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Abstract

Gulf War Illness (GWI), a chronic multisymptom health problem, afflicts ~30% of veterans served
in the first GW. Impaired brain function is among the most significant symptoms of GWI, which is
typified by persistent cognitive and mood impairments, concentration problems, headaches,
chronic fatigue, and musculoskeletal pain. This review aims to discuss findings from animal
prototypes and veterans with GWI on mechanisms underlying its pathophysiology and emerging
therapeutic strategies for alleviating brain dysfunction in GWI. Animal model studies have linked
brain impairments to incessantly elevated oxidative stress, chronic inflammation, inhibitory
interneuron loss, altered lipid metabolism and peroxisomes, mitochondrial dysfunction, modified
expression of genes relevant to cognitive function, and waned hippocampal neurogenesis.
Furthermore, the involvement of systemic alterations such as the increased intensity of reactive
oxygen species and proinflammatory cytokines in the blood, transformed gut microbiome, and
activation of the adaptive immune response have received consideration. Investigations in veterans
have suggested that brain dysfunction in GWI is linked to chronic activation of the executive
control network, impaired functional connectivity, altered blood flow, persistent inflammation, and
changes in miRNA levels. Lack of protective alleles from Class Il HLA genes, the altered
concentration of phospholipid species and proinflammatory factors in the circulating blood have
also been suggested as other aiding factors. While some drugs or combination therapies have
shown promise for alleviating symptoms in clinical trials, larger double-blind, placebo-controlled
trials are needed to validate such findings. Based on improvements seen in animal models of GWI,
several antioxidants and anti-inflammatory compounds are currently being tested in clinical trials.
However, reliable blood biomarkers that facilitate an appropriate screening of veterans for brain
pathology need to be discovered. A liquid biopsy approach involving analysis of brain-derived
extracellular vesicles in the blood appears efficient for discerning the extent of neuropathology
both before and during clinical trials.
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1. Introduction

Approximately 30% of 700,000 United States service personnel of the 1991 Gulf War (GW)
continue to experience multiple health problems, including fatigue, headaches, cognitive
dysfunction, difficulties in concentration, musculoskeletal pain, respiratory, gastrointestinal,
and dermatologic complaints (White et al., 2016; National Academies of Sciences,
Engineering, and Medicine, 2018). There are multiple case definitions used in Gulf War
Veteran studies, causing difficulty in recognizing chronic multisymptom illness (CMI). A
large epidemiological study of Kansas Gulf War veterans outlined the GWI case definition
(Steele, 2000). As per this definition, GWI cases must have multiple and/or moderate-to-
severe chronic symptoms in at least three of six defined symptom domains. Also, qualifying
symptoms must have first been a problem during or after the Gulf War (i.e., symptom onset
after the year 1990) and persisted over the 6 months preceding the study. The symptom
domains include &) fatigue/sleep problems, 5) somatic pain, ¢) neurologic/cognitive/mood
symptoms, @) gastrointestinal symptoms, €) respiratory symptoms, and £) skin
abnormalities. Kansas GWI case criteria also exclude veterans who report being diagnosed
or treated for medical or psychiatric conditions such as cancer, diabetes, heart disease,
chronic infectious disease, lupus, multiple sclerosis, stroke, or any severe psychiatric illness.

It has been proposed that multiple deployment-related chemical exposures are common
etiologies (Institute of Medicine, 2001, 2013, 2014; Gulf War and Health, 2017; National
Academies of Sciences, Engineering, and Medicine, 2018). Deployment-related exposures
include war-related stress, pesticides employed against the insect and rodent populations,
nerve gas prophylactic drug pyridostigmine bromide, chemical warfare agents (sarin, and
mustard gas), vaccines (including those against anthrax and botulinum), depleted uranium,
and hexavalent chromium. More than 35 types of pesticides were administered, including
organophosphates, carbamates, pyrethroids, lindane, and N, N-Diethyl-meta-toluamide
(DEET). Combustion products comprised particulate matter, polycyclic aromatic
hydrocarbons, polychlorinated dibenzo-p-dioxins, dibenzofurans, and fuels from over 600
burning oil wells in Kuwait. Solvents such as benzene, toluene, xylene, trichloroethylene,
and tetrachloroethylene were also employed to maintain vehicles and equipment, cleaning,
and degreasing. In addition, exposure to the depleted uranium has been suggested as one of
the causes of GWI (Bjorklund et al., 2020).

Gulf War veterans endure an array of long-term medically unexplained symptoms known as
chronic multisymptom illness (CMI). However, CMI varies from person to person. Many
veterans who served in the first GW believe their illness’s legitimacy is often a subject of
intense scrutiny because there is no signature etiology for GWI. As per the centers for
disease control and prevention (CDC), CMI in veterans of the 1990-1991 GW is defined as
having =1 symptom lasting =6 months in at least two of three categories: fatigue, depressed
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mood, and altered cognition, and musculoskeletal pain (Fukuda et al., 1998). The Institute of
Medicine report in 2013 defined CMI as the occurrence of a spectrum of chronic symptoms
experienced for 6 months or longer in at least two of the following six categories: fatigue,
mood dysfunction, cognitive impairments, musculoskeletal pain, gastrointestinal problems,
respiratory issues, or neurological conditions (Institute of Medicine, 2013, 2014). The report
also mentioned that the symptoms of GWI may overlap with but are not fully captured by
known syndromes such as chronic fatigue syndrome, fibromyalgia, irritable bowel
syndrome, or other diagnoses. A study in 2019 at Ft. Devens measured the incidence of nine
enduring medical ailments in GW veterans and compared with the population-based 2013—
2014 National Health and Nutrition Examination Survey cohort. The study reported that GW
veterans in the population-based Ft. Devens Cohort are at an elevated risk for developing
chronic conditions than the general population. These risks are associated with self-reported
toxicant exposures (Zundel et al., 2019). Another study comparing the prevalence of CMI in
9,110 GWI veterans with 36,019 era personnel and 31,446 non-era personnel reported that
GW veterans exhibit the highest incidence of CMI over time (Porter, Long, Rull, Dursa, &
Millennium Cohort Study, 2020). A recent study, controlling for age, race, GW deployment,
the branch of service, and smoking status in logistic regression analyses, has reported that
GW-deployed women were significantly more likely to report 7 out of 34 symptoms related
to cognitive, neurological, and mood problems and respiratory complaints in comparison to
GW-era women (Sullivan et al., 2020).

Regarding the pathophysiology of GWI, studies in animal models have shown that exposure
to organophosphate (OP) and pesticides, alone or in combination with other GW agents,
leads to persistent cognitive and mood dysfunction. Furthermore, such brain impairments
were associated with incessantly elevated oxidative stress, mitochondrial dysfunction,
astrocyte hypertrophy, microglial activation, chronic neuroinflammation, leaky blood-brain
barrier (BBB), altered lipid metabolism and peroxisomes, loss of inhibitory interneurons and
waned hippocampal neurogenesis in rodent models of GWI (Abdel-Rahman, Abou-Donia,
El-Masry, Shetty, & Abou-Donia, 2004; Abdel-Rahman, Shetty, & Abou-Donia, 2001, 2002;
Abdullah et al., 2011, 2012; Hattiangady et al., 2014; Kodali et al., 2018; Madhu et al.,
2019; Megahed, Hattiangady, Shuai, & Shetty, 2015; Ojo et al., 2014; Parihar, Hattiangady,
Shuai, & Shetty, 2013; Shetty et al., 2017; Shetty et al., 2020; Zakirova et al., 2016). Studies
on models that utilized OP exposure alone have also suggested abnormalities in cytoskeletal
axonal transport motor proteins, neurotrophins, and their receptors, and mitochondria (Speed
etal., 2012; Terry Jr., 2012; Zhu, Hawkins, Phillips, & Deshpande, 2020). Moreover,
elevated levels of reactive oxygen species (ROS) and proinflammatory cytokines in the
circulating blood paralleling chronic changes in the brain have suggested the likely
participation of systemic inflammation in brain dysfunction (Shetty et al., 2017; Shetty et al.,
2020). Cognitive and mood dysfunction is also seen consistently in veterans with GWI
(Engdahl et al., 2018; Janulewicz et al., 2017; Jeffrey et al., 2019; White et al., 2016; Wylie
et al., 2019). In humans, episodic memory and brain function measured by a face-name
memory task and functional magnetic resonance imaging (fMRI) demonstrated three major
GWI syndrome types (“impaired cognition,” “confusion ataxia,” and “central pain”).
Investigations using fMRI demonstrate that memory impairments in veterans with GWI are
linked to functional neurobiological chan changes and provide evidence of the role of
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deployment in the war on brain dysfunction (Cooper et al., 2016). A study on cognitive
function found diminished performance in three functional domains: attention and executive
function, visuospatial skills, and learning/memory (Janulewicz et al., 2017). Another study
reported that GWI varies in severity in a continuum that leads, at the higher end, to a
diagnosable mental health disorder (Engdahl et al., 2018).

This review article aims to deliberate critical findings from animal prototypes of GWI and
veterans with GWI on mechanisms underlying its pathophysiology, and therapeutic
strategies that showed promise for alleviating brain dysfunction in GWI. The review
discusses neurobehavioral alterations and cellular and molecular pathogenesis in animal
models and veterans with GWI to provide insights into the mechanisms underlying
persistent GWI. Broad pathophysiology categories are covered, including elevation of ROS,
glial activation, proinflammatory mediators, mitochondrial dysfunction, altered blood flow,
and functional connectivity, loss of interneurons, and waning of hippocampal neurogenesis.
Furthermore, chronic changes at the systemic level, such as altered microbiome, adaptive
immune response, and the role of human leukocyte antigen (HLA) and epigenetic alterations
are conferred. Besides, the potential screening targets in veterans to discern the occurrence
and severity of GWI are suggested. The efficacy of several treatments is reviewed in animal
models as well as veterans. The final section highlights important advances made in
understanding the pathophysiology of GWI, limitations of clinical trials performed hitherto,
and promising therapeutic approaches that need further consideration in more extensive
clinical trials.

2. Mechanisms of brain dysfunction in animal models of GWI

2.1. Functional impairments and associated pathology in rat models of GWI

2.1.1. Cognitive and mood dysfunction—Many studies using a rat model employed
combined exposure to lower doses of GWI-related (GWIR) chemicals, including the nerve
gas prophylactic drug pyridostigmine bromide (PB, 1.3-2.0 mg/Kg, oral), an insect repellant
DEET (40-60 mg/Kg, dermal) and the insecticide permethrin (PER, 0.13-0.2 mg/Kg,
dermal) with or without restraint stress (5-15 min). The model simulated the type of
exposure experienced by a vast majority of veterans during the GW, and such exposures
have previously been shown to cause BBB dysfunction and decreased acetycholinesterase
(AChE) activity (Abdel-Rahman et al., 2002). Analyses of cognitive function using a water
maze test 2 months after exposure revealed hippocampus-dependent learning impairments
and the inability for retrieving memory in a probe test conducted 24 hours after the last
learning session (Parihar et al., 2013). Furthermore, brain dysfunction was also manifested
by increased depressive- and anxiety-like behavior, when examined with a forced swim test
and an elevated plus-maze test. In addition, mild stress (5 min of restraint stress) in the
period of exposure to chemicals exacerbated the extent of mood and cognitive dysfunction
(Parihar et al., 2013).

Follow-up studies using a larger cohort of GWI rats and a variety of cognitive tests
confirmed the occurrence of lasting memory and mood impairments following exposure to
GWIR chemicals and mild stress (Hattiangady et al., 2014). Three months following the
exposure, the occurrence of cognitive dysfunction was typified by the inability of animals to
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discern minor changes in an object location test, a task that largely depends on the integrity
of the hippocampus (Barker & Warburton, 2011), and an impaired recognition memory, a
task that requires the integrity of the perirhinal cortex, hippocampus and the prefrontal
cortex (Langston & Wood, 2010). Mood dysfunction was evident from a lack of motivation
to run in a voluntary physical exercise paradigm or to eat food following 24-hour food
deprivation in a novelty suppressed feeding test (Hattiangady et al., 2014). Behavioral
studies performed at 5 or 10 months post-exposure revealed that cognitive and mood
impairments in the above-described rat model of GWI persist for prolonged periods (Madhu
et al., 2019; Shetty et al., 2020). These include impairments in simple recognition memory
in a novel object recognition test, associative recognition memory in an object-in-place test,
the location memory in an object location test, and pattern separation in a pattern separation
test (Madhu et al., 2019; Shetty et al., 2020). Memory impairment observed at 10 months
post-exposure in rats is equivalent to ~29 years after exposure in humans (Sengupta, 2013).
Such persistent cognitive impairment is comparable to the type of brain dysfunction seen in
veterans affected with chronic GWI even 29 years after the exposure during the GW (Cooper
etal., 2016; Janulewicz et al., 2017). Thus, exposure to low doses of GWIR chemicals with
mild to moderate stress was sufficient to cause significant and lasting cognitive and mood
impairments.

2.1.2. Alterations in hippocampal volume, neurons, glia, and neurogenesis—
Four weeks of exposure to GWIR chemicals (PB, DEET, and PER) with or without mild
stress in rats resulted in reduced hippocampal volume and neuron loss. The overall volume
of the hippocampus was reduced by ~10%, with 19-31% loss of neurons in the dentate
granule cell layer, the dentate hilus, and the CA1 pyramidal cell layer of the hippocampus at
3 months post-exposure (Parihar et al., 2013). Furthermore, another study showed significant
loss of subclasses of GABA-ergic inhibitory interneurons expressing the calcium-binding
protein parvalbumin (PV) and the neuropeptide Y (NPY) (Megahed, Hattiangady, Shuai, &
Shetty, 2015). The neuronal loss could be due to both direct and indirect effects of
chemicals. For example, PER can induce neurodegeneration via prolonged activation of
voltage-gated sodium channels and hyperexcitability in neurons (Ray & Fry, 2006) whereas,
DEET can exacerbate the adverse effects of other AChE inhibitors such as PB (Corbel et al.,
2009). Neurodegeneration could also be due to altered glutamatergic neurotransmission in
the brain following exposure to GWIR chemicals (Joyce & Holton, 2020). Furthermore, the
hippocampus exhibited neuroinflammation typified by the sporadic activation of microglia
and the hypertrophy of astrocytes. A study in a rat model of GWI, employing diisopropyl
fluorophosphate (DFP, an irreversible AChE inhibitor and a surrogate of the
organophosphate sarin) and corticosterone (CORT) exposure, revealed varied alterations in
oligodendrocytes (Belgrad et al., 2019). In the prefrontal cortex, DFP and CORT exposure
increased the proliferation of oligodendrocytes with decreases in differentiation. Whereas, in
the corpus callosum, DFP and CORT exposure decreased the proliferation of
oligodendrocytes with increases in their differentiation. Increased differentiation of
oligodendrocytes in the corpus callosum also resulted in increased myelin basic protein in
the subcortical white matter (Belgrad et al., 2019). The study suggested that GW veterans
would likely have altered white matter integrity varying by brain region, consistent with the
findings from imaging studies of GW veterans (Bierer et al., 2015; Rayhan et al., 2013; Van
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Riper et al., 2017). Additional studies on oligodendrocytes in other chronic models of GWI
will help understand the long-term implications of alterations in oligodendrocyte numbers in
different brain regions in GWI.

Moreover, analysis of neurogenesis immediately after the exposure or at 3 months post-
exposure revealed reductions in the daily production of new neurons and the integration of
newly generated neurons in the hippocampus (Parihar et al., 2013). While the adverse effects
on hippocampal neurogenesis were seen in animals exposed to GWIR chemicals with or
without mild stress, the overall effects were more significant in animals exposed to GWIR
chemicals with mild stress. Evaluation of neural stem cells (NSCs) in the subgranular zone
of the hippocampus through the NSC marker Sox-2 and the cell proliferative marker Ki-67
revealed that exposure to GWIR chemicals did not kill NSCs but significantly impaired their
proliferative behavior (Parihar et al., 2013). Furthermore, studies performed at 6 or 10
months post-exposure revealed that activation of microglia and astrocytes and the decline in
neurogenesis in rats exposed to GWIR chemicals and stress persist for extended periods
after the exposure (Madhu et al., 2019; Shetty et al., 2020).

2.1.3. Altered calcium levels in neurons—Phillips and Deshpande developed a rat
model of GWI by employing repeated low-dose exposure to organophosphate agent DFP
over 5 days to match the duration and level of sarin exposure during the GW (Phillips &
Deshpande, 2016). Studies in this model are supported by epidemiological, meteorological,
and intelligence reports suggesting that some service personnel were exposed to sarin and
cyclosarin released from devastations of the ammunition dump at Khamisiyah, Iraq (Couzin,
2004; Haley & Tuite, 2013; Tuite & Haley, 2013). Behavioral tests conducted 3 months after
exposure to DFP revealed the occurrence of chronic memory dysfunction and increased
depressive- and anxiety-like behavior in GWI rats. Such behavioral deficits were also
associated with some sporadic loss of neurons in the hippocampus. A follow-up study at 6
months post-exposure revealed the persistence of memory and mood dysfunction in GWI
rats (Phillips & Deshpande, 2018). Moreover, analysis of Fura-2-acetoxymethy! ester loaded
acutely isolated hippocampal neurons revealed elevations in intracellular calcium ([Ca2*]i),
implying the activation of multiple signaling cascades and altered expression of genes
encoding proteins involved in synaptic plasticity in neurons of GWI rats. An additional study
showed that pharmacological blockade of CaZ*-induced Ca2*-release mechanisms
significantly lowered elevated [Ca2*]i in neurons (Phillips, Santos, Blair, & Deshpande,
2019), suggesting that drugs proficient for blocking intracellular Ca2* release could be
useful for treating neurological symptoms of GWI.

2.1.4. Changes in brain-derived neurotrophic factor and axonal transport—
Neurotrophins such as the brain-derived neurotrophic factor (BDNF), critical for synaptic
transmission, neurogenesis, neuroplasticity, and cognitive function, also seem to be affected
in GWI. A rat prototype of GWI comprising exposure to PB and repeated stress
demonstrated increased expression of genes encoding proteins implicated in memory
formation (Barbier et al., 2009). The genes include BDNF, its receptor tyrosine kinase B
(TrkB), and calcium/calmodulin-dependent protein kinase type Il subunit alpha
(CamKllalpha). Another recent study reported that chronic GWI is associated with NLR
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Family Pyrin Domain Containing 3 (NLRP3) mediated neuroinflammation and decreased
BDNF levels (Kimono et al., 2020). Interestingly, mice lacking the NLRP3 gene displayed
decreased inflammation and a higher level of BDNF in the frontal cortex following exposure
to PB and PER, implying the role of inflammasomes in downregulating BDNF expression in
GWI (Kimono et al., 2020).

A study in another model of GWI that employed 14 days of repeated exposure to
chlorpyrifos also reported impairments in axonal transport (Hernandez et al., 2015). Such
impairments persisted even after a 30-day washout period. Similar axonal transport
impairments were seen when animals were exposed to low doses (0.125-0.5 mg/Kg) of DFP,
another model of GWI simulating low-level exposure to the nerve gas sarin (Naughton et al.,
2018). Such exposure did not cause changes in brain regions’ volume but induced
decompactions of the myelinated axons in the white matter areas and axonal transport
impairments that persisted at 30 days after the washout period. These observations imply
that axonal transport impairments could be one of the issues contributing to brain
dysfunction in GWI (Terry Jr., 2012).

2.1.5. Elevated oxidative stress, and neuroinflammation—An investigation
evaluated chronic changes in the expression of genes related to increased oxidative stress,
mitochondrial dysfunction, and inflammation in the hippocampus 6 months after exposure to
GWIR chemicals and stress (Shetty et al., 2017). In addition, the study evaluated the
expression of nuclear factor erythroid 2-related factor 2 (NRF2), a master regulator of the
antioxidant response, in the hippocampus, as well as the possible inflammation and
enhanced oxidative stress at the systemic level. The study revealed that 4 weeks of exposure
to GWIR chemicals and stress is adequate for inducing chronically elevated oxidative stress
in the hippocampus. Elevated oxidative stress was evident from changes in the expression of
genes involved in oxidative stress-response (n = 27), ROS metabolism (n = 6), oxygen
transport (n = 4) and antioxidant activity (n = 20). Out of these, 8 genes displayed a 1.5-fold
or greater increase in their expression. These include flavin-containing monooxygenase 2
(Fmo2), heme oxygenase 1 (Hmox), intraflagellar transport 172 (/ft172), Selenoprotein P
Plasma 1(Seppl), solute carrier family 38 member 1 (S/c38a1), superoxide dismutase 3
(Sod3), sulfiredoxin 1 (SrxnI), and uncoupling protein 2 (Ucp2). Significantly elevated
expression of these genes likely suggests a compensatory reaction against oxidative stress in
the hippocampus of GWI rats as proteins encoding these genes have roles in ROS regulation
(FmoZ2and S/c38a1, Mao, Green, Mekonnen, Lindsey, & Gridley, 2010; Ogura et al., 2011),
oxidative cleavage of pro-oxidant damaging molecule heme (Hmox1, Xu, Song, Wang,
Jiang, & Xie, 2016), oxygen transport (/ft172, Gorivodsky et al., 2009), extracellular
antioxidant activity (Seppl, Sod3, Huang, Ren, Jiang, Xiao, & Lei, 2015; Davis et al., 2017),
oxidoreductase activity (Srxni, Zhou et al., 2015), and uncoupling of oxidative
phosphorylation to diminish mitochondrial ROS (UcpZ, Graw et al., 2015).

Elevated oxidative stress in the brain at 6 months post-exposure could also be discerned
from increased levels of oxidative stress markers such as malondialdehyde (MDA), 4-
hydroxynonenal (4-HNE), and protein carbonyls and the antioxidant superoxide dismutase-2
(Shetty et al., 2020), and NRF2 (Shetty et al., 2017; Shetty et al., 2020), a transcription
factor involved in regulating redox homeostasis and curbing inflammation (Innamorato,
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Lastres-Becker, & Cuadrado, 2009; Lastres-Becker et al., 2014). NRF2 activation in chronic
GWI is likely an innate response to reduce the incessantly elevated oxidative stress in the
hippocampus. The occurrence of chronically elevated oxidative stress in the hippocampus
was associated with alterations in the expression of genes encoding proteins involved in the
function of mitochondrial complexes (I, Il, IV, or V) of the electron transport chain (ETC) or
relevant to mitochondrial/other organelle function (Shetty et al., 2017). Such elevated
expression of genes implied an overactive mitochondrial ETC, which may facilitate the
synthesis of proteins participating in the ETC at more significant levels to offset the
abnormal ETC of mitochondria (Manczak, Jung, Park, Partovi, & Reddy, 2005). The
changes in mitochondrial complex V genes, in addition, implied increased energy
metabolism, altered energy requirement, or a stress-protection strategy against elevated
oxidative stress (Henningsen et al., 2012; Pecorelli et al., 2013). The signs of
neuroinflammation in the hippocampus gleaned from the activation of microglia and
astrocytes in the previous study at 3 months post-exposure (Parihar et al., 2013) could be
confirmed from the increased expression of proinflammatory and decreased expression of
antiinflammatory genes at 6 months post-exposure (Shetty et al., 2017). The
proinflammatory genes include nuclear factor kappa B subunit 1 (AMVfkb1), interleukin-1
alpha (/L 1a), colony-stimulating factor 2 (Cs£2), B cell lymphoma 6 (Bc/6), and /L6. The
antiinflammatory genes comprise /L4 and /L10. Such a gene expression pattern at 6 months
post-exposure to GWIR chemicals and stress points to significant inflammatory activity in
the hippocampus.

A recent study revealed that memory impairments and neuroinflammation persist at 10
months after exposure to GWIR chemicals and stress (Madhu et al., 2019). Interestingly,
chronic neuroinflammation, typified by activated microglia, reactive astrocytes, and
increased concentration of TNF-a and IL-1p in the brain at a protracted timepoint, was
linked with elevated levels of extracellular high mobility group box-1 (HMGBL1) and
complement activation in the brain. The animals with chronic GWI exhibited leakage of
HMGB1 into the cytoplasm of soma and dendrites of neurons as well as into the
extracellular space. Leaked HMGB1 can act as a proinflammatory molecule and trigger an
inflammatory response through the activation of microglia by signaling through receptors for
advanced glycation end products expressed on microglia (Abraham, Arcaroli, Carmody,
Wang, & Tracey, 2000; Bonaldi et al., 2003; Ugrinova & Pasheva, 2017). Continued
activation of microglia results in elevated levels of proinflammatory cytokines and
complement component 1q, which can modify normal astrocytes into neurotoxic type 1
astrocytes (Arranz & De Strooper, 2019; Liddelow et al., 2017; McQuade & Blurton-Jones,
2019). Additionally, A1 reactive astrocytes can increase the concentration of complement C3
and an unidentified neurotoxin that kills neurons and oligodendrocytes (Arranz & De
Strooper, 2019). HMGB1 also activates the classical pathway of the complement system
(Kim et al., 2018). The study showed that elevated HMGBL in the brain paralleled higher
concentrations of C3 and TccC5b-9 (a membrane attack complex induced by complement
activation) in the brain, suggesting a steady-state complement activation in chronic GWI
(Madhu et al., 2019). Thus, modulation of HMGB1 and complement system might be
therapeutic in chronic GWI.
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The study by Madhu and colleagues also showed that that chronic neuroinflammation
markers TNF-a, IL-1p, and HMGB1 could be tracked through the examination of neuron-
derived extracellular vesicles (NDEVs) and complement activation related markers C3 and
TccC5b-9 by astrocyte-derived extracellular vesicles (ADEVs) circulating in the blood. The
findings suggested that the possible occurrence of chronic neuroinflammation and
complement activation in the brain of GWI veterans could be determined through analyses
of the composition of NDEVs and ADEVs in the circulating blood (Madhu et al., 2019).
Comprehending these underlying pathophysiological mechanisms would help in developing
a suitable therapeutic approach to tackle chronic GWI.

2.1.6. Systemic inflammation—Altered brain function in chronic GWI was
accompanied by increased oxidative stress and inflammation in the circulating blood (Shetty
etal., 2017; Shetty et al., 2020). Such changes were evident from elevated levels of MDA
and protein carbonyls, and multiple proinflammatory cytokines in the serum of GWI rats.
The proinflammatory cytokines include the tumor necrosis factor-alpha (TNF-a), IL-1pB,
IL-1a, transforming growth factor-beta (TGF-g), macrophage inflammatory protein 1 alpha
(MIP-1a)), monocyte chemoattractant protein-1 (MCP-1), IL-6, interferon gamma-induced
protein 10 (IP10), stem cell factor (SCF), vascular endothelial growth factor (VEGF),
fibroblast growth factor-beta (FGF-B), IL-5, and IL-15 (Shetty et al., 2017, Shetty et al.,
2020). These findings suggested that chronic neuroinflammation in GWI is associated with
significant systemic inflammation.

In a global inflammatory state, other organs are affected as well, which may contribute to the
maintenance of chronic systemic illness in GWI. By employing the rat model described in
previous studies (Madhu et al., 2019; Parihar et al., 2013), Petrescu and associates showed
that exposure to GWIR chemicals and stress increased the proinflammatory cytokine 1L-6,
and proinflammatory (CD11b*F4/807) macrophages in the liver, with no changes in biliary
mass or hepatic fibrosis when examined 10 weeks post-exposure (Petrescu et al., 2018).
However, bile duct ligation (BDL) surgery in animals with GWI exacerbated biliary
hyperplasia, fibrogenesis, and inflammation. These changes in GWI rats were typified by
enhanced proliferation and reduced apoptosis of cholangiocytes and higher levels of IL-1p,
IL6, and TNF-a in comparison to naive rats undergoing the same BDL surgery. Thus,
exposure to GWIR chemicals and stress leads to low-level inflammation in the liver. Such
changes appear to contribute to an exacerbated inflammatory reaction typified by higher M1
macrophages, activation of hepatic stellate cells, and increased cholangiocyte proliferation
and fibrosis in the liver after cholestasis challenge (Petrescu et al., 2018). These findings
imply that GWI patients are more likely to develop worse liver pathology when afflicted
with liver diseases.

Another study suggested an altered immune response in a rat prototype of GWI generated
with exposure to PB alone for 14 days (Macht et al., 2019). When challenged with a
submaximal dose of lipopolysaccharide (LPS), animals exposed to PB displayed an
attenuated peripheral immune response, which was evident from decreased IL-6 and TNFa
levels in the blood compared to animals exposed to the vehicle. However, LPS treatment
considerably enhanced C-reactive protein (CRP) concentration in animals exposed to PB
relative to animals exposed to the vehicle. Thus, PB treatment alters the peripheral
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inflammatory response to subsequent immune challenge. The study also demonstrated that
PB treated animals exhibited decreased acetycholine response in the brain to LPS and acute
immobilization stress. Decreased cholinergic responses were also associated with contextual
and cue-based learning impairments. Overall, it appears that dysregulated peripheral
immune response is one of the features of GWI. However, how such changes contribute to
altered stimulus-evoked acetylcholine release in the brain remains to be investigated. Also, it
will be interesting to examine whether similar responses are seen in other models of GWI.

2.2. Functional impairments and associated pathology in mouse models of GWI

2.2.1. Cognitive and mood dyfunction—Many studies using a mouse prototype
employed intraperitoneal injections of a chemical cocktail containing a significant dose PB
(2 mg/Kg) and a very high dose of PER (200 mg/Kg) dissolved in dimethyl sulfoxide for 10
days (Abdullah et al., 2011, 2013; Joshi et al., 2018, 2020; Zakirova et al., 2015; Zakirova et
al., 2016). The rationale underlying such high dose exposures is based on the significant
intake of PB pills as well as the overuse of PER by the veterans during the GW (Hilborne et
al., 2005). Moreover, veterans experiencing higher exposure to pesticides were found to have
a greater risk of developing GWI than those with limited use (Binns et al., 2008), and high
PB intake was coupled with higher exposure to pesticides in a significant percentage of
veterans (Hilborne et al., 2005). In this model, motor function was unaffected immediately
after the exposure (i.e., post-exposure days 1-7), and anxiety-like behavior was minimal on
post-exposure days 15 and 30 (Adbullah et al., 2011). However, the spatial learning ability
of animals was inferior to control mice on post-exposure days 43-51 in a water maze test.
Furthermore, spatial memory retrieval dysfunction was seen at an extended time point after
spatial learning (i.e., on post-exposure day 115), implying that long-term memory recall is
affected in this mouse prototype of GWI (Abdullah et al., 2011). A follow-up study using
the same mouse model examined cognitive function using a Barnes maze test (Zakirova et
al., 2015). The animals with GWI did not show impairments in acquisition trials on post-
exposure days 11-14. Multiple probe trials performed at various intervals after the
acquisition trials revealed no impairments in memory retrieval on post-exposure days 15, 56,
or 77. However, spatial memory retrieval function was impaired at post-exposure day 106,
suggesting memory recall dysfunction at an extended time-point after the memory formation
(Zakirova et al., 2015).

Another longitudinal study using a battery of behavioral tests in the same mouse model
reported that neurobehavioral deficits are more pronounced at 13 months post-exposure
(Zakirova et al., 2016). The impairments included disinhibition behavior typified by the
increased exploration of open arms in an elevated plus-maze test, which implied dysfunction
of the prefrontal cortex, an area of the brain vital for executive function and decision making
(Gruber et al., 2010). The study suggested that such disinhibition behavior in GWI mice is
consistent with cognition and commission errors found in a cohort of GW veterans in an
attention and memory task (Vasterling, Brailey, Constans, & Sutker, 1998). The other
impairments in GWI mice comprised a lack of social preference in a three-chamber test and
working and reference memory errors in a radial arm water maze test. Another study using
the Barnes maze test showed learning and memory impairments in GWI mice at 15-16
months post-exposure (Abdullah et al., 2016). Thus, the PB+PER mouse model of GWI
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showed significant cognitive and mood impairments when examined at extended time points
after exposure.

2.2.2. Activation of astrocytes and microglia—At ~5 months post-exposure, the
mouse model of GWI displayed increased glial fibrillary acidic protein (GFAP)
immunoreactivity in the cerebral cortex but not in the hippocampus (Abdullah et al., 2011).
Increased GFAP immunoreactivity in the cerebral cortex persisted at 22.5 months post-
exposure (Zakirova et al., 2016). Another study at 16 months post-exposure also
demonstrated increased GFAP immunoreactivity and activated microglia in the dentate gyrus
of GWI mice (Abdullah et al., 2016).

2.2.3. Proteomic, lipidomic and metabolomic changes in the brain—Proteomic
analysis performed at 150 days post-exposure revealed differential expression of 31 proteins
in mice with GWI, particularly proteins relevant to lipid metabolism, molecular transport,
and endocrine and immune systems (Abdullah et al., 2011). The study revealed a reduction
in fatty acid-binding protein 3 (FABP3) in GWI mice, which implied the dysregulation of
lipid metabolism in GWI. Such reduction could be one of the factors underlying cognitive
dysfunction in GWI mice, as previous studies have shown that neurocognitive disorders are
associated with decreased FABP3 levels (Chiasserini et al., 2010; Wada-Isoe, Imamura,
Kitamaya, Kowa, & Nakashima, 2008). Lipidomic analysis at 150 days post-exposure
demonstrated elevated levels of phosphatidylcholine (PC) and sphingomyelin (SM), the
reservoirs of phosphocholine necessary for acetylcholine (ACh) synthesis, in the brain of
GWI mice (Abdullah et al., 2013). Moreover, levels of ether PC (ePC) and catalase (a
marker of peroxisomes) were increased, but the concentration of lyso-platelet-activating
factors (lyso-PAFs) was decreased. Accumulation of PC and SM resulting from changes in
their synthesis or metabolism could induce adverse effects on organelles regulating cellular
bioenergetics, and increased levels of catalase and ePC imply increased peroxisome content
in cells (Abdullah et al., 2013). Furthermore, increased ePC and catalase with a concurrent
decrease in lyso-PAF imply dysfunction of peroxisomes, and accumulation of functionally
impaired peroxisomes in the cytoplasm is suggestive of lysosomal dysfunction (Abdullah et
al., 2013; Till, Lakhani, Burnett, & Subramani, 2012; Vasko & Goligorsky, 2013).
Collectively, the above findings implied peroxisomal and lysosomal dysfunction in the brain
of mice afflicted with chronic GWI. A proteomic-lipidomic-metabolomic study on GWI
mice at 16 months post-exposure revealed disruption of pathways that regulate
mitochondrial bioenergetics, decreases in mitochondria-specific lipids, and alterations in
mitochondrial metabolites linked to the corresponding pathways (Abdullah et al., 2016).
Thus, proteomic, lipidomic, and metabolomic studies in GWI mice suggest adverse
alterations in lipid metabolism, cellular bioenergetics, peroxisomes, lysosomes, and
mitochondria.

2.2.4. Changes in microbiota impacting brain function—The gut microbiome
harbors a complex array of bacteria, viruses, protozoa, fungi, and other organisms that must
maintain a balanced, homeostatic interaction to preserve a healthy host immune response.
Alhasson and colleagues examined whether exposures to GWIR chemicals induce dysbiosis
in the gut (Alhasson et al., 2017). In the PB+PER mouse model of GWI, next-generation
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sequencing of microbiome revealed increased levels of phylum firmicutes and tenericutes
and gram-negative bacterial genera and decreased abundance of bacteroidetes. These
changes in the microbiome resulted in decreased expression of tight junction protein
occludin and increased expression of claudin-2 (a protein expression in cation leaky
epithelia) implying the occurrence of leaky gut in GWI. Additional analyses revealed that
altered microbiome resulted in portal endotoxemia and the upregulation of toll-like receptor
4 (TLR4) signaling in the small intestine as well as the brain. Such changes were expected
as some of the enriched bacteria found in GWI mice are known to be associated with
intestinal inflammation and a leaky gut (e.g., Allobaculum species; Lee, Han, & Yim, 2015),
neuroinflammation and memory dysfunction (e.g., ruminoccoccaceae; Beilharz, Kaakoush,
Maniam, & Morris, 2016). TLR4 activation is typically associated with elevated levels of
proinflammatory cytokines in conditions such as systemic inflammation (Buchholz & Bauer,
2010). Indeed, GWI mice exhibited increased levels of IL-1p and MCP-1 in both the small
intestine and the brain. Another recent study suggested that the taxonomic structure of the
gut microbiome gets significantly modified in the mouse model of GWI with a high-fat diet
with most alterations occurring at the level of phylum in Firmicutes and Bacteroidetes
(Angoa-Perez et al., 2020). This finding has significance because the majority of GW
\eterans are overweight.

Additional studies demonstrated that butyrate or TLR4 inhibitor treatment could restore gut
homeostasis through decreased expression of claudin-2, and reduced activation of TLR4 and
enteric glial cells (Kimono et al., 2019; Seth et al., 2018). Another study showed that
antibiotic or antiviral treatment could positively modulate the gut microbiome, improve the
tight junction protein and reduce the systemic- and neuroinflammation (Seth et al., 2019;
Kimono et al., 2019). Overall, the results implied that the modulation of gut microbiome not
only repairs the leaky gut in GWI but also leads to reductions in systemic- and
neuroinflammation, which could potentially improve brain function. However, it remains to
be addressed whether positive modulation of the gut microbiome would improve cognitive
and mood function in GWI.

2.2.5. Activation of adaptive immune response—A study by Joshi and associates
examined whether exposure to PB+PER in a mouse model activates peripheral and CNS
adaptive immune responses (Joshi et al., 2019). 3-phenoxybenzoic acid (3-PBA), a PER
metabolite that forms adducts with endogenous proteins, was found in the brain, blood, and
liver of mice at acute and chronic time points after exposure to PB and PER. Additional
analyses revealed autoantibodies against 3-PBA-haptenated albumin (3-PBA-albumin) in the
plasma of PB+PER treated mice and veterans with chronic GWI. Furthermore, in vitro
studies revealed that exposure of blood to 3-PBA-albumin caused activation of B- and T-
helper lymphocytes, a feature also observed in the blood of PB+PER treated mice and
veterans with chronic GWI. These changes correlated with enhanced infiltration of
monocytes, changes in BBB markers and brain macrophages, and the extent of inflammation
in the brain. The results suggested that the exposure to PER during the GW caused
activation of the peripheral adaptive immune response through haptenated metabolite of
PER. Such peripheral immune response resulted in the migration of peripheral immune cells
into the brain as pesticide exposure also caused BBB disruption (Abdel-Rahman et al.,
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2002). Thus, neuroinflammation and brain dysfunction could also result from the persistence
of haptenated pesticide metabolites. However, it remains to be confirmed whether such
adaptive immune response emanating from PER exposure is widespread among GW
veterans.

2.2.6. Mechanisms of neuroinflammation in additional mouse models of GWI
—0O’Callaghan and colleagues employed a model of GWI where mice were exposed to DFP
and/or the pesticide chlorpyrifos (CPF) (Locker et al., 2017; O’Callaghan, Kelly, Locker,
Miller, & Lasley, 2015). The rationale for using these chemicals to model GWI stems from
the fact that a significant percentage of veterans were exposed to low levels of sarin released
into the atmosphere and the CPF was used around tents during the GW (O’Callaghan et al.,
2015). This prototype also exhibited significant neuroinflammation. Interestingly, when
exposures to these chemicals were combined with a four-day pre-exposure to exogenous
CORT to mimic the war-related stress, neuroinflammation was exacerbated. Such response
was evident from increased levels of TNFa, IL-6, MCP-1, and IL-1pB, leukemia inhibitor
factor (LIF), and oncostatin M in the brain (Locker et al., 2017; O’Callaghan et al., 2015).
Additional studies revealed that CORT and DFP exposure could induce neuroinflammation
without causing persistent systemic inflammation (Michalovicz et al., 2019). In this study,
while DFP exposure alone caused the elevated expression of several proinflammatory
cytokines in the liver and the circulating blood, exposure to CORT before the DFP exposure
did not increase the concentration systemic proinflammatory cytokines. These results are in
sharp contrast to the exacerbated neuroinflammation observed after CORT-primed exposure
to DFP (Locker et al., 2017; O’Callaghan et al., 2015). Another study in the CORT-DFP
mouse model of GWI showed that CORT pretreatment alleviated the DFP-induced ACh
increase in the hippocampus and the striatum, which implied that the exacerbated
neuroinflammatory response in the CORT-DFP model of GWI is not linked to the
accumulation of ACh in different brain regions (Miller et al., 2018). Another study
examining the genome-wide transcriptome architecture in a mouse model revealed
significant genetic effects following CORT and DFP exposure (Xu et al., 2020). Notably, the
study suggested the activation of cytokine-cytokine receptor interaction and TNF signaling
pathways and decreased number of myelinating oligodendrocytes after CORT and DFP
exposure. The study also identified activation of Adamts9, a gene linked to inflammation
and cognitive aging (Garcia-Faroldi et al., 2013; Lin et al., 2017), as the trigger for the
inflammatory response following CORT and DFP exposure. These studies suggested that
GWI stemming from war-related stress and low-level exposure to sarin is likely a
neuroimmune disorder rather than persistent systemic inflammation or ACh accumulation,
causing neuroinflammation and brain dysfunction (Michalovicz, Kelly, Sullivan, &
O’Callaghan, 2020).

Insights on brain dysfunction in GWI gleaned from animal model studies

The rat models of chronic GWI demonstrated that continual cognitive and mood
impairments were concomitant with incessantly raised oxidative stress, inflammation, loss of
inhibitory neurons in the brain, and significant systemic inflammation. The various
alterations contributing to the persistent cognitive and mood dysfunction are summarized in
Figure 1. Heightened oxidative stress in the brain was manifested through higher levels of
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MDA, 4-HNE, protein carbonyls and NRF2, and alterations in the expression of multiple
genes that encode proteins involved in oxidative stress-response, ROS metabolism, oxygen
transport, antioxidant activity, and the function of mitochondrial complexes and the ETC
(Kodali et al., 2018;Shetty et al., 2017; Shetty et al., 2020). Brain inflammation in rats with
chronic GWI was typified by the presence of activated microglia, reactive astrocytes, higher
expression of multiple genes that encode proinflammatory proteins, increased concentrations
of inflammatory mediators HMGB1, TNF-a, IL-1p, C3 and TccC5b-9 (Kodali et al., 2018;
Madhu et al., 2019; Parihar et al., 2013; Shetty et al., 2017; Shetty et al., 2020). The
hippocampus of GWI rats also displayed a loss of inhibitory interneurons and decreased
neurogenesis (Megahed, Hattiangady, Shuai, & Shetty, 2015; Parihar et al., 2013; Shetty et
al., 2020). The occurrence of systemic inflammation in the rat model was evident from the
elevated levels of oxidative stress markers MDA and protein carbonyls and proinflammatory
cytokines TNF-a, IL-1B, IL-1a, TGF-B, MIP-1a, IL-6, IP10, SCF, VEGF, FGF-B, IL5, and
IL15 in the circulating blood (Shetty et al., 2017; Shetty et al., 2020). The mouse models of
chronic GWI also revealed possible links of cognitive and mood dysfunction with neuro-
and systemic inflammation. Neuroinflammation in the mouse model was evident by the
presence of reactive astrocytes and activated microglia (Abdullah et al., 2016; Zakirova et
al., 2015; Zakirova et al., 2016) and increased levels of proinflammatory cytokines TNFa,
IL-1B, MCP-1, IL-6, LIF, and oncostatin M (Locker et al., 2017; O’Callaghan et al., 2015).
Additional changes in the brain in a mouse model of chronic GWI include adverse
alterations in lipid metabolism, cellular bioenergetics, peroxisomes, lysosomes, and
mitochondria (Abdullah et al., 2011, 2013; Abdullah et al., 2016). The occurrence of
systemic inflammation in mouse models was ostensible from the activation of the peripheral
adaptive immune response through haptenated metabolite of PER (Joshi et al., 2018), the
altered microbiome in the gut causing portal endotoxemia and activation of TLR4 signaling
in the small intestine (Alhasson et al., 2017; Seth et al., 2019; Kimono et al., 2019).

From multiple studies in rat and mouse models of GWI, it appears that cognitive and mood
dysfunction in GW veterans is likely due to a combination of factors. First, the persistent
oxidative stress and inflammation in the brain could considerably interfere with the cognitive
and mood function (Krishnadas & Cavanagh, 2012; Navakkode, Liu, & Soong, 2018;
McGrattan et al., 2019; Carlessi, Borba, Zugno, Quevedo, & Reus, 2019). While the
inflammatory response of an organism is a defense mechanism in a state of redox balance,
dysregulation of the immune response occurs with increased oxidative stress (Solleiro-
Villavicencio & Rivas-Arancibia, 2018). Mitochondrial dysfunction associated with elevated
oxidative stress could also contribute to cognitive impairment (Fernandez et al., 2019; Netto
et al., 2018). Neuroinflammation, depending on the severity, can directly worsen cognitive
and mood function or indirectly affect cognition and mood by reducing hippocampal
neurogenesis (Kaltschmidt & Kaltschmidt, 2015; McAvoy & Sahay, 2017). Chronic
neuroinflammation typically leads to degradation and reduction of neural tissue volume and
induces a leaky BBB, which allows the passage of proinflammatory cytokines into the
circulating blood and result in immune modulation (Finneran & Nash, 2019; Heneka et al.,
2015). Furthermore, reduced numbers of inhibitory interneurons observed in animals with
GWI (Megahed, Hattiangady, Shuai, & Shetty, 2015) could contribute to cognitive
dysfunction because interneuron populations play roles in the maintenance of cognitive
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function by controlling the activity of principal neurons in the hippocampus. For example,
reduced numbers of PV+ and NPY+ interneurons affect network properties, which can result
in hippocampal hyperexcitability (Andrioli, Alonso-Nanclares, Arellano, & DeFelipe, 2007;
Schwaller et al., 2004; Sperk, Hamilton, & Colmers, 2007) and cognitive dysfunction
(Korotkova, Fuchs, Ponomarenko, von Engelhardt, & Monyer, 2010; Spiegel, Koh, Vogt,
Rapp, & Gallagher, 2013; Zaben & Gray, 2013).

Reduced hippocampal neurogenesis seen in animals with chronic GWI1 is another factor
underlying cognitive and mood dysfunction because of its role in maintaining such functions
(Kempermann, Gast, & Gage, 2002; Santarelli et al., 2003; Deng, Aimone, & Gage, 2010;
Snyder, Soumier, Brewer, Pickel, & Cameron, 2011; Parihar et al., 2011; Eisch & Petrik,
2012; Fotuhi, Do, & Jack, 2012). In addition, significant systemic inflammation observed in
animals with chronic GWI might be contributing to persistent cognitive and mood
dysfunction in GWI because studies have shown that significant systemic inflammation
could lead to cognitive and mood impairments (Di Filippo et al., 2013; Iwashyna, Ely,
Smith, & Langa, 2010; Yamanaka et al., 2017). Moreover, cognitive and mood dysfunction
can also occur through increased expression of genes linked to neurodegenerative disorders.
Indeed, animals with chronic GWI exhibited increased expression of genes Mapkl and
Mapk3 (Shetty et al., 2017) that are implicated in Alzheimer’s dementia (Gerschutz et al.,
2014). Thus, from studies in rat and mouse models of chronic GWI, it appears that
incessantly elevated oxidative stress, altered mitochondrial function, inflammation, loss of
inhibitory interneurons, reduced hippocampal neurogenesis in the brain, and increased
oxidative stress and inflammation at the systemic level associated with altered gut
microbiome underlie cognitive and mood dysfunction in GWI. However, it is unknown
whether the various alterations in the CNS precede the systemic inflammatory changes, or
both CNS and systemic changes occur concurrently. Nonetheless, considering both neuro-
and systemic inflammation in animal models of GWI, several studies focused on developing
therapeutic strategies are fittingly examining the efficacy of systemic administration of
various antioxidant and/or antiinflammatory compounds in animal models of GWI.

3. Brain Dysfunction in Veterans with GWI — Extent and Potential

Mechanisms

3.1

Extent of cognitive and mood dysfunction

Cognitive impairment or cognitive fatigue is one of the most conspicuous features of GWI in
veterans (Cooper et al., 2016; White et al., 2016). The hippocampus-dependent memory
dysfunction seen in animal models of GWI correlated well with the hippocampus-related
memory impairment observed in veterans with GWI. Hippocampus dysfunction could be
seen from both magnetic resonance spectroscopy and single-photon emission computed
tomography studies (Haley et al., 2000,Haley et al., 2000, Haley et al., 2009; Menon,
Nasrallah, Reeves, & Ali, 2004) in veterans with GWI. Arterial spin labeling comprising
intravenous infusions of physostigmine and measurement of the regional cerebral blood flow
with left and right hippocampal function measures also confirmed such impairment in GWI
(Li etal., 2011). Furthermore, studies employing a face-name associative recall test, a
measure directly linked to the hippocampus function, and assessments by functional MRI
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(FMRI) demonstrated memory impairment in veterans with GWI (Cooper et al., 2016;
Odegard et al., 2013). A meta-analysis by Janulewicz and colleagues showed that GW
veterans, in general, displayed poorer visuospatial, attention, executive, learning, and
memory functions, without showing any motor impairment (Janulewicz et al., 2017).
Moreover, MRI studies reported significant reductions in the volume of CA2, CA3 and
dentate gyrus regions, and the overall hippocampus in veterans exposed to sarin during the
GW (Chao, Kriger, Buckley, Ng, & Mueller, 2014; Chao, Rothlind, Cardenas, Meyerhoff, &
Weiner, 2010; Toomey et al., 2009). Thus, veterans with GWI display persistent cognitive
dysfunction, which is linked to both hippocampus and the cerebral cortex, particularly the
medial prefrontal cortex.

Mood dysfunction is another symptom seen in a significant percentage of GW veterans
(Smith et al., 2013). Engdahl and associates examined the extent of mood dysfunction in
veterans with GWI (Engdahl et al., 2018). By examining both objective (neural) and
subjective (symptoms) indices, the study implied that GWI is distinct from the healthy
population and the severity of mood dysfunction varies in a continuum that leads, at the
higher end, to a diagnosable mental health illness (Engdahl et al., 2018). The severity of
GWI symptoms varied considerably between GWI without mood dysfunction vis-a-vis GWI
with mood dysfunction. Interestingly, synchronous neural interactions (SNI) derived from
the magnetoencephalography (MEG) recordings revealed that GWI alone involved the left
cerebral hemisphere predominantly, whereas GWI with mental illness involved both left and
right cerebral hemispheres. The study also showed that both GWI symptom severity and SNI
distribution measures could predict mental illness occurrence in veterans with GWI
(Engdahl et al., 2018). The pathophysiology gleaned from studies on the brain, cerebrospinal
fluid, and blood from veterans with GWI are discussed below and summarized in Figure 2.

3.2. Alterations in neural networks and functional connectivity

A recent study by Wylie and colleagues investigated the neural networks associated with
cognitive fatigue in GWI by asking veter veterans to perform a series of fatiguing tasks
while in the MRI scanner (Wylie et al., 2019). This investigation measured the neural
networks linked to state fatigue, a weariness that transpires as the task is accomplished and
connected to brain areas implicated in memory tasks, and trait fatigue, a type of tiredness
that occurs over several weeks and couples to key areas of the fronto-striatal-thalamic
circuit. The results showed that, in healthy controls, the caudate nucleus of the striatum
displayed little activation when performing a less difficult task, but significant activation
during a more difficult task, implying that the performance of a difficult task required
increased motivation or is more rewarding than an easier task. Contrastingly, in veterans
with GWI, the caudate nucleus displayed considerable activation while performing a simple
task but showed less activation when performing a complex task, suggesting that veterans in
the GWI group cannot modulate the motivation and reward circuitry as the demands of the
task change (Wylie et al., 2019). The findings suggested that veterans with GWI required the
expenditure of substantial cognitive resources for performing even simple tasks, which
interfered with the activation of the fronto-striatalthalamic circuit. Such a conclusion was
supported by observations that the GWI group showed persistently high activation in the
executive control network, comprising the parietal and inferior frontal cortical areas and
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cerebellar areas (D’Esposito & Postle, 2015). Thus, chronic activation of the executive
control network underlies cognitive fatigue in GWI, which likely reflects a chronic sense of
fatigue and the increased impact of physical and mental work on fatigue experienced by
veterans with GWI (Wylie et al., 2019).

Another study suggested that functional connectivity impairments in the brain underlie brain
dysfunction in GWI (Gopinath, Sakoglu, Crosson, & Haley, 2019). The study employed the
resting-state fMRI from 60 veterans with GWI and 30 age-matched military controls,
assessed functional connectivity networks, and mapped impaired brain function in GWI with
advanced network analysis. The findings suggested impaired functional connectivity in
veterans with GWI for language, sensory input and motor output networks. Furthermore,
GWI veterans also exhibited impaired functional connectivity between different sensory
perception and motor networks, and between different networks in the sensorimotor domain
(Gopinath et al., 2019).

3.3. Altered cerebral blood flow

A study evaluated changes in the cerebral blood flow (CBF) velocity in response to
orthostatic stress, such as sit-to-stand maneuver and increased fractional concentration of
carbon dioxide in veterans with GWI (Falvo, Lindheimer, & Serrador, 2018). The findings
revealed diminished dynamic autoregulation of CBF and declined CBF velocity at the nadir
after standing and steady-state standing in veterans with GWI. Such changes in CBF has
been proposed as one of the contributing factors for cognitive dysfunction in GWI because
cognitive impairment in older adults with or without dementia is typically associated with
cerebral hypoperfusion (Bertsch et al., 2009; Binnewijzend et al., 2016; Marshall, 2012) and
transient occlusion of CBF leads to reversible cognitive impairment in patients with
cardiovascular disease (Marshall et al., 2001).

3.4. Neuroinflammation and atrophy of brain regions

A recent study has measured neuroinflammation in veterans with GWI through a positron
emission tomography (PET) using [11C]JPBR28, which binds to the 18 kDa translocator
protein (TSPO) (Alshelh et al., 2020). Since TSPO is upregulated in activated microglia and
astrocytes, the approach provides a measure of neuroinflammation in the brain. In
comparison to the healthy controls or the healthy veterans, veterans with GWI (typified by
higher Kansas GWI score, fibromyalgia, fatigue, pain, and depression) displayed widespread
cortical elevations in [11C] PBR28 PET signal in several cerebral cortical areas, which
include precuneus, prefrontal, primary motor, and somatosensory cortices and the
underlying white matter and the putamen. Statistically, the plasma levels of the
inflammatory cytokines measured in the study did not reveal significant group differences.
The study also reported no significant correlations between [11C]JPBR28 PET signal and
circulating proinflammatory cytokines. Nonetheless, in comparison to all healthy controls (n
= 33), the GWI group (n = 15) appeared to have higher levels of IL-6, TNF-a, and IL-1f in
the circulating blood. The overall increases were 5.8 folds for IL-6, 1.9 folds for TNF-a, and
3.3 folds for IL-1B. The increased concentration of proinflammatory cytokines in the
circulating blood is consistent with studies in animal models of GWI (Shetty et al., 2017,
Shetty et al., 2020). Overall, this study provided an in vivo evidence of neuroinflammation
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in veterans with GWI, which is consistent with incessant neuroinflammation observed in
animal models of GWI (Abdullah et al., 2016; Madhu et al., 2019; Parihar et al., 2013;
Shetty et al., 2017; Shetty et al., 2020; Zakirova et al., 2016). The findings also support the
application of therapeutic strategies that can potentially alleviate neuroinflammation as a
means to improve brain function in GWI.

Functional imaging studies have shown abnormal function in the basal ganglia (Haley,
Marshall, et al., 2000), thalamus (Liu et al., 2011), and hippocampus (Li et al., 2011) of
veterans with GWI. A study by Christova and associates reported that GWI is associated
with the atrophy of the cerebellum, amygdala, and diencephalon (Christova et al., 2017). A
recent study in 111 veterans with GWI and 59 healthy controls examined regional brain
volumes using structural MRI (Zhang et al., 2020). The study reported significant
subcortical atrophy in veterans with GWI, with no alterations in the cerebral cortex’s volume
or the cerebellum. Significant atrophy was seen in the brainstem, ventral diencephalon, and
thalamus. These results are consistent with the reduced brainstem metabolism evident from
MR spectroscopy for N-acetyl aspartate in veterans with GWI (Haley, Marshall, et al.,
2000). Since the major autonomic and neurotransmitter pathways and nuclei that regulate
the sympathetic and parasympathetic nervous systems are located in the brainstem, reduced
brainstem volume could affect functions such as sensation, motion, cardiovascular system
control, respiratory control, pain sensitivity control, alertness, awareness, and consciousness
(Simic et al., 2017). From these perspectives, autonomic dysfunction and dysregulated
neurotransmission in the brainstem could be one of the reasons underlying several symptoms
of GWI (Zhang et al., 2020). Furthermore, the study suggested that a diminished volume of
the pons was linked with the intensity and frequency of chronic fatigue. Also, there was a
positive correlation between brainstem atrophy and memory loss and depression severity,
implying that brainstem structural changes could be among the underlying causes of
memory and mood dysfunction in GWI (Zhang et al., 2020). It is interesting to note that the
study did not find atrophy of the hippocampus, which is somewhat consistent with only 10%
reduction in hippocampus volume observed in an animal model of GWI (Parihar et al.,
2013). Perhaps, the increased activity of astrocytes and microglia seen in animals with
chronic GWI (Madhu et al., 2019) maintain the volume of the hippocampus despite some
neuron loss occurring in different subregions of the hippocampus.

3.5. Changes in miRNA levels

Veterans with GWI displayed post-exertional malaise, akin to that observed in patients with
chronic fatigue syndrome (CFS) (Rayhan, Raksit, et al., 2013, Rayhan et al., 2013).
Following an exercise regimen, veterans with GWI displayed either stress test activated
reversible tachycardia (START) or stress test originated phantom perception (STOPP). The
START group showed increased blood oxygenation level-dependent (BOLD) signal in the
cerebellar vermis during a cognitive task before exercise, lower BOLD signals during a
working memory task after exercise, and diminished brainstem volume (Rayhan, Stevens, et
al., 2013; Washington et al., 2020). In contrast, the STOPP group exhibited higher BOLD
activation of basal ganglia and anterior insula during cognitive testing than sedentary
controls and the START group (Rayhan, Stevens, et al., 2013), a pattern that mimicked
phantom limb pain (Liaw, You, Cheng, Kao, & Wong, 1998). The occurrence of two distinct
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phenotypes following exercise likely suggests two distinct mechanisms of CNS damage
following exposure to GWIR chemicals or variable progression of GWI. Since such changes
imply adverse alterations in distinct regions of the CNS following exercise, a study
investigated miRNA levels in veterans’ cerebrospinal fluid following either an overnight rest
(nonexercised) or submaximal bicycle exercise (Baraniuk & Shivapurkar, 2017). The levels
of various miRNAs measured were comparable between nonexercised GWI, CFS, and
control subjects. However, after exercise, the START group displayed lower miR-22-3p than
control and STOPP groups. The START group also exhibited higher miR-9-3p than the
STOPP group. Reduced miR-22-3p in the START group might increase the vulnerability for
hyperexcitability of neurons, as this miRNA acts as an endogenous antiepileptogenic agent
(Jimenez-Mateos et al., 2015). Moreover, one of the targets of miR-22 is P2X7 expressed on
immune cells, which mediates the activation of NLRP3 inflammasomes and the release of
proinflammatory cytokines and chemokines (Di Virgilio, Dal Ben, Sarti, Giuliani, &
Falzoni, 2017). Therefore, it will be interesting to investigate in the future whether the
START group has higher CNS inflammation levels than the STOPP and control groups. On
the other hand, higher expression of miR-9-3p in the START group likely beneficial, as this
miRNA is involved in facilitating long-term potentiation, synaptic plasticity, and memory
formation (Sim et al., 2016).

3.6. Autoantibodies

A study by Abou-Donia and colleagues investigated the serum of veterans with GWI (n =
20, collected from 2010 to 2012) and non-veteran symptomatic controls (n = 10) for the
presence of autoantibodies against neuron- and glia-specific proteins (Abou-Donia et al.,
2017). The proteins analyzed included neurofilament triplet proteins, tubulin, microtubule-
associated tau proteins, microtubule-associated protein-2, myelin basic protein (MBP),
myelin-associated glycoprotein, GFAP, calcium-calmodulin kinase 11 (CaMKII) and glial
S-100B protein. Remarkably, veterans with GWI1 displayed significantly elevated levels of
autoantibody reactivity to all proteins except S-100B. Compared to controls, the highest
increases were observed for CaMKII (~9 fold), GFAP (~7 fold), and neurofilaments (~2.5
fold) in GWI patients. Such results implied that the continuation of neurodegenerative
processes and reactive changes in astrocytes and oligodendrocytes in veterans with GWI
even ~25 years after the GW (Abou-Donia et al., 2017). Such serum autoantibodies are
likely useful as biomarkers of GWI but need confirmation in a larger cohort of veterans with
GWI.

3.7. Other issues potentially impacting brain function in GWI

3.7.1. Human leukocyte antigen—Several studies suggested that the brain atrophy
and altered brain communication in GWI are due to immune-related processes (Christova et
al., 2017; Georgopoulos et al., 2017; James, Engdahl, Leuthold, & Georgopoulos, 2016).
Specifically, the lack of six protective alleles from Class Il HLA genes has been proposed as
one of the reasons underlying functional brain abnormalities in veterans with GWI
(Georgopoulos et al., 2015). HLA genes are positioned in the major histocompatibility
complex of chromosome 6, which has a significant role in immune recognition (Meuer et al.,
1982). HLA genes mediate immune responses to intracellular and extracellular substances
(Blum, Csurhes, Reddel, Spies, & McCombe, 2014). Protection against GWI was seen when
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six Class Il HLA alleles were present, which include DRB1*01:01, DRB1*08:11,
DRB1*13:02, DQB1*02:02, DPB*01:01, and DPB1*06:01. Because each person has 2
copies of Class Il HLA genes and HLA genes are highly polymorphic, the number of copies,
collectively, of the 6 protective alleles that a person can have is zero, one or two.
Interestingly, the overall GWI symptom severity diminished linearly with the increased
number of copies of the 6 protective alleles (Georgopoulos et al., 2016). HLA protection
affected the severity of cognitive and mood dysfunction, pain, and fatigue. In a follow-up
study, the same research group examined neural communication patterns by assessing the
brain’s synchronous neural interactions using MEG recordings, as the synchronous neural
activity is central to several cognitive functions, including attention, memory, and sensory-
motor integration (James et al., 2016). It is also known from previous studies that cognitively
healthy individuals display remarkably similar patterns of neural synchronicity (Langheim,
Leuthold, & Georgopoulos, 2006), whereas neuropsychiatric conditions display altered
neural synchrony (Engdahl et al., 2010; Georgopoulos et al., 2007; Georgopoulos et al.,
2010; James, Engdahl, Leuthold, Krueger, & Georgopoulos, 2015). In veterans with GWI,
anomalous synchronicity affecting cortical areas, and the cerebellum was found, however
(Engdahl et al., 2016).

In a subsequent study, James and associates investigated the protective role of HLA allele
DRB1*13:02 in GW veterans against brain atrophy (James et al., 2017), as this allele has
been found earlier to have a protective role in a broad range of autoimmune diseases
(Furukawa et al., 2017). The findings revealed that DRB1*13:02 spared subcortical brain
atrophy in GW veterans. The authors proposed that the protective role of DRB1*13:02 is
due to its ab ability to eliminate external antigens to which GW veterans were exposed. Such
antigens would otherwise have caused persistent low-grade inflammation and autoimmunity
(James et al., 2017). Thus, the severity of cognitive dysfunction in GWI can vary
considerably depending on the number of copies of the 6 protective alleles of Class Il HLA
the veteran has.

3.7.2. Systemic inflammation and metabolic changes—Studies have reported that
veterans with GWI exhibited chronic inflammation and altered cytokine levels in the
circulating blood (Broderick et al., 2011). The cytokines include TNF-a, IL-4, IL-7, IL-13,
and IL-17F (Khaiboullina et al., 2015; Parkitny, Middleton, Baker, & Younger, 2015).
Furthermore, a study comparing total phospholipid (PL) classes in the blood of GWI

patients with GW deployed controls demonstrated no differences for total PC,
phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE) and
phosphatidylinositol (Pl). However, the total lysophosphatidylcholine (LPC) was increased
by 15% in GWI patients (Emmerich et al., 2017). Analysis of the extent of unsaturation
showed no differences for PE and PI, but saturated fatty acid (SFA) containing PC species
were reduced in GWI patients with no changes in monounsaturated fatty acid (MUFA) and
polyunsaturated fatty acid (PUFA) containing PC species. For LPE, PUFA containing
species showed a 50% increase in GWI patients. Furthermore, for LPC, SFA, MUFA, and
PUFA were elevated in GWI patients. Also, the levels of ePC, ether
lysophosphatidylethanolamine (eLPE), and ether phosphatidylethanolamine were unchanged
in GWI subjects, but eLPE levels were increased (Emmerich et al., 2017). Additionally, w—6
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arachidonic acid (AA) and w—3 docosahexaenoic acid (DHA) containing species within
LPC and LPE were increased in GWI patients. This study also demonstrated that some of
the lipid biomarkers co-occurred in the plasma of rodent models of GWI and GWI patients
(Emmerich et al., 2017). Thus, multiple PL species are altered in the circulating blood of
patients with GWI. These results have implications because the metabolism of DHA and AA
could generate bioactive lipids, which can influence the inflammatory response in GWI.
DHA is a precursor of resolvins and neuroprotectins involved in mediating antiinflammatory
activity, whereas AA is a precursor of proinflammatory lipid mediators, such as
prostaglandins and leukotrienes (Emmerich et al., 2017; Fredman & Serhan, 2011; Serhan,
Yacoubian, & Yang, 2008). Consistent with the concept of persistent systemic inflammation
underlying GWI, another study on plasma samples demonstrated a positive correlation
between IL-6 and C-reactive protein (CRP) levels in veterans with GWI (Butterick et al.,
2019). A metabolomic study on the serum showed that veterans with GWI displayed
abnormalities in 8 out of 46 biochemical pathways examined, with lipid abnormalities
accounting for 78% of the metabolic change (Naviaux et al., 2019). The study showed
increases in 15 ceramides and sphingomyelins, and 4 phosphatidylcholine lipids. Additional
analysis of the plasma from veterans with GWI suggested decreased prostaglandin F2 alpha
(pgf2a) and leukotriene B4 (Golomb et al., 2019). The study suggested that exposures to
fuel-solvents, radioactive chemicals, and vaccines were linked to lower pgf2a. Also, the
lower pgf2a correlated with GWI “Kansas criteria” domains of pain and respiratory
symptoms (Golomb et al., 2019). Furthermore, a study comparing the multiple metabolic
features observed in the peripheral blood between 20 veterans with GWI and 20 nonveteran
control subjects reported abnormalities in several biochemical pathways in GWI (Naviaux et
al., 2019). Lipid abnormalities, notably increased levels of ceramides and sphingomyelins
and phosphatidylcholine lipids, were seen. Interestingly, key pathways typically
downregulated in myalgic encephalitis/chronic fatigue syndrome were upregulated in GWI
(Naviaux et al., 2019). The results suggested that veterans with GWI display a distinct
metabolic phenotype compared to control subjects.

3.7.3. DNA methylation changes and chronic inflammation—Alterations in
epigenetic changes such as DNA methylation could also contribute to inflammatory
conditions, and disruption of DNA methylation pattern has been observed in various
immune and neurological diseases (Delgado-Morales, Agis-Balboa, Esteller, & Berdasco,
2017; Landgrave-Gomez, Mercado-Gomez, & Guevara-Guzman, 2015). DNA methylation,
a biological process involving the covalent binding of a methyl group to a Cytosine-5 at a C-
phosphate-G (CpG) site yielding 5-methylcytosine, could change the activity of a DNA
segment without altering its sequence (Long, Smiraglia, & Campbell, 2017). Increased
methylation of DNA in gene promoters results in repression of genes, and such changes
could play a vital role in the interaction between environmental and gene expression factors
(Long et al., 2017). Therefore, a recent study examined the DNA methylation patterns in
peripheral blood mononuclear cells from GWI patients compared to control subjects (Trivedi
et al., 2019). The study did not find global alterations in DNA methylation in GWI patients.
However, 10,767 differentially methylated CpG sites were found across gene regulatory
elements and within coding regions, with 88% of them hypermethylated with 776
differentially methylated gene promoters (DMP) in GWI patients. Interestingly, CpG islands
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in promoters of 16 different T cell receptor joining genes were hypermethylated, which
could impact T cell receptors’ recombination and function of helper T cells (Trivedi et al.,
2019). The study also found that the CpG islands in promoters of immunoglobulins and
interleukin 1 alpha and interleukin 1 receptor, were hypermethylated.

Functional analysis revealed that most of the DMPs belonged to genes responsible for the
metabolism and immune system. Hypermethylation was seen in the promoters of several
genes linked to the glutathione-mediated detoxification pathway, and eicosanoid signaling
pathway. Furthermore, promoter methylation was impaired in the inflammatory response
genes, which include IL-10 and NF-xB signaling, and activation of interferon regulatory
factor by cytosolic pattern recognition receptors. Moreover, promoter hypermethylation was
seen for NFxB inhibitor alpha (MVFKBIA, an inhibitor of inflammation), mitogen-activated
protein kinase kinase kinase kinase 4 (MAP4K4, a mediator of TNFa. pathway signaling),
MAP3KY7 binding protein 3 (7ABS3, a regulator of NF-xB signaling), and interferon-alpha 6
(/FNAG, a regulator of cytokine signaling) (Trivedi et al., 2019). Moreover, 3 genes with
DMPs belonged to a core component of the circadian clock, implying a link to sleep
problems seen in GWI patients (Chao, Abadjian, Esparza, & Reeb, 2016). Overall, this study
uncovered the occurrence of epigenetic dysfunction in GWI patients. However, it remains to
be investigated whether such epigenetic changes also occur in the mediators of chronic
neuroinflammation in the brain (i.e., astrocytes and microglia), and such changes underlie
chronic neuroinflammation in GWI.

3.7.4. Changes in microbiota—A preliminary study on the gut microbiome in
veterans with GWI reported altered gut microbiome patterns, particularly in veterans with
GWI exhibiting gastrointestinal symptoms (Janulewicz et al., 2019). This subgroup also
showed elevated TNF receptor 1 in the plasma and significantly higher levels of chronic
pain, fatigue, and sleep problems. Thus, the altered microbiome is likely one of the factors
contributing to chronic neuroinflammation and brain dysfunction in GWI.

3.7.5. Mitochondrial dysfunction and mitochondrial DNA damage—
Mitochondrial damage or dysfunction is another issue that received esignificant attention in
comprehending mechanisms underlying GWI in veterans. Koslik and colleagues measured
post-exercise phosphocreatine-recovery time constant (PCr-R) using (31)Phosphorus
Magnetic Resonance Spectroscopy ((31)P-MRS) in the calf muscle of GW veterans with
GWI, as the quantification of PCr-R provides an index of mitochondrial status (Koslik,
Hamilton, & Golomb, 2014). The study employed seven male veterans meeting CDC and
Kansal criteria for GWI and seven non-deployed healthy men. The results demonstrated that
PCr-R was considerably prolonged in veterans with GWI compared to control subjects.
Another study employing 21 veterans with GWI and seven control subjects examined the
mononuclear cells from the blood for mitochondrial and nuclear DNA lesion frequency and
mitochondrial DNA (mtDNA) copy number (mtDNAcn) (Chen et al., 2017). The results
demonstrated elevated mtDNA lesion frequency, mtDNAcn, and nuclear DNA lesions in
veterans with GWI compared to controls. While the activity of mitochondrial complex | and
IV was similar between veterans with GWI and control subjects, the study found an
association between higher mtDNA lesion frequency and reduced activity of complex | and
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IV in veterans with GWI (Chen et al., 2017). Thus, the occurrence of mitochondrial
dysfunction in veterans with GWI could be gleaned from these studies performed in the calf
muscle and peripheral blood mononuclear cells. Since mitochondrial pathology can induce
multiple adverse down-stream effects, targeted therapies that enhance mitochondrial
function are likely useful for improving the overall health of veterans with GWI.

4. Potential therapeutic approaches for improving brain function in GWI

While there is no specific treatment available for GWI, the current treatment
recommendations for GWI include cognitive behavioral therapy (CBT) and exercise
(Institute of Medicine, 2001). Although these therapies likely mediate beneficial effects,
they are not targeted and are therefore have limited efficacy for resolving the underlying
causes that maintain CMI. In the following section, we discuss studies that examined
different therapeutic approaches for improving brain function in animal models of GWI or
veterans with GWI.

4.1. Strategies that improved brain function in animal models of GWI

Because of persistent oxidative stress and inflammation in the brain and systemic
inflammation in animal models of GWI, studies have examined the efficacy of several
antioxidant and antiinflammatory compounds for improving brain function. Additionally,
modulation of calcium and BDNF dysregulation by ketamine has been examined. The
studies reporting significant beneficial effects are discussed in detail in the following
sections. Figure 3 illustrates the most promising/translatable strategies identified in animal
models for treating GWI.

4.1.1. Curcumin—Curcumin (CUR), a natural phenolic element of turmeric (Curcuma
Longa), has antioxidant, antiinflammatory, neuroprotective, neurogenic, and cognitive and
mood-enhancing properties (Kim et al., 2008; Samarghandian, Azimi-Nezhad, Farkhondeh,
& Samini, 2017; Tiwari et al., 2014). Therefore, a study examined whether CUR
administration would maintain better cognitive and mood function in a rat model of GWI
(Kodali et al., 2018). In this study, animals exposed to GWI-related chemicals and mild
stress (GWI animals, Parihar et al., 2013) received a daily dose of CUR (30 mg/Kg/day) for
30 days and tested for cognitive and mood function 2 months after CUR treatment. The
animals were euthanized 3 months after CUR treatment, and changes in the hippocampus
were examined through histological and molecular biological approaches. The GWI animals
that received CUR displayed better cognitive ability to discern subtle changes in their
environment in an object location test, a function dependent on the hippocampal trisynaptic
pathway (Warburton, Barker, & Brown, 2013), and improved recognition memory in a novel
object recognition test, which is a task that relies on the normal functioning of the perirhinal
cortex and the hippocampus (Langston & Wood, 2010). Also, CUR-treated GWI animals
displayed reduced anxiety-like behavior in a novelty suppressed feeding test, a task
examining the ability to reconcile a struggle between a situation that generates increased
anxiety and a drive to move towards an appetitive stimulus (Merali, Levac, & Anisman,
2003).
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Improved cognitive and mood function in GWI animals receiving CUR was associated with
increased neurogenesis in the hippocampus not only in the last week of treatment but also
several months after treatment, consistent with the ability of CUR to increase neurogenesis
through activation of canonical Wnt/g-catenin signaling pathway, extracellular signal-
regulated kinases and p38 kinases, and multiple genes involved in stem cell proliferation
(Kim et al., 2008; Tiwari et al., 2014). Furthermore, CUR treatment reduced astrocyte
hypertrophy and activated microglia in the hippocampus, which is not surprising as CUR is
well known to mediate antiinflammatory effects in neurodegenerative and
neuroinflammatory diseases (Bassani et al., 2017; Ullah et al., 2017) through modulation of
distinct transcription factors, inhibition of TLR4-MAPK/NF-xB pathway, and activation of
ERKZ1/2 and p38 signaling pathway (Rahimifard et al., 2017; Shi et al., 2015; Ullah et al.,
2017). Moreover, CUR treatment appeared to blunt the increased oxidative stress linked with
hyperactive mitochondria in animals with GWI (Shetty et al., 2017). Such effects were
evident from the increased expression of multiple genes encoding antioxidant proteins and
normalized expression of genes encoding mitochondrial complex proteins, again consistent
with the ability of CUR to attenuate oxidative stress in brain tissues via increased
antioxidant defense activity and maintaining mitochondrial function (Samarghandian et al.,
2017). Overall, the study implied that improved neurogenesis, reduced astrocyte
hypertrophy, diminished numbers of activated microglia, increased expression of genes
encoding proteins mediating antioxidant activity, and normalized expression of genes
encoding proteins related to mitochondrial respiration underlie the beneficial effects of CUR
treatment. Thus, CUR treatment has promise for improving cognitive and mood function in
veterans with GWI. Clinical trials testing the efficacy of CUR to alleviate the symptoms of
GWI in veterans are currently in progress.

4.1.2. Oleoylethanolamide—The drug oleoylethanolamide (OEA), an endogenous
peroxisome proliferator-activated receptor alpha agonist, is a naturally occurring
ethanolamide lipid that regulates feeding and body weight (Gaetani, Oveisi, & Piomelli,
2003; Lo Verme et al., 2005). OEA can cross the BBB after systemic administration
(Gonzalez-Aparicio et al., 2014) and mediate antioxidant and antiinflammatory effects in the
brain (Anton et al., 2017) through activation of the nuclear receptor PPARa., which induces
changes in inflammation -related genes by repressing the nuclear factors NF-xB and
activator protein —1 (Stahel, Smith, Bruchis, & Rabb, 2008). A study investigated whether
OEA treatment would be efficacious for improving brain function in a mouse model of GWI
(Joshi et al., 2018). The rationale underlying OEA treatment includes chronic inflammation
and impaired lipid metabolism with altered peroxisome function in GWI mice (Abdullah et
al., 2011, 2016). In this study, animals dosed with GWI chemicals PB and PER (Abdullah et
al., 2011) received OEA (10 mg/Kg/day through rodent chow) at 5-11 months post-
exposure. At different time-points during OEA treatment, the GWI animals were
interrogated with a series of behavioral tests.

The GWI animals that received OEA for a month exhibited better spatial learning ability
during the first two days in a Barnes maze test, and improved spatial memory retrieval
ability in a probe test conducted a month after learning. Also, GWI mice receiving OEA
displayed reduced immobility at 5 months post-OEA treatment in a forced swim test,
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implying alleviation of fatigue-like behavior. The OEA treated GWI mice also exhibited
reduced disinhibition-like behavior in an elevated plus-maze test (Joshi et al., 2018).
Furthermore, OEA treatment reduced the levels of very-long-chain fatty acid and MDA in
GWI mice, suggesting antioxidant effects. Moreover, GWI mice receiving OEA displayed
diminished hypertrophy of astrocytes and activated microglia in the dentate gyrus of the
hippocampus, decreased ratio of phosphorylated p65 to total p65, and phosphorylated signal
transducer and activator of transcription 3 in the brain, implying that the antiinflammatory
effects of OEA were mediated through modulation of NFxB. The antiinflammatory effects
were also evident from a reduced concentration of chemokine receptor 2 and MCP-1 in the
brain (Joshi et al., 2018). Collectively, the study suggested that OEA treatment could be
beneficial to veterans with GWI. A clinical trial testing the effects of OEA treatment in
veterans with GWI is currently underway.

4.1.3. Monosodium Luminol—Monosodium luminol (MSL), a drug that acts as a
buffer to facilitate the maintenance of redox homeostasis, was found to be effective in
reducing oxidative stress and inflammation in several models of human diseases earlier
(Jiang et al., 2006; Kim & Wong, 2012; Kuang et al., 2012; Reddy, Lungu, Kuang, Stoica, &
Wong, 2010). Because the persistent cognitive and mood impairments in a rat model of GWI
are associated with incessantly elevated oxidative stress and inflammation and waned
neurogenesis in the hippocampus, a recent study examined the efficacy of 8 weeks of MSL
treatment to investigate whether reinstatement of redox balance through MSL treatment
would improve brain function (Shetty et al., 2020). Animals were first exposed to GWI-
related chemicals PB, DEET, and PER and moderate stress (15 min of restraint stress). Four
months later, animals were treated with different doses of MSL (40, 80, or 160 mg/Kg/day)
for 8 weeks (5 days/week), and tested for cognitive and mood function using multiple
behavioral tests in the last 3 weeks of the treatment period. The animals were euthanized 6
months after exposure to GWIR chemicals and stress, and the various changes in the brain
were assessed through immunohistochemical, biochemical, and molecular biological
approaches.

The findings revealed that MSL treatment (at 160 mg/Kg) was adept for relieving cognitive
and mood impairment in a rat model of GWI. Improvements in cognitive function were
evident from the enhanced capacity to recognize minimal alterations in the surroundings in
an object location test and the proficiency for recollecting analogous but not the same
experiences in a non-overlapping pattern in a pattern separation test. Furthermore, MSL
treatment in GWI animals abolished anhedonia (inability to feel pleasure in activities that
are pleasurable in healthy conditions, a measure of depression) in a sucrose preference test
and diminished anxiety-like behavior in a novelty suppressed feeding test (Shetty et al.,
2020).

Remarkably, the functional improvements were associated with the re-establishment of
redox homeostasis, which was evident from the normalization of multiple genes encoding
proteins involved in combating oxidative stress in the hippocampus, and oxidative stress
markers MDA and protein carbonyls in the brain and the circulating blood to control levels.
MSL treatment normalized the expression of many genes that encode proteins implicated in
redox regulation (Prax6, Srxnl, TxnI), mediating oxidative stress ( 7xnip), cellular
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detoxification (GstpI), protection against ROS (/dh1, Prax6, Sod2, Txnrdl, Txnrd2), the
clearance of mitochondrial ROS (Sod2), and antioxidant effects (Gsr, Prax1, 2, and 4). The
other normalized genes include those involved in the transportation of mitochondrial protons
(Ucp2), regulation of the NF-kB activation (SgstmJI), the formation of protein aggregates
(Sgstm1, Prnp), proteolytic processing of amyloid precursor protein (Ctsb), cholesterol
biosynthesis (DhAcr24), and prostaglandin biosynthesis (Pfgs2) (Shetty et al., 2020). The
study also revealed that reinstatement of redox homeostasis could reverse multiple adverse
changes seen in GWI because persistently raised ROS oxidize proteins and lipids, damage
DNA, and activate astrocytes and microglia (Solleiro-Villavicencio & Rivas-Arancibia,
2018) and can interfere with neurogenesis (Huang, Leu, & Zou, 2015). The beneficial effects
include reductions in hypertrophied astrocytes and activated microglia, enhanced NSC
proliferation, and higher neurogenesis. Also, MSL treatment reduced the levels of multiple
proinflammatory cytokines and chemokines (IL-1a, IL-1B, TNF-a, MCP-1, MIP-1a (Ccl3),
TGF-B, VEGF, and FGF-B) in the circulating blood, implying its effects at the systemic
level. Reduced systemic inflammation likely reflects the outcome of the reinstatement of
redox homeostasis at the systemic level by MSL, which has beneficial implications because
persistent systemic inflammation could also contribute to brain dysfunction (Chesnokova,
Pechnick, & Wawrowsky, 2016; Di Filippo et al., 2013; Malaeb et al., 2014). Thus, 8 weeks
of MSL treatment could improve cognitive and mood function, parallel with the
reinstatement of redox homeostasis in the brain and the circulating blood. These findings
suggest testing MSL to ease brain dysfunction in veterans with GWI using a double-blind,
placebo-controlled, clinical trial.

4.1.4. Ketamine—A study tested the effects of administration of sub-anesthetic doses of
ketamine (3, 5 or, 10 mg/Kg) in a DFP model of chronic GWI (Zhu et al., 2020). Ketamine,
an FDA-approved drug for treatment-resistant depression (Kaufman, 2019), is effective in
patients with major depression and suicidal ideation (DiazGranados et al., 2010). Before
ketamine administration, rats with GWI1 displayed anhedonia in a sucrose preference test,
anxiety-like behavior in an elevated plus-maze test, and depressive-like behavior in a forced
swim test (FST). GWI rats receiving ketamine treatment did not exhibit changes in baseline
locomotor activity in an open field test but showed reductions in immobility time in FST, in
a dose-dependent manner. Also, ketamine treatment in GWI animals reversed anhedonia and
reduced anxiety-like behavior at early time-points after treatment. KET’s stereoisomers, R-
KET, and S-KET, also displayed similar effects in GWI rats, with R/~KET inducing more
potent effects (Zhu et al., 2020). A follow-up study by the same research group showed that
ketamine treatment could diminish calcium elevations ([Ca2*];) in the hippocampus of GWI
rats at 1-hour post-treatment (Ribeiro et al., 2020), and significantly increase the
concentration of BDNF at 24 hours post-treatment. Interestingly, the blockade of the BDNF
receptor TrkB during ketamine administration blunted the antidepressant effect of ketamine
24 hours after treatment. The results suggested that rapid-onset antidepressant effects of
ketamine are linked to inhibition of the NMDAR-Ca2* whereas, antidepressant effects at 24
hours post-treatment are attributed to the upregulation of the BDNF signaling (Ribeiro et al.,
2020). Thus, short-term ketamine treatment might be beneficial for treating severe
depression, especially those not responding to traditional antidepressants. However, while
many of the beneficial effects of ketamine treatment persisted 24 hours after treatment, the
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antidepressant effect did not last at 1-week post-treatment, implying that short-term
ketamine treatment is insufficient to reverse major depression. Moreover, long-term
ketamine treatment might not be feasible because of the possible adverse effects on brain
function. While a low single dose (0.5 mg/Kg) of ketamine is not harmful for the cognitive
function in patients with treatment-resistant depression (Chen et al., 2018), chronic ketamine
users typically display cognitive impairments (Ke et al., 2018).

4.1.5. Nicotinamide riboside—The dietary supplement nicotinamide riboside (NR), a
precursor of NAD+ involved in cellular bioenergetics, can cross the BBB following systemic
administration (Hou et al., 2018; Lee & Yang, 2019; Spector & Johanson, 2007). Once NR
enters the cells, it gets converted into NAD + by nicotinamide riboside kinase (Wang et al.,
2018). Furthermore, NAD+ is an essential cofactor in metabolic processes such as
glycolysis, fatty acid p-oxidation, and the Krebs cycle. Because the reduced form of NAD+
(i.e., NADH) also takes part in oxidative phosphorylation, increased NAD+ levels could
contribute to enhanced levels of adenosine triphosphate as energy (Berger, Ramirez-
Hernandez, & Ziegler, 2004; Ruggieri, Orsomando, Sorci, & Raffaelli, 2015). A study by
Joshi and associates investigated whether NR treatment would result in improved brain
function in a mouse model of GWI (Joshi et al., 2020). The rationale underlying such
approach is that NR administration in animal models of neurodegeneration had reduced
inflammation, glial activation and cognitive dysfunction through sirtuin-1 (Sirt1)-mediated
deacetylation of the NF-xB pathway (Chen et al., 2018; Hou et al., 2018), and both NAD
and Sirtl levels are decreased in the blood of veterans with GWI (Joshi et al., 2020). In this
experiment, animals dosed with PB+PER (Abdullah et al., 2011) received NR at 100 ug/kg
daily for 2-months via mouse chow, commencing 6 months after exposure to PB +PER.
During NR treatment, GWI mice were investigated for fatigue-like behavior using FST. The
results showed that NR treatment diminished fatigue-like behavior with increased levels of
NAD+ levels in the circulating blood and the brain, and enhanced Sirtl and Sirt3 levels in
the brain (Joshi et al., 2020). Also, NR treated GWI mice displayed deacetylation of NF-xB
p65 subunit, increased concentration of peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha, and reduced astrocyte activity in the brain. Such changes were
associated with decreased levels of proinflammatory cytokines (IL-1p, IFN-vy, IL-6) and
markers of lipid peroxidation, and increased concentration of mitochondrial bioenergetics in
the brain (Joshi et al., 2020). Proinflammatory cytokine levels were also reduced in the
circulating blood of GWI mice. Overall, the study suggested that NR dietary
supplementation is useful for restoring brain bioenergetics and reducing inflammation in
GWI. However, it remains to be examined whether long-term NR supplementation would be
adequate for improving cognitive and mood function in GWI.

4.1.6. Lacto-N-fucopentaose lll—Lacto-N-ducopentaose 11 (LNFPIII) is a component
of human breast milk with no reported adverse effects (Atochina, Da’dara, Walker, & Harn,
2008; Bhargava et al., 2012). In chronic inflammatory conditions, LNFPIII can mediate
antiinflammatory effects. A previous study has shown that LNFPIII utilizes CD14/TLR-4
signaling to activate the ERK-dependent production of antiinflammatory mediators, which
tilts the innate immune system’s balance towards an antiinflammatory direction (Tundup,
Srivastava, Norberg, Watford, & Harn, 2015). A study conducted by Carpenter and
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colleagues examined the effects of LNFPIII in two different models of GWI (Carpenter et
al., 2020). The exposures comprised PB and PER for 10 days (Model 1), or PER and DEET
for 14 days with CORT exposure on days 8-14 and DFP treatment on day 15 (Model 2).
LNFPIII treatment was provided during the exposure to chemicals. In the absence of any
treatment, both models displayed dyshomeostasis of the serotonergic system in the nucleus
accumbens and serotonergic and dopaminergic systems in the hippocampus. The
hippocampus also exhibited elevated levels of proinflammatory cytokines. However,
LNFPIII treatment prevented changes in monoamine levels as well as reduced the rise of
proinflammatory cytokines. Overall, the study demonstrated the promise of LNFPIII to
normalize monoamine levels and suppress neuroinflammation in GWI. However, it remains
to be determined whether LNFPIII is effective if the treatment is initiated after the
establishment of chronic GWI.

4.2. Results of treatment strategies employed in veterans with GWI

Many clinical trials have been completed or are currently underway in veterans with GWI.
Table 1 lists the completed clinical trials on veterans with GWI with information such as the
study title, objectives, the number of participants, the type of trial, and references to the trial
results. Table 2 lists the ongoing clinical trials on veterans with GWI with details on the
study title, objectives, the number of participants, and the recruitment status.

4.2.1. Cognitive behavioral therapy—A study by Donta and colleagues compared the
efficacy of cognitive-behavioral therapy (CBT), aerobic exercise, and the combination of
CBT and exercise for alleviating the symptoms of GWI in veterans (Donta et al., 2003). The
study enrolled 1092 veterans exhibiting at least two of the three symptoms (fatigue, pain,
and cognitive dysfunction) for more than 6 months. The exercise sessions lasted 60 min, and
CBT sessions lasted 60—90 min per week, and the sessions were continued for 12 weeks, and
the primary endpoint was a 7-point or more significant improvement in the physical
component summary scale. The secondary outcomes comprised measures of pain, fatigue,
and cognitive and mood dysfunction, and the evaluations were performed at baseline and 3,
6, and 12 months (Donta et al., 2003). The findings suggested modest improvements in the
physical component summary scale with CBT or combined CBT and exercise regimen.
Exercise alone or exercise plus CBT reduced fatigue, distress, cognitive, and mood
symptoms. CBT alone also improved cognitive and mood function. However, none of the
treatments alleviated pain. Another recent pilot study in veterans with GWI examined the
effects of either yoga or CBT for pain (Mathersul, Eising, DeSouza, Spiegel, & Bayley,
2020). The study reported alleviation of pain with both treatment approaches. The alterations
in the biological autonomic nervous system moved in the direction of healthy profiles,
especially with the yoga practice (Mathersul et al., 2020). Thus, CBT, exercise, and yoga
regimens are useful for lessening several symptoms of GWI.

4.2.2. Doxycyline—One of the hypotheses underlying chronic symptoms such as pain,
fatigue, and cognitive dysfunction in GWI includes the presence of mycoplasma species in
GW veterans’ blood. Therefore, a randomized, double-blind, and placebo-controlled study
investigated whether a 12-month course of doxycycline (a tetracycline antibiotic, 200 mg/
day) would alleviate the extent of sickness in GWI (Donta et al., 2004). The study recruited
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491 veterans with GWI having detectable levels of mycoplasma in the blood, and
improvement in the physical component summary score was utilized as the primary outcome
of treatment. The secondary outcomes comprised the alleviation of pain, fatigue, and
cognitive function. The study revealed that neither the physical component summary score
nor the secondary outcomes improved with doxycycline treatment. Also, veterans receiving
doxycycline experienced a higher incidence of nausea and photosensitivity. Overall, the
study demonstrated that doxycycline treatment is not effective for alleviating symptoms of
GWI.

4.2.3. Coenzyme Q10—A randomized, double-blind, placebo-controlled study
examined the effects of two different doses of coenzyme Q10 (CoQ10, 100, or 300 mg/day)
treatment for ~3.5 months in 46 veterans meeting Kansas and Centers for Disease Control
criteria for GWI (Golomb et al., 2014). The study reported improvements in general self-
reported health (GSRH) in ~85% male participants with 100 mg/dayday dose (Q100 group),
in comparison to the placebo group or the group receiving 300 mg/day dose (Q300 group).
The Q100 group also exhibited better physical function than the placebo group. Improved
GSRH in the Q100 group was associated with a rise in CoQ10. Furthermore, the 100 mg/day
treatment appeared effective for treating 19 common symptoms of GWI1 but did not ease
sleep disturbances associated with GWI (Golomb et al., 2014). Overall, the study revealed
the promise of CoQ10 for alleviating multiple symptoms of GWI. Since the sample size was
small in this study, a larger clinical trial is currently underway.

4.2.4. Mifipristone—A clinical trial conducted by Goliier and coworkers examined the
effects of mifepristone in veterans with GWI (Golier et al., 2016). Mifepristone, a synthetic
steroid that blocks glucocorticoid receptors, has anti-progestin activity and weak anti-
androgen activity. Its relative binding affinity at the glucocorticoid receptor is more than ten
times that of cortisol (Castinetti, Conte-Devolx, & Brue, 2010). In this randomized, double-
blind trial, the participants (n = 32) received 200 mg mifepristone or matched placebo per
day with two 6-week treatment phases separated by a month of washout period, and self-
reported physical health was the primary measure. The secondary outcomes included
neurocognitive function, self-reported depression, and fatigue. The findings demonstrated
that mifepristone treatment did not improve physical health or various secondary measures
(Golier et al., 2016). Interestingly, veterans receiving mifepristone displayed improvements
in verbal learning, which was linked to the magnitude of cortisol change (Golier et al.,
2016). Nonetheless, mifepristone treatment did not improve working memory, visual
learning, or global composite cognitive measure in veterans with GWI. Thus, the cognitive-
enhancing effect of mifepristone was minimal in veterans with GWI, as both primary and
secondary outcomes of treatment were found to be negative.

4.2.5. Detoxification through Hubbard regimen—A randomized study examined
the feasibility and efficacy of a detoxification procedure for alleviating the symptoms of
GWI (Kerr et al., 2019). An intervention that enhanced detoxification called Hubbard
regimen was employed in this study. Earlier studies have shown that the Hubbard regimen
improved cognitive and long-term memory function in firefighters following polychlorinated
biphenyl exposure (Kilburn, Warsaw, & Shields, 1989). Thirty-two eligible participants were
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randomly assigned to the intervention (n = 22) or 4-week waitlist control (n = 10). The daily
protocol for 4-6 weeks comprised exercise, sauna-induced sweating, crystalline nicotinic
acid, and other nutrient supplementation to enhance chemical elimination (Hubbard, 1990).
The efficacy of treatment was measured through the overall physical component summary
scale, quality of life, McGill pain, fatigue questionnaires, and neuropsychological
assessments. The results showed that veterans receiving the detox intervention had 6.9 points
higher physical component summary scores than veterans in the waitlist control (Kerr et al.,
2019). Also, measures of quality of life, pain, and fatigue were improved with no serious
adverse events in the intervention group. Follow-up studies demonstrated that most
improvements were retained after 3 months. Thus, the Hubbard regimen is a feasible and
safe intervention protocol for alleviating the symptoms of GWI. Furthermore, the
intervention has the potential to provide benefits with minimal disruption of the lives of
individuals.

4.2.6. Methylphenidate hydrochloride with micronutrient formula—A study by
Holodniy and Ka Kaiser recently investigated the safety, tolerability, and efficacy of
KPAXO002 in veterans with GWI (Holodniy & Kaiser, 2019). KPAX002, comprising a low
dose methylphenidate hydrochloride (Ritalin®, 2.5-10 mg, twice daily) and a micronutrient
formula comprising essential antioxidants, has been shown to support mitochondrial
function and induce clinical benefits in patients with mitochondrial dysfunction (Hart et al.,
2004; Kaiser et al., 2006). The rationale for testing KPAX002 in veterans with GWI include
the evidence of persistently increased oxidative stress and mitochondrial dysfunction in GWI
(Golomb et al., 2014; Shetty et al., 2017; Shetty et al., 2020) and that mitochondrial
dysfunction is one of the underlying causes of multi-factorial disorders (Niyazov, Kahler, &
Frye, 2016). Methylphenidate hydrochloride stimulates CNS neuronal activity by increasing
dopamine and norepinephrine levels through inhibition of their reuptake. This study tested
the hypothesis that broad-spectrum mitochondrial support treatment would increase the
ability of methylphenidate to provide a sustained alleviation of fatigue and cognitive
dysfunction in GWI. This open-label trial comprised veterans with GWI meeting the Kansas
case definition with 10 GWI patients completing the trial per protocol. The overall
symptoms severity, measured through the GWI symptoms assessment tool, decreased by
25% in veterans taking KPAX002 for 12 weeks. The study also reported decreased fatigue
and pain and improved cognitive function and sleep.

An indirect measure of mitochondrial function assessed through oxidative stress analysis
panel revealed a decreased level of lipid peroxides in the circulating blood, implying reduced
oxidative stress in GWI patients receiving the treatment. However, glutathione, glutathione
peroxidase, SOD levels were unchanged in the circulating blood of veterans receiving the
treatment, which suggested that clinical benefits of KPAXO002 treatment in veterans did not
involve significant elevation of multiple antioxidants. Overall, the results of this study are
promising, but follow-up studies are necessary to determine if the observed benefits could be
replicated in a larger randomized, double-blinded, placebo-controlled clinical trial.
Furthermore, the mechanisms underlying clinical benefits following KPAX002 treatment
need to be investigated through methods that directly assess the function of mitochondria.
Also, since all subjects enrolled in the trial were unable to reach the maximum daily
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methylphenidate dose per protocol because of reported side effects such as headache,
hypertension, and dizziness, it will be necessary to determine whether lower doses of
methylphenidate would also be efficacious with the micronutrient formula.

4.2.7. Other clinical trials in veterans with GWI—A randomized, double-blind,
Phase I/11a clinical trial examined the effects of Concord grape juice (CGJ, 16 ounces/day
for 24 weeks) containing anti-inflammatory flavonoids in 36 veterans with GWI (Helmer et
al., 2020). Neurocognitive tests were performed at baseline and after 12 and 24 weeks of
CGJ consumption. The study did not find statistically significant differences in cognitive
function between CGJ and placebo groups at any of the time points measured in the study
(Helmer et al., 2020). The clinical trials that showed promise for treating GWI are
highlighted in Figure 4.

5. Summary and future perspectives

While over 500 million dollars have been expended on GWI research (Chester, Rowneki,
Van Doren, & Helmer, 2019), a curative therapy or an approach that significantly improves
the quality of life of veterans with GWI is yet to be discovered. However, there have been
advances in understanding the pathophysiology of GWI. Numerous studies in animal models
have provided significant insights into the pathophysiology underlying cognitive and mood
dysfunction in GWI. These comprise incessantly elevated oxidative stress, altered lipid
metabolism and peroxisomes, mitochondrial dysfunction, chronic inflammation, inhibitory
interneuron loss, altered expression of genes linked to cognitive function, and waned
hippocampal neurogenesis in the brain. Several studies have also noted the potential
contribution of systemic changes to cognitive and mood impairments in GWI, including
increased levels ROS and multiple proinflammatory cytokines in the circulating blood,
altered gut microbiome, and activation of the adaptive immune response. However, one of
the limitations in most animal studies is the focus on only male subjects to model the GWI.
Since GWI is also seen in female service personnel who served in the first GW, future
studies will need to utilize both genders to model the illness and develop treatment
strategies. Comprehending the sex differences in GWI pathophysiology and treatment
efficacy in animal models would improve the health evaluation and treatment of women
veterans afflicted with GWI. Such studies’ importance is apparent from a recent report by
Sullivan and colleagues showing that women GW veterans continued to report a wide
variety of symptoms at a significantly higher excess frequency prevalence than GW-era
women (Sullivan et al., 2020).

Studies on veterans with GWI implied that cognitive and mood impairments are linked to
multiple changes in the brain. These include chronic activation of the executive control
network, impaired functional connectivity between different sensory perception and motor
networks, and between different networks in the sensorimotor domain, altered cerebral blood
flow, the lack of protective alleles from Class Il (HLA) genes, persistent neuroinflammation,
and changes in miRNA levels. In addition, altered levels of PL species and proinflammatory
cytokines and CRP in the circulating blood have been suggested as factors contributing to
long term cognitive and mood impairments in GWI. To further comprehend the
pathophysiology of GWI, new research should focus on the collection and maintenance of
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comprehensive baseline and longitudinal data from blood samples of patients exhibiting
varying degrees of GWI symptoms and autopsied brain samples from deceased veterans
with GWI for neuropathological analyses.

Clinical trials in GWI patients have tested the effectiveness of several drug and behavioral
approaches. Some of the drugs such as doxycycline or Mifipristone have resulted in no
functional improvements, whereas other drugs or combination therapies have revealed
promise for alleviating multiple symptoms in GWI patients. These include aerobic exercise
and CBT, alone or in combination, CoQ10, methylphenidate hydrochloride with a
micronutrient formula, and detoxification procedure through Hubbard regimen (Donta et al.,
2003; Golomb et al., 2014; Holodniy & Kaiser 2019; Kerr et al., 2019). Nonetheless, larger
double-blind, placebo-controlled clinical trials are needed to validate some of the findings
observed in these smaller clinical trials. Considering both neuro- and systemic inflammation
in chronic GWI, recent therapeutic studies in animal models, have tested the efficacy of
systemic administration of several antioxidant and/or antiinflammatory compounds. The
results of these studies have suggested several compounds as promising candidates for
alleviating cognitive and mood dysfunction in veterans with GWI, including CUR, OEA and
MSL (Joshi et al., 2018; Kodali et al., 2018; Shetty et al., 2020). The efficacy of some of
these compounds is currently being tested in veterans with GWI in clinical trials.
Furthermore, the occurrence of persistent systemic inflammation in GWI brings in more
significant question as to whether modulation of systemic inflammation would be
efficacious for improving brain function in GWI patients, in addition to relieving other
symptoms such as sickness-like behavior and chronic pain. Another issue is the diagnosis of
GWI in veteran populations, which remains a challenge for providers. Diagnostic methods
that target the inflammatory pathophysiology of GWI would allow for improved
identification of the cause of illness and appropriate treatment. Discovery of reliable blood
biomarkers and better screening and recruiting of veterans with persistent GWI-like
symptoms are needed. For example, a methodology that can discern the extent of
pathological changes occurring in the brain by analyzing brain-derived extracellular vesicles
in the blood (Madhu et al., 2019) needs to be developed for veterans with GWI.
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OoP Organophosphate

PB Pyridostigmine bromide

PC Phosphatidylcholine

PCr-R Phosphocreatine-recovery time constant
PE Phosphatidylethanolamine

PER Permethrin

PET Positron emission tomography

pgf2a prostaglandin F2 alpha
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PUFA Polyunsaturated fatty acids

PV Parvalbumin

ROS Reactive oxygen species

SCF stem cell factor

SFA Saturated fatty acids
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SNI synchronous neural interactions

SOD Superoxide dismutase
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TLR4 Toll-like Receptor 4

TNFa Tumor necrosis factor-alpha
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VEGF Vascular endothelial growth factor
3-PBA 3-phenoxybenzoic acid
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Brain Dysfunction in GWI Gleaned from Animal Model Studies
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Fig. 1.

Persistent
Cognitive and
Mood Impairments

A schematic illustrating the potential mechanisms causing brain dysfunction in Gulf War
IlIness (GWI) as gleaned from animal model studies. Systemic changes caused by the
exposure to GWI-related chemicals have been mostly correlated between animal models and
GWI patients (solid red line). These include activation of the peripheral adaptive immune
response and alterations in lipid metabolism, bioenergetics, peroxisomes, lysosomes, liver
function, mitochondrial function, microbiome, and leaky gut. Animal model studies also
suggested that such exposures could directly affect the brain of veterans (indicated by a
dotted red line), which may result in neuronal hyperexcitability and altered synaptic
plasticity. Furthermore, both direct and indirect effects of exposures likely underlie
persistently increased oxidative stress and inflammation in the brain, which could lead to a
leaky blood-brain barrier, reduced hippocampal neurogenesis, and cognitive and mood
impairments. HMGB1, high mobility group box-1.
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Pathophysiology Gleaned from Studies in Veterans with GWI

Veterans with Gulf War lliness
(Studies on the Brain, Cerebrospinal fluid, and Blood)

/

A

\ 4

4

m
1
\‘_/

|
R
4

]

\ 4
\ 4
\

Systemic Changes

Structural Changes || HLA Genes Neuro- Brain miRNA Changes
. s . . N * Increased
¢ Changes in neural * Lack of inflammation Dysfunction after exercise (in e
networks protective Precuneus, ¢ Basal Ganglia veterans exhibiting p K a da ory
* Altered functional alleles from prefrontal, e Thalamus higher activation of LSS
ron y . . . phospholipids
connectivity class Il HLA primary motor, ¢ Hippocampus basal ganglia during | | | Increased DNA
* Altered blood flow genes and Brain Atrophy cognitive testing) e ylaton
¢ Chronic activation *  Anomalous somatosensory s Cerebellum Y : :
. " 5 * Autoantibodies
of executive control Synchronous cortices, e Amygdala * Reduced miR- et
network neural White matter » Diencephalon 22-3p " ;
interactions Put: hal * Higher miR-9-3 flamentpreteins,
Lamen Thalamus IBNERME 223D MAP-2, tau, GFAP,
¢ Brainistem CAMKII, and MBP
L] L L - L] ]
L] L L - L] ]
Fatigue and Brain Atrophy & Cognitive and Cognitive Hyperexcitability | | Cognitive and Mood
Cognitive Altered Brain Mood Dysfunction & of neurons, & Dysfunction &
Dysfunction Communication Dysfunction Fatigue Inflammasomes Neurodegeneration

Fig. 2.

A flowchart illustrating the potential mechanisms underlying cognitive and mood

dysfunction, fatigue, neuronal hyperexcitability, and neuroinflammation in Gulf War IlIness
(GWI) as observed from studies on the brain, cerebrospinal fluid, and the blood from
veterans with GWI. CAMKII, calcium-calmodulin kinase 11; GFAP, glial fibrillary acidic
protein; HLA, human leukocyte antigen; MAP2, microtubule-associated protein-2; MBP,
myelin basic protein; tau, microtubule-associated tau (T) proteins.
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Promising Antioxidant and Antiinflammatory Strategies

Identified in Animal Models for Treating GWI
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Fig. 3.

A schematic showing the major results of preclinical studies that examined the efficacy of

compounds such as curcumin, monosodium luminol, oleoylethanolamide, and nicotinamide
riboside in animal models of Gulf War Iliness (GWI). CCR-2, C-C chemokine receptor type
2; MCP-1, monocyte chemoattractant protein-1; NAD+, nicotinamide adenine dinucleotide;
NF-kB, nuclear factor kappa B; PGC-1a, peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha; VLCFA, very-long-chain fatty acid.
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Cognitive Behavioral Coenzyme Q10 Detoxification Methylphenidate with
Therapy Therapy (Hubbard Regimen) Micronutrient Formula
O < ¥ <

Exercise and Cognitive
Behavioral Therapy
Sessions for 12 weeks

Daily CoQ10 Treatment
(100 or 300 mg) for
approximately 3.5 Months

Exercise, Sauna-induced
Sweating, crystalline
Nicotinic Acid and other
Nutrient Supplementation
for 4-6 weeks

KPAX002 (Ritalin, 2.5-10
mg, twice daily plus
micronutrient formula
comprising antioxidants)
for 12 weeks

\

\ 4

A

.

Improvements in
Physical Component
Summary Scale

Fatigue
Improved Cognition
Better Mood

No effects on Pain

Improvements in General
Self-Reported Health (GSRH)
in 100 mg/day group

Better physical function
Rise in CoQ10

Eased 19 common
symptoms of GWI

No effects on sleep

Improvements
in Physical Component
Summary Scale

Improved quality of life
Reduced pain

Reduced fatigue

No side effects noted

Overall Symptom Severity
Decreased by 25%

* Reduced Fatigue and

Pain

* Improved Cognition

and Sleep

* Decreased oxidative

stress in the blood
Some side effects
Headache, hypertension,
Dizziness

Fig. 4.

A flowchart depicting some of the clinical trials that showed promise for alleviating the
symptoms of Gulf War Iliness (GWI). These include cognitive behavioral therapy with
exercise, Coenzyme Q10 treatment, Hubbard regimen of detoxification, and combination of
methylphenidate and micronutrient formula for improving mitochondrial function. The
significant effects are highlighted.
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