089/neu.2011.1980
https://doi.org/10.3233/adr-190104
https://doi.org/10.3233/adr-190104
https://doi.org/10.3233/adr-190104
https://doi.org/10.3233/adr-190104
https://doi.org/10.3233/adr-190104
https://doi.org/10.4049/jimmunol.1700149
https://doi.org/10.4049/jimmunol.1700149
https://doi.org/10.4049/jimmunol.1700149
https://doi.org/10.4049/jimmunol.1700149
https://doi.org/10.1523/jneurosci.3018-19.2021
https://doi.org/10.1523/jneurosci.3018-19.2021
https://doi.org/10.1523/jneurosci.3018-19.2021
https://doi.org/10.1523/jneurosci.3018-19.2021
https://doi.org/10.1523/jneurosci.3018-19.2021
https://doi.org/10.1016/j.pnpbp.2008.09.006
https://doi.org/10.1016/j.pnpbp.2008.09.006
https://doi.org/10.1016/j.pnpbp.2008.09.006
https://doi.org/10.1016/j.pnpbp.2008.09.006
https://doi.org/10.1016/j.pnpbp.2008.09.006
https://doi.org/10.3791/3769

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

S., & Gould, T. D. (2012). The tail suspension test. Journal of
visualized experiments: JoVE, (59), 3769.

Deacon, R. (2012). Assessing burrowing, nest construction,
and hoarding in mice. Journal of visualized experiments:
JoVE, (59), 2607.

Bachstetter, A. D., Webster, S. J., Van Eldik, L. J., & Cambi, F.
(2013). Clinically relevant intronic splicing enhancer mutation
in myelin proteolipid protein leads to progressive microglia
and astrocyte activation in white and gray matter regions of
the brain. Journal of neuroinflammation, 10(1), 911.

Shelton, S. B., Pettigrew, D. B., Hermann, A. D., Zhou, W.,
Sullivan, P. M., Crutcher, K. A., & Strauss, K. 1. (2008). A
simple, efficient tool for assessment of mice after unilateral
cortex injury. Journal of neuroscience methods, 168(2), 431-
442.

Roy, A., Jana, M., Corbett, G. T., Ramaswamy, S., Kordower,
J.H., Gonzalez, F. J., & Pahan, K. (2013). Regulation of cyclic
AMP response element binding and hippocampal plasticity-
related genes by peroxisome proliferator-activated receptor a.
Cell reports, 4(4), 724-737.

Patel, D., Roy, A., Kundu, M., Jana, M., Luan, C. H., Gonzalez,
F.J., & Pahan, K. (2018). Aspirin binds to PPARa to stimulate
hippocampal plasticity and protect memory. Proceedings of
the National Academy of Sciences, 115(31), E7408-E7417.
McKay, M., Gorai, S., Paidi, R. K., Mondal, S., & Pahan, K.
(2024). Identification of Cinnamein, a Component of Balsam
of Tolu/Peru, as a New Ligand of PPARa for Plaque Reduction
and Memory Protection in a Mouse Model of Alzheimer’s
Disease. Journal of Alzheimer's Disease Reports, 8(1), 903-
922.

Majumder, M., Dutta, D., Paidi, R. K., & Pahan, K. (2025).
Activation of PPARa by gemfibrozil lowers tau-associated
neuropathology in the MAPT mouse model of Alzheimer’s
disease. Brain Research, 150089.

Modi, K. K., Roy, A., Brahmachari, S., Rangasamy, S. B.,
& Pahan, K. (2015). Cinnamon and its metabolite sodium
benzoate attenuate the activation of p2lrac and protect
memory and learning in an animal model of Alzheimer’s
disease. PloS one, 10(6), €0130398.

Pahan, K., Jana, M., Liu, X., Taylor, B. S., Wood, C., & Fischer,
S. M. (2002). Gemfibrozil, a lipid-lowering drug, inhibits
the induction of nitric-oxide synthase in human astrocytes.
Journal of Biological Chemistry, 277(48), 45984-45991.
Jana, A., & Pahan, K. (2010). Sphingolipids in multiple
sclerosis. Neuromolecular medicine, 12(4), 351-361.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Pahan, K., Sheikh, F. G., Namboodiri, A. M., & Singh,
I. (1998). Inhibitors of protein phosphatase 1 and 2A
differentially regulate the expression of inducible nitric-
oxide synthase in rat astrocytes and macrophages. Journal of
biological chemistry, 273(20), 12219-12226.

Jana, M., Anderson, J. A., Saha, R. N., Liu, X., & Pahan,
K. (2005). Regulation of inducible nitric oxide synthase
in proinflammatory cytokine-stimulated human primary
astrocytes. Free Radical Biology and Medicine, 38(5), 655-
664.

Witcher, K. G., Bray, C. E., Chunchai, T., Zhao, F., O'Neil,
S. M., Gordillo, A. J., ... & Godbout, J. P. (2021). Traumatic
brain injury causes chronic cortical inflammation and neuronal
dysfunction mediated by microglia. Journal of Neuroscience,
41(7), 1597-1616.

Béique, J. C., & Andrade, R. (2003). PSD-95 regulates
synaptic transmission and plasticity in rat cerebral cortex. The
Journal of physiology, 546(3), 859-867.

Alashram, A. R., Annino, G., Padua, E., Romagnoli, C., &
Mercuri, N. B. (2019). Cognitive rehabilitation post traumatic
brain injury: A systematic review for emerging use of virtual
reality technology. Journal of Clinical Neuroscience, 66, 209-
219.

Velikonja, D., Ponsford, J., Janzen, S., Harnett, A., Patsakos,
E., Kennedy, M., ... & Bayley, M. T. (2023). INCOG 2.0
guidelines for cognitive rehabilitation following traumatic
brain injury, part V: memory. The Journal of Head Trauma
Rehabilitation, 38(1), 83-102.

Fronczak, K. M., Li, Y., Henchir, J., Dixon, C. E., & Carlson,
S. W. (2021). Reductions in synaptic vesicle glycoprotein
2 isoforms in the cortex and hippocampus in a rat model of
traumatic brain injury. Molecular neurobiology, 58(11), 6006-
6019.

Pahan, K., & Schmid, M. (2000). Activation of nuclear
factor-kB in the spinal cord of experimental allergic
encephalomyelitis. Neuroscience letters, 287(1), 17-20.
Brahmachari, S., Jana, A., & Pahan, K. (2009). Sodium
benzoate, a metabolite of cinnamon and a food additive,
reduces microglial and astroglial inflammatory responses. The
Journal of Immunology, 183(9), 5917-5927.

Lim, Y. H., Kim, D. H., Lee, M. Y., & Joo, M. C. (2012).
Bowel dysfunction and colon transit time in brain-injured
patients. Annals of Rehabilitation Medicine, 36(3), 371-378.

Copyright: ©2026 Kalipada Pahan, et al. This is an open-access
article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction
in any medium, provided the original author and source are credited.

J Clin Exp Immunol, 2026

https://opastpublishers.com/

Volume 11 | Issue 2 | 15


https://doi.org/10.3791/3769
https://doi.org/10.3791/3769
https://doi.org/10.3791/2607
https://doi.org/10.3791/2607
https://doi.org/10.3791/2607
https://doi.org/10.1186/1742-2094-10-146
https://doi.org/10.1186/1742-2094-10-146
https://doi.org/10.1186/1742-2094-10-146
https://doi.org/10.1186/1742-2094-10-146
https://doi.org/10.1186/1742-2094-10-146
https://doi.org/10.1016/j.jneumeth.2007.11.003
https://doi.org/10.1016/j.jneumeth.2007.11.003
https://doi.org/10.1016/j.jneumeth.2007.11.003
https://doi.org/10.1016/j.jneumeth.2007.11.003
https://doi.org/10.1016/j.jneumeth.2007.11.003
https://doi.org/10.1016/j.celrep.2013.07.028
https://doi.org/10.1016/j.celrep.2013.07.028
https://doi.org/10.1016/j.celrep.2013.07.028
https://doi.org/10.1016/j.celrep.2013.07.028
https://doi.org/10.1016/j.celrep.2013.07.028
https://doi.org/10.1073/pnas.1802021115
https://doi.org/10.1073/pnas.1802021115
https://doi.org/10.1073/pnas.1802021115
https://doi.org/10.1073/pnas.1802021115
https://pubmed.ncbi.nlm.nih.gov/38910936/
https://pubmed.ncbi.nlm.nih.gov/38910936/
https://pubmed.ncbi.nlm.nih.gov/38910936/
https://pubmed.ncbi.nlm.nih.gov/38910936/
https://pubmed.ncbi.nlm.nih.gov/38910936/
https://pubmed.ncbi.nlm.nih.gov/38910936/
https://doi.org/10.1016/j.brainres.2025.150089
https://doi.org/10.1016/j.brainres.2025.150089
https://doi.org/10.1016/j.brainres.2025.150089
https://doi.org/10.1016/j.brainres.2025.150089
https://doi.org/10.1371/journal.pone.0130398
https://doi.org/10.1371/journal.pone.0130398
https://doi.org/10.1371/journal.pone.0130398
https://doi.org/10.1371/journal.pone.0130398
https://doi.org/10.1371/journal.pone.0130398
https://doi.org/10.1074/jbc.m200250200
https://doi.org/10.1074/jbc.m200250200
https://doi.org/10.1074/jbc.m200250200
https://doi.org/10.1074/jbc.m200250200
https://doi.org/10.1007/s12017-010-8128-4
https://doi.org/10.1007/s12017-010-8128-4
https://doi.org/10.1074/jbc.273.20.12219
https://doi.org/10.1074/jbc.273.20.12219
https://doi.org/10.1074/jbc.273.20.12219
https://doi.org/10.1074/jbc.273.20.12219
https://doi.org/10.1074/jbc.273.20.12219
https://doi.org/10.1016/j.freeradbiomed.2004.11.021
https://doi.org/10.1016/j.freeradbiomed.2004.11.021
https://doi.org/10.1016/j.freeradbiomed.2004.11.021
https://doi.org/10.1016/j.freeradbiomed.2004.11.021
https://doi.org/10.1016/j.freeradbiomed.2004.11.021
https://doi.org/10.1523/jneurosci.2469-20.2020
https://doi.org/10.1523/jneurosci.2469-20.2020
https://doi.org/10.1523/jneurosci.2469-20.2020
https://doi.org/10.1523/jneurosci.2469-20.2020
https://doi.org/10.1523/jneurosci.2469-20.2020
https://doi.org/10.1113/jphysiol.2002.031369
https://doi.org/10.1113/jphysiol.2002.031369
https://doi.org/10.1113/jphysiol.2002.031369
https://doi.org/10.1016/j.jocn.2019.04.026
https://doi.org/10.1016/j.jocn.2019.04.026
https://doi.org/10.1016/j.jocn.2019.04.026
https://doi.org/10.1016/j.jocn.2019.04.026
https://doi.org/10.1016/j.jocn.2019.04.026
https://doi.org/10.1097/htr.0000000000000837
https://doi.org/10.1097/htr.0000000000000837
https://doi.org/10.1097/htr.0000000000000837
https://doi.org/10.1097/htr.0000000000000837
https://doi.org/10.1097/htr.0000000000000837
https://doi.org/10.1007/s12035-021-02534-3
https://doi.org/10.1007/s12035-021-02534-3
https://doi.org/10.1007/s12035-021-02534-3
https://doi.org/10.1007/s12035-021-02534-3
https://doi.org/10.1007/s12035-021-02534-3
F:\opast pdf\Shravani S\JCEI\2025\Jan\Bulk-2026-42\Pahan, K., & Schmid, M. (2000). Activation of nuclear factor-kB in the spinal cord of experimental allergic encephalomyelitis. Neuroscience letters, 287(1), 17-20
F:\opast pdf\Shravani S\JCEI\2025\Jan\Bulk-2026-42\Pahan, K., & Schmid, M. (2000). Activation of nuclear factor-kB in the spinal cord of experimental allergic encephalomyelitis. Neuroscience letters, 287(1), 17-20
F:\opast pdf\Shravani S\JCEI\2025\Jan\Bulk-2026-42\Pahan, K., & Schmid, M. (2000). Activation of nuclear factor-kB in the spinal cord of experimental allergic encephalomyelitis. Neuroscience letters, 287(1), 17-20
https://doi.org/10.4049/jimmunol.0803336
https://doi.org/10.4049/jimmunol.0803336
https://doi.org/10.4049/jimmunol.0803336
https://doi.org/10.4049/jimmunol.0803336
https://doi.org/10.5535/arm.2012.36.3.371
https://doi.org/10.5535/arm.2012.36.3.371
https://doi.org/10.5535/arm.2012.36.3.371

