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A B S T R A C T   

Persistent cognitive and mood dysfunction is the primary CNS symptom in veterans afflicted with Gulf War 
Illness (GWI). This study investigated the efficacy of melatonin (MEL) for improving cognitive and mood function 
with antioxidant, antiinflammatory, and pro-cognitive effects in a rat model of chronic GWI. Six months after 
exposure to GWI-related chemicals and stress, rats were treated with vehicle or MEL (5, 10, 20, 40, and 80 mg/ 
kg) for eight weeks. Behavioral tests revealed cognitive and mood dysfunction in GWI rats receiving vehicle, 
which were associated with elevated oxidative stress, reduced NRF2, catalase and mitochondrial complex pro-
teins, astrocyte hypertrophy, activated microglia with NLRP3 inflammasomes, elevated proinflammatory cyto-
kines, waned neurogenesis, and synapse loss in the hippocampus. MEL at 10 mg/kg alleviated simple and 
associative recognition memory dysfunction and anhedonia, along with reduced oxidative stress, enhanced 
glutathione and complex III, and reduced NLRP3 inflammasomes, IL-18, TNF-α, and IFN-γ. MEL at 20 mg/kg also 
normalized NRF2 and catalase and increased microglial ramification. MEL at 40 mg/kg, in addition, reduced 
astrocyte hypertrophy, activated microglia, NF-kB-NLRP3-caspase-1 signaling, IL-1β, MCP-1, and MIP-1α. 
Moreover, MEL at 80 mg/kg activated the BDNF-ERK-CREB signaling pathway, enhanced neurogenesis and 
diminished synapse loss in the hippocampus, and improved a more complex hippocampus-dependent cognitive 
function. Thus, MEL therapy is efficacious for improving cognitive and mood function in a rat model of chronic 
GWI, and MEL’s effect was dose-dependent. The study provides the first evidence of MEL’s promise for allevi-
ating neuroinflammation and cognitive and mood impairments in veterans with chronic GWI.   

1. Introduction 

Gulf War illness (GWI), observed in over a third of veterans who 
served in the first GW, is a chronic multisymptom illness with persistent 
cognitive and mood impairments identified as one of the predominant 
central nervous system-related problems [1–6]. The cause of GWI has 
been attributed to multiple factors during the GW. These include the 
intake of the nerve gas prophylactic drug pyridostigmine bromide (PB), 
the use of mosquito repellant N,N-Diethyl-meta-toluamide (DEET) on 
the skin and the insecticide permethrin (PER) on uniforms, a variety of 
pesticides sprayed around tents, and the interaction of various chemicals 
with the war-related stress [4,7–10]. The other suggested causes of GWI 
include possible exposures to sarin, combustion products, fuels from 

burning oil wells, mustard gas, vaccines, and depleted uranium [11]. 
Indeed, studies by multiple research groups have demonstrated that 
exposure to low to moderate doses of GWI-related chemicals (alone or in 
combinations) with or without stress in rodents results in persistent 
cognitive and mood impairments [12–22]. 

Studies in both animal models and veterans have suggested that 
cognitive and mood impairments in GWI are associated with increased 
oxidative stress and/or neuroinflammation in the brain. Elevated 
oxidative stress in animal models of chronic GWI is exemplified by 
higher levels of malondialdehyde (MDA), protein carbonyls (PCs), and 
increased expression of genes encoding proteins linked to the regulation 
of oxidative stress, antioxidant activity, and mitochondrial respiration 
[20,22,23]. Neuroinflammation in rodent models of GWI comprise 
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astrocyte hypertrophy, the transformation of a significant percentage of 
microglia into a persistent proinflammatory state, leakage of high 
mobility group box 1 protein (HMGB1) into the extracellular space, 
increased concentration of multiple proinflammatory cytokines, and 
complement C3 [16,20–25]. Consistent with this, a positron emission 
tomography study using [11C]PBR28 suggested the occurrence of acti-
vated microglia and reactive astrocytes in the brain of veterans with 
GWI [26]. Studies in animal models of GWI have also suggested addi-
tional changes in the brain, which include the reduced proliferation of 
neural stem cells leading to a substantially reduced adult hippocampal 
neurogenesis [22] and adverse alterations in lipid metabolism, cellular 
bioenergetics, peroxisomes, lysosomes, and mitochondria [27,28]. 
Furthermore, the contribution of systemic inflammation to persistent 
cognitive and mood dysfunction has been suggested. The systemic 
changes include: (i) elevated levels of oxidative stress markers and 
proinflammatory cytokines and chemokines in the circulating blood [22, 
23]; the activation of the peripheral adaptive immune response via a 
metabolite of PER [29]; and microbiome alterations in the gut inducing 
portal endotoxemia and toll-like receptor 4 (TLR4) activation [30,31]. 
Leakage of HMGB1 into the extracellular space in the brain [21] and 
elevated levels of HMGB1 in the circulating blood [32] in GWI could 
enhance the formation of nucleotide-binding oligomerization domain 
Leucine rich Repeat and Pyrin domain containing 3 (NLRP3) inflam-
masomes. Increased inflammasomes could interfere with the 
brain-derived neurotrophic factor (BDNF) and contribute to cognitive 
dysfunction [32]. Thus, it is likely that both incessantly elevated 
oxidative stress and chronic neuroinflammation underlie persistent 
cognitive and mood dysfunction in GWI. Therefore, drugs having robust 
antioxidant and antiinflammatory properties with no adverse side ef-
fects have received significant attention for treating GWI [20,22]. 

In this study, we investigated the efficacy of melatonin (MEL) for 
improving cognitive and mood function in a rat model of chronic GWI. 
MEL, an endogenous neurohormone derived from tryptophan, is widely 
used as a dietary supplement [33,34]. We chose MEL for treating chronic 
GWI because of its ability to reduce the toxicity of ROS [35], diminish 
microglial activation [36], and activate the BDNF, the extracellular 
signal-regulated kinase, and cAMP response element-binding protein 
(BDNF-ERK-CREB) signaling pathway to improve cognitive function 
[37]. Furthermore, MEL could also modulate NF-kB activation, conserve 
mitochondrial homeostasis, and blunt the NF-κB-NLRP3-Caspase-1 
signaling in inflammatory conditions [38–40]. The rats with chronic 
GWI (i.e., 6-months after exposure to GWI-related chemicals and stress) 
were treated with vehicle or MEL (5, 10, 20, 40, and 80 mg/kg) for eight 
weeks. A battery of behavioral tests conducted after the treatment 
regimen revealed dose-dependent efficacy of MEL for improving 
cognitive and mood function in GWI rats, with lower (10–20 mg/kg) 
doses improving several cognitive tasks and mood function with the 

suppression of oxidative stress and NLRP3 inflammasomes. Further-
more, moderate MEL doses (40–80 mg/kg) mediated robust antiin-
flammatory activity with modulation of NF-kB-NLRP3-caspase-1 
pathway, and 80 mg/kg MEL activated the BDNF-ERK-CREB pathway 
and improved a more complex cognitive function. 

2. Materials and methods 

2.1. Animals 

Eight-week-old male Sprague Dawley rats (n = 112; Harlan, Indi-
anapolis, IN) housed with ad libitum access to food (4% fat diet; Envigo, 
Indianapolis, IN) and water were randomly assigned to either the naïve 
control group (n = 16) or the GWI group (n = 96). The institutional 
animal care and use committee of the Texas A&M University approved 
all studies conducted in this investigation. Fig. 1 illustrates the overview 
of the experimental design and timelines of different experiments per-
formed in the study. 

2.2. GWIR-chemicals and restraint stress exposure regimen 

The animals in the GWI group (n = 96) received daily doses of PB 
orally, DEET and PER dermally, and 15-min restraint stress for four 
weeks, as described in our previous studies [20–23]. The doses 
comprised 2 mg/kg PB (Sigma, St. Louis, MO) in 0.5 ml of sterile water, 
60 mg/kg DEET (Chem Service Inc, West Chester, PA) in 0.2 ml of 70% 
ethanol, and 0.2 mg/kg PER (Chem Service Inc) in 0.2 ml of 70% 
ethanol. The chemicals DEET and PER were applied sequentially on the 
skin over the dorsal surface of the neck and the area between scapulae. 
Age-matched naïve control animals (n = 16) maintained parallel to GWI 
animals, were not subjected to the chemical or stress exposure. 

2.3. Treatment of GWI animals with MEL 

After a survival period of six months, animals exposed to GWIR- 
chemicals and stress (i.e., GWI-rats) were randomly assigned to the 
vehicle group (GWI-Veh group, n = 16) or one of the five groups 
receiving 5, 10, 20, 40, or 80 mg/kg MEL (GWI-MEL5; GWI-MEL10; 
GWI-MEL20; GWI-MEL40; GWI-MEL80 groups, n = 15–16/group). 
One animal each from GWI-MEL10 and GWI-MEL40 died during the 
survival period. MEL, purchased from Sigma Aldrich (St. Louis, MO) and 
dissolved in 0.5 ml of sterile water, was administered orally for eight 
weeks (5 days/week). Animals in the GWI-Veh group received 0.5 ml of 
sterile water for a similar duration (5 days/week). After completing the 
MEL or Veh treatment regimen, animals were interrogated with a series 
of behavioral tests. 

Fig. 1. The figure depicts an overview of the exper-
imental design. The figure shows MEL treatment 
timelines to rats with Gulf War Illness (GWI), neuro-
behavioral studies, and brain tissue analyses. The rats 
were first exposed to GWI-related chemicals pyrido-
stigmine bromide, DEET, and permethrin, and 15 min 
of restraint stress for 28 days. Six months later, GWI 
rats received vehicle or MEL (5, 10, 20, 40, and 80 
mg/kg, five days/week) for two months. In the next 
two months, animals were next interrogated with a 
battery of behavioral tests to ascertain cognitive and 
mood function, and brain tissues were harvested for 
biochemical assays and immunohistochemical 
studies.   
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2.4. Evaluation of the hippocampus-dependent cognitive function 

The proficiency of animals to recognize subtle alterations in their 
proximate environment was evaluated by a hippocampus-dependent 
object location test (OLT), as detailed in our previous report [22]. 
Briefly, each animal was subjected to three successive trials (T1-T3). The 
first two trials comprised a habituation phase (T1) in which the animal 
explored the empty open field box for 5 min and a sample phase (T2) 
where the animal explored two similar objects placed on the right and 
left sides of the open field apparatus for 5 min. Sixty minutes later, in T3, 
the animal was allowed to explore the same two objects with one object 
placed in its original place (object in the familiar place), and the other 
object moved to another location (object in a novel place) for 5 min. The 
behavior of each rat in T2 and T3 was video-recorded and analyzed 
using AnyMaze software. A predilection for exploring the object in the 
novel place reflects the animal’s competence to discern minor changes in 
objects’ location in its immediate environment. Times spent with objects 
in the novel and familiar locations in T3, and the total object exploration 
times in T2 and T3 were obtained. The percentages of exploration times 
spent with the object in the novel place versus the object in the familiar 
place were statistically analyzed in each group. 

2.5. Assessment of the recognition memory function 

A recognition memory task, reliant on the perirhinal cortex and the 
hippocampus’s function, was appraised in each animal using a novel 
object recognition test (NORT), as described in our prior reports [17]. In 
the first two trials, each animal successively explored an empty open 
field box for 5 min (T1), and two similar objects placed diagonally on the 
right and left sides of the open field apparatus for 5 min (T2). Thirty 
minutes later, in T3, the animal was allowed to explore one of the objects 
from T2 (i.e., the familiar object) and a new object (i.e., the novel ob-
ject). The behavior of each rat in T2 and T3 was video-recorded and 
analyzed using AnyMaze software. A preference to explore a novel ob-
ject over the familiar object in this task indicates the animal’s aptitude 
for making recognition memory. Times spent with the familiar and novel 
objects, and the total object exploration times in T2 and T3 were ob-
tained. The percentages of exploration times spent with the novel object 
vis-à-vis the familiar object were statistically analyzed in each group. 

2.6. Appraisal of associative recognition memory function 

An associative recognition memory task, dependent on an interac-
tion between the hippocampus, the perirhinal cortex, and the medial 
prefrontal cortex [41], was evaluated in each animal using an 
object-in-place test (OIPT). The test allows investigation of an animal’s 
ability to make an association between an object and the place in which 
the object was previously encountered. In the first two trials, each ani-
mal sequentially explored an empty open field box for 5 min (T1), and 
four different objects placed in four quadrants of the open field appa-
ratus for 5 min (T2). Thirty minutes later, in T3, the animal was allowed 
to explore the same four objects, with two objects from T2 remaining in 
their original locations and the other two objects from T2 changing their 
locations through a diagonal swapping. The behavior of each rat in T2 
and T3 was video-tracked using the Any-maze video-tracking system. 
The results, such as times spent with objects located in familiar or new 
locations (for swapped objects) and the total object exploration times for 
T2 and T3, were collected. The percentages of exploration times spent 
with objects positioned in familiar locales versus objects placed in novel 
locations were statistically evaluated in each group. 

2.7. Evaluation of anhedonia 

A sucrose preference test (SPT) was employed to investigate anhe-
donia in rats belonging to different groups. Anhedonia, a condition in 
which the ability to feel pleasure in activities that typically bring joy is 

lost, serves as a measure of depressive-like behavior [42]. The test 
comprised four days of monitoring. The animals were housed individ-
ually and given 24-h access to two identical bottles containing 1% su-
crose solution. One bottle was replaced with a new bottle containing 
regular water for 24 h on day 2. On day 3, the animals were deprived of 
water and food for 22 h. Each animal was then given access to two 
bottles, one containing 100 ml of sucrose solution and another con-
taining 100 ml of regular water. Two hours later, the sucrose and water 
bottles’ fluid consumption was recorded and statistically evaluated in 
each group. 

2.8. Euthanasia and harvesting of brain tissues 

The fixed brain tissues for histological studies (n = 7–8/group) and 
fresh brain tissues for biochemical and molecular biological studies (n =
7–8/group) were harvested, as detailed in our previous reports [20–23, 
43,44]. The fresh brain tissues were snap-frozen in liquid nitrogen and 
stored at − 80 ◦C. 

2.9. Preparation of lysate from the hippocampal tissue 

The hippocampus micro-dissected from the harvested unfixed brains 
was lysed individually through sonication in a tissue extraction reagent 
(Invitrogen, Waltham, MA) containing protease inhibitor (Sigma 
Aldrich, 1:100 dilution) for 15–20 s at 4 ◦C. The resulting solution was 
centrifuged for 10 min at 15000 g, and the supernatant was aliquoted 
and stored at − 80 ◦C until further use. The lysate was used to measure 
the concentration of oxidative stress markers, antioxidants, inflamma-
tory markers, BDNF, p-ERK, and p-CREB. 

2.10. Measurement of oxidative stress markers, antioxidants, and NRF2 

The oxidative stress markers such as malondialdehyde (MDA) and 
protein carbonyls (PC) and antioxidants such as catalase (CAT) and 
reduced glutathione (GSH) were measured from the hippocampal ly-
sates using commercially available kits from Cayman chemicals (Arbor, 
MI). We also measured the transcription factor nuclear factor erythroid 
2-related factor 2 (NRF2) from hippocampal lysates using a kit from 
Signosis (Santa Clara, CA). We followed the manufacturer’s instructions 
for these assays. The total protein concentration in different tissue ly-
sates was measured using a Pierce BCA reagent kit (Thermo Fisher 
Scientific, Waltham, MA), and the concentration of the markers was 
normalized with the total protein in respective tissue lysates. 

2.11. Quantification of inflammatory markers, NLRP3, mitochondrial 
complex proteins, BDNF, p-ERK, and p-CREB 

A cytokine array ELISA kit (Signosis) was employed for measuring 
various cytokines and chemokines in hippocampal tissue lysates. These 
comprised tumor necrosis factor-alpha (TNF-α), vascular endothelial 
growth factor (VEGF), fibroblast growth factor-beta (FGF-β), interferon- 
gamma (IFN-γ), leptin, monocyte chemoattractant protein-1 (MCP-1), 
stem cell factor (SCF), macrophage inflammatory protein-1 alpha (MIP- 
1α), interleukin-1 alpha (IL-1α), IL-1β, IL-5, IL-6, IL-15, IFN-γ inducible 
protein-10 (IP-10), regulated upon activation, normal T cell expressed 
and presumably secreted (rantes) and transforming growth factor- β 
(TGF-β). The protocols provided by manufacturers were followed for 
these assays. The protein concentration in the lysate was normalized to 
mg of protein. Changes observed for the proinflammatory markers TNF- 
α and IFN-γ were validated further through well-standardized, 
commercially available ELISA kits (Signosis, detection range: 
0.05–4000 pg/ml). The mitochondrial complex proteins I, II, III, and IV 
in hippocampal tissue lysates were measured using kits of MyBioSource 
(San Diego, CA) by following the manufacturer’s protocols. The proteins 
involved in the NLRP3 inflammasome pathway were measured in hip-
pocampal lysates using individual ELISA kits. These comprised 

L.N. Madhu et al.                                                                                                                                                                                                                               



Redox Biology 43 (2021) 101973

4

measurement of nuclear factor kappa B (NF-kB; Aviva Systems Biology, 
San Diego, CA, detection range: 78–5000 pg/ml), NLRP3 (Aviva Systems 
Biology, detection range: 0.312–20 ng/ml), caspase-1 (BioVision Inc, 
Milpitas, CA), and IL-18 (R&D Systems, Minneapolis, MN, detection 
range, 62.5–4000 pg/ml). Commercially available kits were also used 
for measuring BDNF (Thermo Fisher Scientific, detection range, 
12.29–3000 pg/mL), p-ERK1/2 (Enzo Life Sciences, Farmingdale, NY, 
detection range, 62.5–2000 pg/ml), and p-CREB (MyBioSource, detec-
tion range: 2.5–50 ng/ml). 

2.12. Tissue processing and immunohistochemistry 

We followed the previously published protocols for tissue processing 
and sectioning of fixed brain tissues using a cryostat [20–23,43,44]. 
Thirty-micrometer thick coronal sections were collected serially in 
24-well plates containing phosphate buffer (PB) and stored at − 20 ◦C in 
cryobuffer until further use. Serial sections through the entire hippo-
campus were chosen in each animal belonging to different groups and 
processed for immunohistochemistry. Every 20th section was employed 
in immunohistochemical studies detecting the Ionized calcium-binding 
adaptor molecule 1 (IBA-1) positive microglia and glial fibrillary 
acidic protein (GFAP) positive astrocytes. Every 15th section was used in 
immunohistochemical studies visualizing doublecortin (DCX) positive 
newly born neurons. Immunohistochemical methods employed have 
been described in our previous reports [20,21,43]. The primary anti-
bodies comprised goat anti-IBA-1 (1:1000, Abcam. Cambridge, MA), 
rabbit anti-GFAP (1:3000, Agilent Tech, Carpinteria, CA), and anti-DCX 
(1:300; Abcam). The secondary antibodies comprised horse biotinylated 
anti-goat IgG and goat biotinylated anti-rabbit IgG (1:250, Vector Labs, 
Burlingame, CA). The avidin-biotin complex reagent and the chromogen 
Vector gray were purchased from Vector Labs. The sections were 
mounted on subbed slides, counterstained with nuclear fast red (Vector 
Labs), processed for coverslipping using permount, and observed under 
a Nikon E600 microscope. 

2.13. Evaluation of neuronal NRF2, astrocytes, microglia area, activated 
microglia, and newly born neurons 

The presence of NRF2 in hippocampal neuronal nuclei was evaluated 
through NeuN and NRF2 dual immunofluorescence of brain tissue sec-
tions using mouse anti-NeuN (1:1000; Millipore, Darmstadt, Germany) 
and rabbit anti-NRF2 (1:500; Abcam), and Z-section analysis in a 
confocal microscope [23]. The hypertrophy of astrocytes in the dentate 
gyrus (DG) and hippocampal CA1 and CA3 subfields was evaluated by 
measuring area fractions occupied by GFAP immunoreactive structures 
using Image J (4 sections/subfield/animal, n = 6/group). Neurolucida 
was employed for measuring the average area occupied by individual 
IBA-1+ microglial cells in the CA3 subfield (25–35 microglia in two 
sections/animal, n = 6/group). A dual immunofluorescence method was 
employed for visualizing microglia expressing both IBA-1 (a marker of 
all microglia) and ED-1 (CD68, a marker of activated microglia) in 
different regions of the hippocampus, using methods described in our 
earlier reports [20,22]. We used goat anti-IBA-1 (1:1000, Abcam), 
mouse anti-ED-1 (1:1000, Bio-Rad, Hercules, CA), donkey anti-goat IgG 
with Alexa Fluor 488 (1:200, Invitrogen, Waltham, MA) and donkey 
anti-mouse IgG with Alexa Flour 594 (1:200, Invitrogen) in these 
studies. The percentages of microglia expressing IBA-1 and ED-1 were 
next quantified through Z-section analysis in a Nikon confocal micro-
scope. The number of newly born DCX+ neurons in the subgranular 
zone-granular cell layer (SGZ-GCL) of the hippocampus was quantified 
using StereoInvestigator (MBF Bioscience, Williston, VT) using methods 
described in our earlier reports [43,45]. 

2.14. Quantification of NLRP3 inflammasome complex in microglia 

The NLRP3 inflammasomes in microglia were visualized through 

triple immunofluorescence for NLRP3, the apoptosis-associated speck- 
like protein containing a CARD (ASC), and IBA-1. The primary anti-
bodies comprised goat anti-NLRP3 (1:500, Millipore, Burlington, MA), 
mouse anti-ASC (1:1000, Santa Cruz, Dallas, TX), and rabbit anti-IBA-1 
(1:1000 Abcam). The secondary antibodies used were donkey anti-goat 
IgG Alexa Fluor 488 (1:200, Invitrogen), donkey anti-mouse Alexa Fluor 
594 (1:200, Invitrogen), and anti-donkey rabbit Alexa Fluor 405 (1:200, 
Invitrogen). The sections were next examined through 2-μm thick, Z- 
section analysis using Leica THUNDER 3D Imager. The total number of 
NLRP3 inflammasomes (i.e., structures positive for both NLRP3 and 
ASC) per unit area (~216 μm2) of the CA3 subfield was measured using 
two sections per animal (n = 6/group). Also, the percentage of IBA-1+
microglia containing NLRP3 and ASC positive structures were measured. 

2.15. Measurement of Syn+ and PSD95+ structures 

The presynaptic and postsynaptic markers were visualized through 
dual immunofluorescence for synaptophysin (Syn) and postsynaptic 
density protein 95 (PSD95). The primary antibodies comprised anti- 
rabbit Syn (1:500, synaptic systems, Goettingen, Germany) and anti- 
goat PSD95 (1:500, Abcam). The secondary antibodies employed were 
donkey anti-rabbit IgG tagged Alexa Fluor 488 (1:200, Invitrogen) and 
donkey anti-goat IgG tagged Alexa Fluor 594 (1:200, Invitrogen). For 
measuring changes in Syn+ and PSD95+ puncta density in the dentate 
molecular layer (ML) and CA1 stratum radiatum, we employed 0.5-μm 
thick Z-sections using a Leica THUNDER 3D Imager. The area fraction of 
Syn+ and PSD95+ puncta were measured from randomly chosen 303 
μm2 areas in the dentate ML and the CA1 stratum radiatum (5 areas/ 
region/animal, n = 5–6/group) using Image J. 

2.16. Statistical analysis 

Two-tailed, unpaired, Student’s t-test in the Prism software was 
employed to compare two data columns within groups in behavioral 
tests. The Mann-Whitney U test was employed when standard deviations 
between groups were statistically significant. One-way ANOVA with 
Student Neuman-Keuls post hoc tests was employed for comparisons 
involving three or more groups. The values mentioned in the bar charts 
are Mean ± S.E.M., and p < 0.05 was considered statistically significant. 

3. Results 

3.1. MEL treatment at 80 mg/kg alleviated cognitive dysfunction in GWI 
rats 

Cognitive ability to detect subtle changes in the environment, such as 
a minor change in the location of an object, was measured via an OLT 
[17]. Maintenance of this function rest on the integrity of the hippo-
campal tri-synaptic circuitry. This test’s validity depends on the careful 
exploration of the position of objects in T2 (Fig. 2 [A]). Therefore, only 
animals that explored objects for ≥16 s in T2 and T3 were included for 
data analysis [21]. A majority of animals in every group met this cri-
terion (n = 10–14/group out of 15–16/group). Naïve rats showed a 
higher affinity for the object in the novel place (OINP) over the object in 
the familiar place (OIFP) in T3 (Fig. 2 [B]). GWI rats that received 
vehicle displayed impairment in this cognitive task, as they explored the 
OIFP for more extended periods than the OINP (p < 0.01, t = 3.7 df = 24, 
Fig. 2[C]). In contrast, GWI rats that received MEL at 80 mg/kg (p <
0.01, t = 2.8 df = 24, Fig. 2[H]) spent significantly higher percentages of 
their object exploration time with the OINP, akin to the performance of 
naive control animals (p < 0.001, t = 3.9 df = 20, Fig. 2 [B]). GWI rats 
receiving low or moderate doses of MEL (5, 10, 20, or 40 mg/kg) 
remained impaired, however (t = 0.9–2.7, Fig. 2 [D-G]). ANOVA ana-
lyses revealed that the total object exploration times (TOETs) in T2 and 
T3 did not differ between groups (p > 0.05, F = 1.1-2.3, Fig. 2 [I-J]). The 
results suggest that MEL at a relatively higher dose (80 mg/kg) is 
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required for improving hippocampus-dependent cognitive function in 
rats afflicted with chronic GWI. 

3.2. Object recognition memory in GWI rats improved with both low and 
moderate MEL doses 

Recognition memory function in GWI rats was interrogated through 
a NORT (Fig. 2 [K]). Only animals that explored objects for ≥16 s in T2 
and T3 (n = 10–14/group out of 15–16/group) were included for data 
analysis. Naïve control animals explored the novel object for a signifi-
cantly higher percentage of their object exploration time in T3 (p < 0.05, 
t = 2.2 df = 22, Fig. 2 [L]). GWI rats receiving vehicle displayed 
impaired recognition memory, consistent with our previous results [17, 
21]. Worsened recognition memory was ostensible in these rats from 
their exploration of the familiar and novel objects for nearly equal 
percentages of the object exploration time (p > 0.05, t = 1.1 df = 20, 
Fig. 2 [M]). In divergence, GWI rats receiving low (5, 10, or 20 mg/kg) 
or moderate (40, or 80 mg/kg) doses of MEL spent significantly higher 
percentages of their object exploration time with the novel object (p <
0.05–0.0001; t = 2.5–4.6, df = 18–26, Fig. 2 [N-R]). No differences were 
seen between groups for TOETs in both T2 and T3 (p > 0.05, F =
1.5–1.9; Fig. 2 [S-T]). The behavior of MEL treated rats was comparable 
to the behavior of naïve control rats. These results imply that even a low 
dose of MEL therapy is sufficient for alleviating recognition memory 
impairment in rats with chronic GWI. 

3.3. Both low and moderate doses of MEL improved spatial recognition 
memory in GWI rats 

The recovery of spatial recognition memory in GWI rats after MEL 
treatment was evaluated through an OIPT (Fig. 3 [A]). The majority of 
the animals met the ≥14 s TOET criterion for T2 and T3 (n = 8–15/ 
group out of 10–16). In T3, naïve control rats showed the competence 
for making an association between objects and localities in which they 
were earlier discovered. Such behavior was evident from their predi-
lection to investigate the two objects from T2 that swapped positions in 
T3 (p < 0.05, t = 2.2 df = 14, Fig. 3 [B]). The rats in the GWI-Veh group 
explored objects in familiar and novel locations for almost equal periods 
(p > 0.05, t = 1.7 df = 26, Fig. 3[C]). In contrast, GWI rats that received 
MEL at 10, 20, 40, or 80 mg/kg examined the two objects from T2 that 
swapped positions in T3 for significantly higher percentages of their 
object exploration time (p < 0.05–0.0001; t = 2.1–8.4, df = 26–28, Fig. 3 
[E-H]), implying an ability for spatial recognition memory. GWI rats 
that received MEL at 5 mg/kg remained impaired, however (p > 0.05, t 
= 0.8 df = 26, Fig. 3 [D]). No differences were seen between groups for 
the TOETs in T2 and T3 (p > 0.05, F = 2.0–2.5; Fig. 2 [I-J]). Thus, low 
dose MEL treatment is sufficient for reversing spatial recognition 
memory dysfunction in GWI rats. 

3.4. Both low and moderate doses of MEL alleviated mood dysfunction in 
GWI rats 

The extent of anhedonia was evaluated through an SPT (Fig. 3 [K]). 

Naive control rats clearly showed a preference for drinking sucrose- 
containing water over standard water (p < 0.01, t = 3.3 df = 22, n =
12, Fig. 3 [L]), which implied no anhedonia. The rats in the GWI-Veh 
group did not display such inclination as they drank standard and 
sucrose-containing water in almost comparable quantities (p > 0.05, t =
1.4, df = 22, n = 12, Fig. 3 [M]), denoting the manifestation of anhe-
donia in GWI rats. Remarkably, GWI rats that received different doses of 
MEL (5, 10, 20, 40, or 80 mg/kg) exhibited a liking for drinking sucrose- 
containing water over the standard water (p < 0.05–0.0001, t = 2.3–4.7, 
n = 7–8/group, Fig. 3 [N-R]). ANOVA analysis revealed no significant 
differences between groups for the total liquid consumption (p > 0.05, F 
= 1.2, Fig. 3 [S]). Thus, mood function in rats with chronic GWI could be 
improved with a low dose of MEL therapy. 

3.5. Immunohistochemical, biochemical, and molecular biological 
analyses of brain tissues 

MEL’s efficacy for reversing adverse cellular and molecular changes 
in the brain of GWI rats, the hippocampal tissues from various groups 
were processed for multiple immunohistochemical, biochemical, and 
molecular biological assays. Since the GWI-MEL5 group was not effec-
tive in improving hippocampus-dependent cognitive function in OLT 
and spatial recognition memory in OIPT, this group was not included for 
brain tissue analysis. 

3.6. MEL modulated oxidative stress with enhanced antioxidants and 
NRF2 in GWI rats 

We measured oxidative stress and antioxidant markers (MDA and 
PCs, NRF2, CAT, and GSH) to determine MEL’s efficacy in reducing 
oxidative stress and recovering antioxidant status in chronic GWI (n =
6/group). Evaluation using ANOVA showed differences between groups 
for MDA, PCs, NRF2, CAT, and GSH (p < 0.05–0.0001, F = 3.4–18.1, 
Fig. 4 [A-E]). In the GWI-Veh group, MDA and PCs were significantly 
increased compared to the naïve group (p < 0.0001, Fig. 4 [A-B]). In 
GWI-MEL10-80 groups, both MDA and PCs were significantly reduced 
compared to the GWI-Veh group (p < 0.01–0.001, Fig. 4 [A-B]). The 
MDA amount was normalized to the naïve control concentration in 
MEL20-80 groups, whereas the intensity of PCs was regulated to the 
naïve control level in MEL10-40 groups and moved beneath the naive 
control level in the MEL80 group (Fig. 4 [A-B]). The transcriptional 
regulator of antioxidant genes NRF2 was reduced in the GWI-Veh group 
compared to the naïve group (p < 0.05, Fig. 4 [C]). Reduced NRF2 
observed at ~11 months post-exposure to GWI-related chemicals and 
stress in this study contrasted with the increased NRF2 seen at 4–6 
months post-exposure in our previous studies [22,23]. The discrepancy 
in NRF2 levels between these studies likely reflects differences in 
time-points of analysis. Incessant oxidative stress and neuro-
inflammation have likely suppressed the compensatory NRF2 response 
at extended time-points after exposure to GWI-related chemicals and 
stress. Remarkably, MEL therapy at 20–80 mg/kg normalized to naïve 
control levels (p > 0.05, Fig. 4 [C]). Furthermore, elevated levels of 
oxidative stress markers in the GWI-Veh group were associated with a 

Fig. 2. MEL treatment improved hippocampus-dependent cognitive function and recognition memory in rats with chronic GWI. The cartoon and bar charts in the 
top three rows show the results of an object location test (OLT). Cartoon A depicts the various phases involved in the OLT whereas, the bar charts in B–H show the 
performance of animals belonging to naïve and GWI rats receiving vehicle (GWI-Veh) or different doses of MEL (GWI-MEL5, GWI-MEL10, GWI-MEL-20, GWI-MEL40, 
GWI-MEL80). The animals in the naïve group (B) preferred the object in the novel place (OINP) over the object in the familiar place (OIFP), implying their ability to 
discern minor changes in the environment. Animals in the GWI-Veh group (C) were impaired, as they preferred the OIFP over the OINP. Animals in the GWI-MEL5-40 
groups (D–G) did not show improvement in cognitive function, whereas animals in the GWI-MEL80 group (H) behaved akin to the naive control group, implying an 
improved cognitive function. The bar charts I-J compare the total object exploration times (TOETs) in trials 2 and 3 (T2, T3). The cartoon and bar charts in the lower 
three rows show the results of a novel object recognition test (NORT). Cartoon K shows the various phases involved in the NORT, whereas the bar charts in L-R show 
the performance of animals belonging to different groups. The animals in the naïve group (L) preferred the novel object (NO) over the familiar object (FO), suggesting 
their proficiency for object recognition memory. Animals in the GWI-Veh group (M) were impaired, as they did not prefer to explore the NO, whereas animals in the 
GWI-MEL5-80 groups (N–R) behaved similarly to the naive control group, implying an improved recognition memory function. The bar charts S-T compare the 
TOETs in T2 and T3. *, p < 0.05, **, p < 0.01, and ***, p < 0.001; NS, not significant. 
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Fig. 3. MEL treatment improved associative recognition memory function and reversed anhedonia in rats with chronic GWI. The cartoon and bar charts in the top 
three rows show the results of an object-in-place test (OIPT). Cartoon A shows the various phases involved in the OIPT whereas, the bar charts in B–H show the 
performance of animals belonging to naïve and GWI rats receiving vehicle (GWI-Veh group) or MEL (GWI-MEL5-80 groups). The animals in the naïve group (B) 
preferred objects in the novel place (OINP) over the objects in the familiar place (OIFP), implying their ability for associative recognition memory. Animals in the 
GWI-Veh group (C) and GWI-MEL5 group (D) were impaired, as they preferred the OIFP over the OINP, whereas animals in the GWI-MEL10-80 groups (E–H) behaved 
similarly to the naive control group, implying an improved associate recognition memory function. The bar charts I-J compare the total object exploration times 
(TOETs) in trials 2 and 3 (T2, T3). The cartoon K and bar charts L-S in the lower three rows illustrate the experimental design and findings of a sucrose preference test 
(SPT). Animals in the naïve group (L) preferred sucrose-containing water over the standard water. Animals in the GWI-Veh group (M) exhibited anhedonia as they did 
not show an increased propensity for drinking the sucrose-containing water over the standard water. In contrast, animals in the GWI-MEL5-80 groups displayed a 
predilection to drink the sucrose-containing water (N–R), implying no anhedonia. The bar chart in S shows that the total fluid consumption did not differ between 
groups. *, p < 0.05, **, p < 0.01, and ***, p < 0.001; NS, not significant. 
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decreased level of the antioxidant CAT (p < 0.001, Fig. 4 [D]). Low and 
moderate doses of MEL (20–80 mg/kg) normalized the CAT activity to 
naïve control levels and raised above the GWI-Veh group level (p <
0.001, Fig. 4 [D]). Besides, rats in the GWI- MEL10-80 groups showed 
significantly enhanced GSH levels than both naïve and GWI-Veh groups 
(p < 0.05–0.001, Fig. 4 [E]). The evaluation of NRF2 in CA3 pyramidal 

neurons through NeuN and NRF2 dual immunofluorescence and Z-sec-
tion confocal microscopy also suggested reduced levels of NRF2 in the 
nuclei of neurons from the GWI-Veh group, compared to the naïve 
control group (Fig. 4 [J-O]). Notably, the speckles of NRF2 staining were 
smaller in size and not present in all neurons in the GWI-Veh group. In 
contrast, the extent of neuronal NRF2 stained speckles appeared 

Fig. 4. MEL treatment to rats with chronic GWI reduced oxidative stress, improved antioxidant status and mitochondrial function in the hippocampus. The bar 
charts in A-E compare the concentration of malondialdehyde (MDA; A), protein carbonyls (PCs; B), the nuclear factor erythroid 2–related factor 2 (NRF2; C), catalase 
(CAT; D), and glutathione (GSH; E) in the hippocampus between naïve, and GWI rats receiving vehicle (GWI-Veh) or different doses of MEL (GWI-MEL10-80 groups). 
Note that MDA and PCs were upregulated, and NRF2 and CAT were downregulated in the GWI-Veh group, compared to the naïve control group. In all GWI-MEL 
groups, MDA and PCs were reduced compared to the GWI-Veh group. NRF-2 and CAT levels in the GWI-MEL20-80 groups were normalized to the naïve control 
level, whereas the GSH concentration in the GWI-MEL10-80 groups increased above the level seen in both naïve and GWI-Veh groups. The bar charts in F–I compare 
the concentration of mitochondrial complexes I-IV in the hippocampus between different groups. All complexes were reduced in the GWI-Veh group compared to the 
naïve control group. The complex I (F) and II (G) were normalized to the naïve control level in the GWI-MEL80 group, and the complex III (H) was normalized to the 
naïve control level in the GWI-MEL10-80 groups. Figures J–R illustrate the presence of NRF-2 in the nuclei of CA3 pyramidal neurons from naïve control (J–L), GWI- 
Veh (M − O), and GWI-MEL80 (P–R) groups. Scale bar, 12.5 μm *, p < 0.05, **, p < 0.01, and ***, p < 0.001; NS, not significant. 
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comparable between naïve control and MEL80 groups in terms of den-
sity and size (Fig. 4 [J-L, P-R]). Thus, MEL’s protective effect against 
increased oxidative stress in the hippocampus of GWI rats appeared to 
be mediated through robust antioxidant activity and normalization of 
NRF2 activity. 

3.7. MEL normalized mitochondrial complex proteins in GWI rats 

ANOVA showed significant differences in the various mitochondrial 
complex proteins between groups (p < 0.01–0.001, F = 4.1–7.3, n = 6/ 
group). Post-hoc analysis revealed that all mitochondrial complex 

Fig. 5. MEL treatment to rats with chronic GWI diminished astrocyte hypertrophy and modulated microglial phenotype in the hippocampus. Figures A–L illustrate 
examples of GFAP+ astrocytes from the DG (A–F) and the CA1 subfield (G–L) of naïve control (A, G), GWI-Veh (B, H), GWI-MEL (C–F, I-L) groups. The bar charts M 
− P compare the area fraction (AF) of GFAP + structures in the DG (M), the CA1 subfield (N), the CA3 subfield (O), and the entire hippocampus (EH; P) between 
different groups. AF’s of GFAP + structures were higher in the GWI-Veh group in all hippocampal regions but normalized to the naïve control level in the DG and CA1 
subfields and when the hippocampus was taken in entirety in the GWI-MEL40 and GWI-MEL80 groups. Figures Q–V illustrate the morphology of representative IBA- 
1+ microglia from the CA3 subfield of naïve control (Q), GWI-Veh (R), GWI-MEL10-80 groups (S–V). The bar chart W compares the area occupied by individual IBA- 
1+ microglia in the CA3 subfield of different groups. Compared to the naïve control group, individual microglia area was diminished in the GWI-Veh group, 
normalized in the GWI-MEL10-40 groups, and enhanced in the GWI-MEL80 group. Scale bar, A-L = 100 μm; Q-V = 10 μm *, p < 0.05; **, p < 0.01; and ***, p <
0.001; NS, not significant. 
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proteins (complex I, II, III, and IV) were reduced in the GWI-Veh group 
compared to the naive group (p < 0.01, Fig. 4 [F–I]), implying hypo-
function of mitochondria in the hippocampus at ~11 post-exposure to 
GWI chemicals and stress. This finding diverged with the hyperactive 
mitochondria observed at 6 months post-exposure in our previous study 
[23]. A shift from hyperactive to hypoactive status likely reflects 
decreased antioxidant and NRF2 levels with the disease progression, as 
such changes could further enhance the oxidative stress and affect the 
transcription and translation of mitochondrial complex protein subunits. 
The complex III protein was normalized to naïve control levels in 
GWI-MEL10-80 groups (p > 0.05, Fig. 4 [H]). The complex I and II were 
also normalized to naïve control levels in the GWI-MEL80 group (p >
0.05, Fig. 4 [F-G]. However, MEL treatment did not improve the level of 
complex IV protein. At all doses of MEL, complex IV levels remained less 
than the naïve control group (p < 0.05–0.001, Fig. 4 [I]). The results 
suggested that low to moderate MEL doses could improve complex III, 
whereas both low and moderate doses could improve the levels of 
complex I and II in the brain of GWI rats. 

3.8. MEL treatment reduced astrocyte hypertrophy in the hippocampus of 
GWI rats 

Examples of astrocytes’ distribution and morphology in the DG and 
CA1 subfields of the hippocampus from different groups are illustrated 
(Fig. 5 [A-L]). Compared to the naïve group, the GWI-Veh group dis-
played increased GFAP + astrocytic elements (Fig. 5 [A-B, G-H]), 
implying the occurrence of astrocyte hypertrophy, a sign of chronic 
inflammation. The area occupied by GFAP + astrocytic elements were 
measured using J-image (n = 5–6/group). The divergences between 
groups were significant for all subfields of the hippocampus and when 
the hippocampus was taken in totality (p < 0.01–0.0001, F = 4.3–12.3, 
Fig, 5 [M − P]). The differences were significant for DG and CA1 sub-
fields and the entire hippocampus (p < 0.01–0.001, Fig. 5 [M − N, P]). 
GWI rats receiving MEL treatment at 40–80 mg/kg doses displayed 
significantly reduced hypertrophy of astrocytes than the GWI-Veh group 
in these regions (p < 0.05–0.001, Fig. 5 [M − N, P]). The extent of 
astrocyte hypertrophy remained comparable to the GWI-Veh group in 
GWI-MEL10-20 groups, however (p > 0.05, Fig. 5 [M − N, P]). MEL did 
not reduce GFAP+ structures in the hippocampus’s CA3 subfield (Fig. 5 
[O]). Thus, MEL treatment at moderate doses (40–80 mg/kg) effectively 
lowered the overall astrocyte hypertrophy in the hippocampus. 

3.9. MEL diminished activated microglia and normalized microglial 
phenotype in GWI rats 

We measured the area occupied by individual microglia in the CA3 
subfield of the hippocampus (n = 6–7/group) to understand the 
phenotypic changes, which revealed differences between groups (p <
0.0001, F = 12.6, Fig. 5 [Q-W]). Naïve control rats displayed individual 
microglia occupying a relatively more significant area of the brain tissue 
(Fig. 5 [Q]). Such changes were mainly due to a large number of highly 
ramified processes. GWI rats, in contrast, exhibited individual microglia 
occupying reduced areas of the brain tissue due to a reduced number of 
processes as well as the loss of extensive ramification of processes, which 
are features of moderately activated microglia (p < 0.05, Fig. 5 [R, W]). 
GWI-MEL10 group also showed reduced microglia processes as the GWI- 
Veh group (p > 0.05, Fig. 5[S, W]). However, GWI-MEL20-80 groups 
exhibited normalized microglia morphology with highly ramified pro-
cesses. The average areas of the brain tissue occupied by individual 
microglia in the GWI-MEL20-40 groups were comparable to the naïve 
control group (p > 0.05, Fig. 5 [T-U, W]). Notably, the GWI-MEL80 
group displayed highly ramified microglia that occupied more area of 
the brain tissue than microglia in the naive group (p < 0.01, Fig. 5 [V, 
W]). 

Next, we investigated the extent of activated microglia in different 
groups via IBA-1 and ED-1 dual immunofluorescence (n = 5/group). 

Examples of IBA-1+ microglia expressing ED-1 in the CA3 subfield of the 
hippocampus from different groups are illustrated (Fig. 6 [A-R]). 
Compared to the naïve control group, the GWI-Veh group displayed 
increased percentages of IBA-1+ microglia with ED-1+ structures (i.e., 
activated microglia) in the hippocampus, implying the presence of 
chronic neuroinflammation. The differences were significant for all 
subfields of the hippocampus and the entire hippocampus (p <
0.01–0.0001, F = 5.8–22.2, Fig, 6 [S–V]). MEL treatment at 40–80 mg/ 
kg significantly reduced the percentages of activated microglia in the DG 
and the CA3 subfields, and the entire hippocampus (p < 0.01–0.001, 
Fig. 6 [S-T, V]). Compared to the GWI-Veh group, GWI-MEL10-20 
groups did not display reduced percentages of activated microglia, 
however (p > 0.05, Fig. 6 [S-T, V]). 

3.10. MEL treatment inhibited NLRP3 inflammasome formation in GWI 
rats 

We quantified the extent of NLRP3 inflammasomes in the hippo-
campus to comprehend the potential mechanisms by which MEL alle-
viated neuroinflammation (n = 6/group). Examples of microglia 
displaying NLRP3 inflammasomes in different groups are illustrated 
(Fig. 7 [A-R]). We first quantified the concentrations of NF-kB, NLRP3, 
caspase-1, all of which showed differences between groups (F =
3.9–14.1, p < 0.01–0.0001, Fig. 7 [S–U]). NF-kB, NLRP3, and caspase-1 
were elevated in the GWI-Veh group compared to the naïve group (p <
0.05–0.001). Compared to the GWI-Veh group, NF-kB and Caspase-1 
were significantly reduced in the GWI-MEL40-80 groups (p <

0.05–0.001, Fig. 7 [S, U]), whereas NLRP3 was reduced in GWI-MEL20- 
80 groups with the amount going below the naïve control level in the 
GWI-MEL80 group (p < 0.05–0.001, Fig. 7 [T]). ANOVA analyses of the 
amount of NLRP3-ASC complex (a measure of active inflammasome 
complex) and percentages of microglia with the NLRP3-ASC complex in 
the CA3 subfield of the hippocampus showed differences between 
groups (p < 0.01–0.001; F = 4.6–13.5, Fig. 7 [V–W]). Notably, all doses 
of MEL examined in the study (i.e., 10–80 mg/kg) were able to reduce 
the occurrence of NLRP3 inflammasomes. Both the number of inflam-
masomes per unit area and the percentage of microglia with NLRP3 
inflammasomes were significantly reduced in the GWI-MEL10-80 
groups compared to the GWI-Veh group (p < 0.01–0.001, Fig. 7 
[V–W]). Quantification of IL -18 and IL-1β (the end products of NLRP3 
inflammasomes) also showed differences between groups (p <

0.01–0.001; F = 5.4–24.4). Increased occurrence of inflammasomes 
correlated with a significantly higher level of IL-18 in the GWI-Veh 
group (p < 0.001), whereas reduced levels of inflammasomes in GWI- 
MEL10-80 groups were associated with significantly reduced concen-
trations of IL-18 compared to the GWI-Veh group (p < 0.001, Fig. 7 [X]). 
The IL-1β concentration was also reduced in the GWI-MEL40-80 groups 
compared to the GWI-Veh group (Fig. 8 [Y]). Thus, MEL treatment 
robustly inhibited NLRP3 inflammasome formation in microglia and 
neurons in GWI rats. 

3.11. MEL treatment reduced several other proinflammatory proteins in 
GWI rats 

We measured multiple proinflammatory cytokines and chemokines 
to discern the effects of MEL intervention on neuroinflammation in the 
hippocampus of rats with chronic GWI using a cytokine array (n = 6/ 
group). ANOVA analysis showed significant differences between groups 
for levels of TNF-α, IFN-γ, MCP-1, and MIP-1α (F = 6.1–9.7, p <
0.01–0.0001, Fig. 7 [Z-AC]). The post-hoc analysis demonstrated sig-
nificant upregulation of TNF-α, IFN-γ, MCP-1, and MIP-1α in the GWI- 
Veh group compared to the naïve control group (p < 0.05, Fig. 7 [Z- 
AC]). All doses of MEL examined were able to significantly reduce the 
concentration of TNF-α and IFN-γ in the hippocampus of GWI rats (p <
0.05–0.001, Fig. 7 [Z-AA]). MCP-1 and MIP-1α were also reduced in the 
GWI-MEL40-80 groups compared to the GWI-Veh group (p <
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0.01–0.001, Fig. 7 [AB-AC]). TNF-α and IFN-γ were further validated 
through quantitative ELISA, which showed differences between groups 
(p < 0.05–0.01, F = 3.3–3.8, Fig. 7 [AD-AE]). The post-hoc analysis 
revealed that the concentration of TNF-α and IFN-γ were significantly 
increased in the GWI-Veh group (p < 0.05, Fig. 7 [AD-AE]). Compared to 
the GWI-Veh group, the concentration of TNF-α was reduced in the 
MEL10-80 groups (p < 0.05–0.01, Fig. 7 [AD]), whereas the concen-
tration of IFN-γ was reduced in the MEL20-80 group (p < 0.05, Fig. 7 
[AE]). Thus, MEL therapy reduced the concentration of TNF-α, IFN-γ, 
MCP-1, and MIP-1α in the hippocampus, with the most significant ef-
fects at 40–80 mg/kg doses. 

3.12. MEL treatment improved hippocampal neurogenesis in GWI rats 

Examples of DCX+ newly born neurons in the hippocampus from 
different groups are illustrated (Fig. 8 [A-F]). We quantified the number 
of DCX+ newly born neurons in the SGZ-GCL of the hippocampus using 
stereology (Fig. 8 [G]). Such quantification provided information on the 
status of hippocampal neurogenesis with Veh or MEL treatment in GWI 
rats. The GWI-Veh group exhibited decreased production of newly born 
neurons compared to the naive control group (p < 0.05, Fig. 8 [G]). In 
contrast, GWI rats receiving MEL at 80 mg/kg displayed DCX+ new 
neuron numbers that were comparable to naïve control rats (p > 0.05, 
Fig. 8 [G]). However, the extent of neurogenesis in GWI-MEL10-40 

Fig. 6. MEL treatment to rats with chronic GWI reduced activated microglia in the hippocampus. Figures A–R illustrate examples of IBA-1+ microglia displaying 
ED-1+ structures (i.e., activated microglia) from the CA3 subfield of naïve control (A–C), GWI-Veh (D–F), GWI-MEL10 (G–I), GWI-MEL20 (J–L), GWI-MEL40 (M −
O), GWI-MEL80 (P–R) groups. The bar charts S–V compare percentages of IBA-1+ microglia with ED-1 in the DG (S), the CA3 subfield (T), the CA1 subfield (U), and 
the entire hippocampus (V) between different groups. The percentages of activated microglia were higher in the GWI-Veh group than the naïve control group in all 
hippocampal regions but significantly reduced in the DG and CA3 subfields and the entire hippocampus in the GWI-MEL40 and GWI-MEL80 groups. Scale bar, A-R =
25 μm; *, p < 0.05, **, p < 0.01, and ***, p < 0.001; NS, not significant. 
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Fig. 7. MEL treatment to rats with chronic GWI diminished NLRP3 inflammasomes and reduced the concentration of multiple proinflammatory markers in the 
hippocampus. Figures A–R illustrate examples of NLRP3 inflammasomes in IBA-1+ microglia from the CA3 subfield of naïve control (A–C), GWI-Veh (D–F), GWI- 
MEL10 (G–I), GWI-MEL20 (J–L), GWI-MEL40 (M − O), GWI-MEL80 (P–R) groups. The bar charts in S-X compare concentrations of NF-kB (S), NLRP3 (T), caspase-1 
(U), the number of inflammasomes/unit area (V), the percentage of microglia with inflammasomes (W), and IL-18 (X). These measures were upregulated in the GWI- 
Veh group but normalized to naïve control levels in the GWI-MEL groups. NF-kB was normalized in the GWI-MEL40-80 groups. NLRP3 was normalized in the GWI- 
MEL10-40 groups and reduced below the naïve control level in the GWI-MEL80 group. Caspase-1, the number of inflammasomes per unit area, and the percentage of 
microglia with inflammasomes were normalized in GWI-MEL10-80 groups. IL-18 was normalized in the GWI-MEL10-20 groups and reduced below the naïve control 
level in GWI-MEL40-80 groups. The bar charts in Y-AC compare the concentration of interleukin-1 beta (IL-1β; Y), tumor necrosis factor-alpha (TNF-α, Z), interferon- 
gamma (IFN-γ; AA), monocyte chemoattractant protein-1 (MCP-1; AB), macrophage inflammatory protein 1 alpha (MIP-1α; AC) between different groups assessed 
through a cytokine array. The bar charts AD-AE compare TNF-α (AD) and IFN-γ (AE) concentrations between different groups measured through individual ELISA. 
Compared to the naïve control group, TNF-α, IFN-γ, MCP-1, and MIP-1α were upregulated in the GWI-Veh group but normalized or reduced below the naïve control 
level in the GWI-MEL10-80 group. The concentration of IL-1β was reduced in the GWI-MEL40-80 groups compared to the GWI-Veh group. Scale bar, A-R = 25 μm; *, 
p < 0.05, **, p < 0.01, and ***, p < 0.001; NS, not significant. 

Fig. 8. MEL treatment in rats with chronic GWI enhanced neurogenesis, activated BDNF-ERK-CREB pathway, and reduced synapse loss in the hippocampus. 
Figures A–F illustrate examples of doublecortin-positive (DCX+) newly born neurons from naïve control (A), GWI-Veh (B), GWI-MEL10 (C), GWI-MEL20 (D), GWI- 
MEL40 (E), GWI-MEL80 (F) groups. The bar chart G compares the number of DCX+ neurons between different groups. Neurogenesis was decreased in the GWI-Veh 
group but normalized in the GWI-MEL80 group. GCL, granule cell layer; SGZ, subgranular zone. Scale bar, A-F = 50 μm. The bar charts H-J compare the con-
centration of BDNF (H) pERK1/2 (I) and p-CREB (J) between different groups. The concentration of all these proteins was decreased in the GWI-Veh group but 
normalized to the naïve control level in GWI-MEL groups. BDNF was normalized in the GWI-MEL40-80 groups, pERK1/2 was normalized in the GWI-MEL10-20 
groups and went above the naïve control level in GWI-MEL40-80 groups. The concentration of p-CREB did normalize to the naïve control level but significantly 
increased in the GWI-MEL80 group compared to the GWI-Veh group. Figures K–S shows examples of synaptophysin+ (Syn+) and postsynaptic density 95+ (PSD95+) 
puncta in the dentate molecular layer from naïve control (K–M), GWI-Veh (N–P), GWI-MEL80 (Q–S) groups. The bar charts T-W compare area fraction (AF) of Syn+
and PSD95+ puncta in the dentate molecular layer (T–U) and CA1 subfield (V–W) between different groups. Both Syn+ and PSD95+ puncta were reduced in the 
GWI-Veh group and normalized to the naïve control level in the GWI-MEL80 group. Scale bar, K–S = 1 μm *, p < 0.05, **, p < 0.01, and ***, p < 0.001; NS, 
not significant. 
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groups remained less than the naïve control group (p < 0.05–0.01, Fig. 8 
[G]). Thus, 80/mg/Kg dose of MEL normalized hippocampal neuro-
genesis in GWI rats. 

3.13. MEL enhanced the BDNF-ERK-CREB signaling pathway in the 
hippocampus of GWI rats 

We measured BDNF, pERK1/2, and p-CREB in the hippocampus to 
understand the potential mechanism underlying MEL-mediated 
improved cognitive function in rats with chronic GWI. Notably, the 
concentration BDNF, pERK1/2, and p-CREB differed significantly be-
tween groups (p < 0.01–0.0001, F = 4.8–36.2, Fig. 8 [H-J]). BDNF 
concentration was reduced in the hippocampus of rats GWI-Veh group 
compared to the naïve group (p < 0.01, Fig. 8 [H]). MEL treatment at 
40–80 mg/kg normalized the BDNF concentration to naïve control levels 
(p > 0.05, Fig. 8 [H]). Furthermore, the GWI-Veh group displayed a 
reduced concentration of pERK1/2 compared to the naïve control group 
(p < 0.05, Fig. 8 [I]). MEL treatment at 10–80 mg/kg enhanced the 
concentration of pERK1/2 compared to the GWI-Veh group (p <
0.01–0.001, Fig. 8 [I]). Compared to the naïve control group, pERK1/2 
concentration normalized with 10–20 mg/kg doses of MEL (p > 0.05) 
and further increased with 40–80 mg/kg doses of MEL (p < 0.05, Fig. 8 
[I]). Moreover, a reduced concentration of p-CREB was seen in the GWI- 
Veh group compared to the naïve group (p < 0.001, Fig. 8 [J]), which 
did not change significantly with 10–40 mg/kg doses of MEL (p > 0.05, 
Fig. 8 [J]). However, 80 mg/kg dose of MEL significantly increased the 
concentration of p-CREB compared to the GWI-Veh group (p < 0.001, 
Fig. 8 [J]). Thus, chronic GWI is associated with a significant down-
regulation of the BDNF-ERK-CREB signaling pathway. MEL treatment, 
particularly at 40–80 mg/kg doses, activated this signaling pathway. 

3.14. MEL reduced synapse loss in the hippocampus of GWI rats 

We investigated whether MEL treatment at 80 mg/kg resulted in 
reduced synapse loss in the hippocampus of GWI rats. Examples of Syn+
and PSD95+ puncta in the dentate ML of rats belonging to naive, GWI- 
Veh, and GWI-MEL80 groups are illustrated (Fig. 8 [K–S]. Area fraction 
analysis using Image J demonstrated differences between groups for 
both Syn+ and PSD95+ puncta in the dentate ML and the CA1 subfield 
(p < 0.01, F = 7-9-11.8, Fig. 8 [T-W]). Post-hoc analysis revealed 
reduced Syn+ and PSD95+ puncta in both dentate ML and the CA1 
subfield of the GWI-Veh group compared to the naïve control group (p <
0.05–0.01, Fig. 8 [T-W]). Furthermore, area fractions of Syn+ and 
PSD95+ puncta in both regions were higher in the GWI-MEL80 group 
than the GWI-Veh group (p < 0.01, Fig. 8 [T-W]) and comparable to the 
naïve control group (p > 0.05, Fig. 8 [T-W]). The results imply that MEL 
treatment at 80 mg/kg restrained the loss of synapses in the hippo-
campus of rats with chronic GWI. 

4. Discussion 

This study demonstrated the efficacy of low to moderate MEL doses 
for improving cognitive and mood function in a rat model of chronic 
GWI. Cognitive and mood impairments are the significant CNS-related 
symptoms in veterans with GWI [4–6,46,47]. The presence of hippo-
campus dysfunction could be seen from magnetic resonance spectros-
copy and single-photon emission computed tomography studies [48–51] 
and arterial spin labeling with hippocampal function assessment [52]. 
Studies using a face-name associative recall test with functional MRI also 
revealed memory impairment in GWI [3,47]. Furthermore, a 
meta-analysis has revealed impaired visuospatial, attention, executive, 
learning, and memory functions in veterans with GWI [5]. Regarding 
mood function, a study has suggested that the severity of mood 
dysfunction in GWI varies in its extent but leads to mental health illness 
at the higher end [53]. Studies have suggested that chronic activation of 
the executive control network [54,55] and functional connectivity 

impairments [56] are the likely causes of cognitive fatigue or dysfunc-
tion in GWI. The role of altered cerebral blood flow [57], neuro-
inflammation [26], and atrophy of brain regions [58,59] have also been 
suggested as potential causes of Impaired cognitive and mood impair-
ments in veterans with GWI. The perpetuation of neurodegenerative 
processes and reactive glial changes in veterans with GWI could also be 
inferred from raised autoantibodies against neuron- and glia-specific 
proteins in the blood [60]. 

Several animal models of GWI have replicated cognitive and mood 
impairments and neuropathology observed in veterans with GWI 
[16–22,61]. Importantly, analyses of brain tissues at multiple 
time-points after exposure to GWI-related chemicals revealed the 
continuation of elevated oxidative stress and significant neuro-
inflammation [16,21–25,62]. The current study also demonstrated that 
cognitive and mood dysfunction in rats with chronic GWI (i.e., the 
GWI-Veh group) is associated with elevated levels of oxidative stress and 
chronic inflammation in the hippocampus at ~10 months after exposure 
to GWI-related chemicals and stress. Increased oxidative stress was 
evident from the higher concentration of lipid peroxidation marker MDA 
and the protein oxidation marker PCs. Moreover, the concentration of 
NRF-2, the master regulator of oxidative stress and antioxidant activity, 
was reduced. Besides, reduced catalase and mitochondrial complexes 
I-IV confirmed persistent oxidative stress conditions impacting mito-
chondrial function in the hippocampus. Elevated oxidative stress asso-
ciated with mitochondrial dysfunction could impact cognitive function 
[63,64]. Cognitive and mood function can also be affected directly by 
neuroinflammation or indirectly through its effects on hippocampal 
neurogenesis [65,66], as neurogenesis contributes to the maintenance of 
better cognitive and mood function [67–69]. In this study, chronic 
neuroinflammation in GWI rats could be gleaned from significant 
astrocyte hypertrophy, a higher number of activated microglia with 
NLRP3 inflammasomes, increased NF-kB signaling, elevated levels of 
proinflammatory cytokines IL-18, TNF-α, IFN-γ, MCP-1, and MIP-1α. 
The hippocampus in rats with chronic GWI also displayed significantly 
reduced neurogenesis, synapse loss, and dampened BDNF-ERK-CREB 
signaling. Thus, studies in veterans with GWI and animal prototypes 
of GWI imply that multiple factors, including incessant oxidative stress, 
neuroinflammation, and alterations in signaling pathways mediating 
pro-cognitive effects underlie cognitive and mood dysfunction in GWI. 
Such a conclusion is supported by findings that incessant oxidative stress 
and neuroinflammation could induce cognitive problems and depression 
[70–72]. 

From the above perspectives, compounds with robust antioxidant, 
antiinflammatory, and pro-cognitive effects have received attention, 
some of which are currently the focus of several clinical trials in veterans 
with chronic GWI [6]. Our results provide evidence in support of 
employing low to moderate doses of MEL for improving cognitive and 
mood function in chronic GWI. While improvements in simple cognitive 
tasks such as the novel object recognition and associative recognition 
memory could be accomplished with both low and moderate doses of 
MEL (10–80 mg/kg), improvement in a more complex cognitive task 
such as the hippocampus-dependent object location memory appeared 
to require a relatively higher dose (80 mg/kg) of MEL. However, 
anhedonia in GWI rats could be reversed with all MEL doses tested in the 
study. Characterization of cellular and molecular changes in the hip-
pocampus suggested that MEL’s antioxidant, antiinflammatory, and 
pro-cognitive effects underlie improved cognitive and mood function in 
GWI rats. Specifically, MEL treatment at 10 mg/kg curtailed oxidative 
stress markers MDA and PCs, enhanced the antioxidant glutathione and 
mitochondrial complex III, and diminished the percentage of microglia 
with NLRP3 inflammasomes, and the concentration of IL-18, TNF-α, and 
IFN-γ. MEL at 20 mg/kg also normalized the concentration of NRF-2, 
and catalase, and ramification of microglia whereas, MEL at 40 
mg/kg, in addition, lessened astrocyte hypertrophy, the percentage of 
activated microglia, modulated NF-kB-NLRP3-caspase-1 signaling, and 
diminished the concentration of IL-1β, MCP-1, and MIP-1α. 
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Furthermore, MEL at 80 mg/kg enhanced neurogenesis, reduced syn-
apse loss, and activated the BDNF-ERK-CREB signaling pathway. 

The current study provides evidence for MEL’s competence to 
mediate robust antioxidant and antiinflammatory effects in a model of 
chronic GWI. Inflammation typically results in oxidative stress, and 
oxidative stress can also induce inflammatory responses when caused by 
mitochondrial dysfunction [73]. MEL is a broad-spectrum antioxidant 
that can mediate its effects by both direct scavenging or indirect 
detoxification of ROS, which may comprise enhanced NRF2 and anti-
oxidant levels, mitochondrial protection, reduced ROS formation by 
inhibiting electron leakage, and suppression of neuronal hyperexcit-
ability [35,73,74]. In the current study, different doses of MEL reduced 
oxidative stress with the upregulation of glutathione alone (10 mg/kg), 
and glutathione, catalase, and NRF2 (20–80 mg/kg). All of these effects, 
in turn, could reduce the extent of inflammation or counteract the 
consequences of inflammation by reducing ROS levels [75]. MEL 
treatment also enhanced mitochondrial complex proteins in the hippo-
campus of GWI rats, with 10–40 mg/kg doses normalizing the complex 
III protein and 80 mg/kg dose normalizing complexes I, II, and III to 
levels seen in the hippocampus of naïve control rats. 

MEL therapy in this study also mediated direct antiinflammatory 
effects by inhibiting the formation of NLRP3 inflammasomes [38]. 
NLRP3 inflammasomes, multiprotein complexes in the cytosol produced 
by danger-associated molecular patterns (DAMPs) in the CNS, activate 
the proinflammatory caspase-1, evolves the proinflammatory state, and 
release mature IL-1β and IL-18 [76]. In illnesses that display incessantly 
elevated ROS, such as in GWI, heme, and metabolites could also serve as 
DAMPs [77]. The configuration of the NLRP3 inflammasome in 
sequence encompasses NF-kB activation via DAMPs, the rise of NLRP3 
and pro-IL-1β by NF-kB [76], and ultimately the NLRP3 inflammasome 
activation [76]. The NLRP3 inflammasome components include NLR, 
ASC, and procaspase-1, with ASC serving as a connector that associates 
NLR with the procaspase-1 [76,77]. The continuous fabrication of 
NLRP3 inflammasomes in the hippocampus of rats with chronic GWI in 
this study could be gleaned from elevated levels of NF-kB, NLRP3, 
caspase-1, and IL-18. Also, augmented inflammasomes could be seen 
from NLRP3-ASC complexes in the cytosol of microglia and neurons. 
MEL therapy reduced the number of inflammasomes per unit area, 
percentages of microglia with inflammasomes, and the concentration of 
IL-18 at 10–80 mg/kg dose. At 20–80 mg/kg doses, MEL reduced the 
concentration of NLRP3, and at 40–80 mg/kg doses, MEL reduced the 
concentration of NF-kB, caspase-1, and IL-1β, implying that MEL treat-
ment decreased inflammasome formation through modulation of NF-kB 
signaling in a dose-dependent manner. The ability of MEL to inhibit 
inflammasome formation via NF-kB modulation has been seen in several 
other conditions [39,40,78–80]. Furthermore, reduced concentration of 
TNF-α, IFN-γ, MCP-1, and MIP-1α, and lessened astrocyte hypertrophy 
and activated microglia seen in GWI rats receiving MEL are likely the 
downstream effects of NF-kB modulation and NLRP3 inflammasome 
inhibition [81,82]. MEL can also directly reduce inflammation, which 
was evident in a previous study from rises in proinflammatory cytokines 
in aged rats subjected to constant light (a MEL reducing approach) and 
reversal of such effects with subsequent MEL treatment [83]. Studies 
have also shown that MEL can suppress proinflammatory cytokines 
through TLR4 inhibition [84]. Thus, MEL-mediated improved brain 
function in this study appeared to be due to antioxidant effects at lower 
doses (10–20 mg/kg) and both antioxidant and robust antiinflammatory 
effects at moderate doses of MEL (40–80 mg). Furthermore, the reduced 
hippocampal neurogenesis observed in GWI rats improved with 80 
mg/kg MEL but not with lower MEL doses. Such an effect may suggest 
that relatively higher MEL doses indirectly improve neurogenesis 
through its robust antioxidant and antiinflammatory effects in neuro-
genic niches. This finding is concordant with the earlier observations 
that neurogenesis is sensitive to ROS levels and inflammatory micro-
environment [22,85]. 

Cognitive impairment could also occur through alterations in the 

BDNF-ERK-CREB pathway. BDNF, vital for neuronal survival and syn-
aptic plasticity [86], binds to tropomyosin receptor kinase B (TrkB) to 
promote the activation of several intracellular signaling cascades, 
including the MAPK/ERK pathway [87]. Through its downstream 
signaling molecules, pERK promotes the phosphorylation of the tran-
scription factor CREB resulting in BDNF transcription through binding of 
pCREB to the BDNF promoter region [88]. The BDNF-ERK-CREB 
pathway is critical for sustaining neuronal survival, synapses, and syn-
aptic plasticity [89]. Furthermore, reduced concentration of BDNF in the 
brain is one of the features of cognitive dysfunction in many brain dis-
orders [90,91]. This study showed that cognitive dysfunction in rats 
with chronic GWI was associated with diminished BDNF-ERK-CREB 
signaling in the hippocampus, and 80 mg/kg MEL therapy activated 
this signaling to levels seen in naïve control rats. It has been shown 
earlier that MEL activates the BDNF-ERK-CREB signaling pathway 
through its action on MEL receptor 1 [37]. Activation of 
BDNF-ERK-CREB signaling with 80 mg/kg MEL also correlated with 
improved hippocampal neurogenesis, reduced synapse loss, and better 
ability for the most complex hippocampus-dependent cognitive task (i. 
e., the object location memory) assessed in the study. These findings 
match the earlier observations that MEL can improve neurogenesis 
through modulation of neurogenesis regulators such as BDNF and 
p-CREB [92] and that the memory formation and storage in the hippo-
campus requires activation of the ERK pathway and CREB phosphory-
lation [93,94]. 

5. Conclusions 

The study demonstrated that MEL therapy is efficacious for 
improving cognitive and mood function in a rat model of chronic GWI. 
However, MEL’s effect was dose-dependent, with lower (10–20 mg/kg) 
doses improving simple and associative recognition memory function in 
association with reductions in oxidative stress and some neuro-
inflammatory markers. Moderate MEL doses (40–80 mg/kg), in addition 
to antioxidant effects, mediated robust antiinflammatory activity 
through inhibition of NLRP3 inflammasomes. MEL at 80 mg/kg also 
activated the BDNF-ERK-CREB signaling pathway, enhanced neuro-
genesis and reduced synapse loss in the hippocampus, and improved a 
more complex hippocampus-dependent cognitive function. Overall, the 
study provides the first evidence of MEL’s promise for alleviating neu-
roinflammation and cognitive and mood impairments in veterans 
afflicted with GWI. 
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