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4. Abstract  

Gulf War illness (GWI) is a chronic and multi-symptomatic disorder affecting veterans who served in 

the Gulf War. The commonly reported symptoms in GWI veterans include mood problems, cognitive 

impairment, muscle and joint pain, migraine/headache, chronic fatigue, gastrointestinal complaints, skin 

rashes, and respiratory problems. Neuroimaging studies have revealed significant brain structure 

alterations in GWI veterans, including subcortical atrophy, decreased volume of the hippocampus, reduced 

total grey and white matter, and increased brain white matter axial diffusivity. These brain changes may 

contribute to or increase the severities of the GWI-related symptoms. Epidemiological studies have 

revealed that neurotoxic exposures and stress may be significant contributors to the development of GWI. 

However, the mechanism underlying how the exposure and stress could contribute to the multi-

symptomatic disorder of GWI remains unclear. We and others have demonstrated that rodent models 

exposed to GW-related agents and stress exhibited higher extracellular glutamate levels, as well as 

impaired structure and function of glutamatergic synapses. Restoration of the glutamatergic synapses 

ameliorated the GWI-related pathological and behavioral deficits. Moreover, recent studies showed that a 

low-glutamate diet reduced multiple symptoms in GWI veterans, suggesting an important role of the 

glutamatergic system in GWI. Currently, growing evidence has indicated that abnormal glutamate 

neurotransmission may contribute to the GWI symptoms. This review summarizes the potential roles of 

glutamate dyshomeostasis and dysfunction of the glutamatergic system in linking the initial cause to the 

multi-symptomatic outcomes in GWI and suggests the glutamatergic system as a therapeutic target for 

GWI. 
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Introduction 

Gulf War illness 

Nearly one-third of veterans who served in the first Gulf War in 1990-1991 have experienced a variety 

of symptoms that are difficult to explain by a typical medical illness, commonly known as “Gulf War illness” 

(GWI)1. GWI affects each individual differently, but overall, evidence indicates that multiple organ systems are 

involved, including the nervous system, digestive system, and respiratory system2. The typical symptoms 

reported in GWI veterans include fatigue, joint pain, memory loss, sleep difficulties, headaches, concentration 

loss, depression and anxiety, skin rashes, gastrointestinal problems, and breathing problems3. Subsets of the 

symptoms reported by GWI veterans are also frequently observed in other disorders, such as anxiety disorder, 

major depression disorder (MDD), chronic fatigue syndrome (CFS), fibromyalgia, and irritable bowel syndrome 

(IBS)3. The wide variety in the symptomatology makes it hard to identify a single entity as the cause. 

Epidemiological investigation of large cohorts revealed that a combination of war-related traumatic stress and 

exposure to chemical agents, such as pyridostigmine bromide (given to soldiers as an anti-nerve agent 

pretreatment), sarin nerve agent, pesticides, and smoke from burning oil wells may account for these multiple 

symptoms4,5. However, the detailed mechanism linking the GW-related exposure to multi-symptomatic health 

outcomes remains unclear.  

 

Glutamatergic system 

Glutamate is the most abundant excitatory neurotransmitter in the central nervous system (CNS). It is 

released by nerve cells and is responsible for sending signals between nerve cells. A typical glutamate 

transmission contains three steps. The first step is glutamate release through vesicular glutamate transporters 

(vGLUT1-3), which function to package glutamate for exocytotic release. The second step is receptor signaling 

through glutamate receptors. There are two different types of glutamate receptors in the CNS: ionotropic 

glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). The iGluRs mediate the 

majority of excitatory synaptic transmission and include N-methyl-D-aspartate (NMDA) receptor, α-amino-3 

hydroxy- 5-methyl-4-isoxazolepropionic acid (AMPA) receptor, and kainate receptor. The mGluRs participate in 

the modulation of excitatory synaptic transmission and are subclassified into three groups6. Group I receptors 

include mGluR1 and mGluR5, which postsynaptically facilitate NMDA receptor activity and increase synaptic 

plasticity. Group II receptors include mGluR2 and mGluR3. Group III receptors include mGluR4, mGluR6, 

mGluR7, and mGluR8. Both Group II and Group III receptors presynaptically inhibit glutamate release and 

decrease neuronal excitability7. The third step is glutamate uptake through plasma membrane excitatory 

amino-acid transporters (EAAT1-5), which are mainly located at glial cell processes and are responsible for 

clearing glutamate in the synaptic cleft. Under normal conditions, glutamate plays an important role in 

regulating emotional and cognitive function. However, when glutamate accumulates in the brain, excess 

glutamate activates glutamate receptors, and exerts structural and functional effects, including axonal 

degeneration, dendritic remodeling, elimination of synapses, and possibly volumetric reductions8-11. These 
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effects have been cumulatively termed glutamate excitotoxicity. Chronic glutamate mediated toxicity has been 

implicated in many neurological disorders.  

 

Glutamatergic dysfunction and GWI 

Substantial evidence indicates that GW-related agents and traumatic stress (GW-related exposures) 

affect glutamate transmission in the brain. Pyridostigmine bromide (PB), pesticides, and sarin are 

organophosphate or carbamate acetylcholinesterase inhibitors12,13. In normal situations, they cannot pass the 

blood-brain barrier. However, under stress conditions, these agents can enter the brain and inhibit 

acetylcholinesterase activity, leading to elevated acetylcholine levels, which results in increased spontaneous 

glutamate release via overactivation of muscarinic receptors located on presynaptic terminals14,15. Moreover, 

accumulating evidence indicates that stress increases the readily releasable pool of glutamate vesicles, and 

further results in increased glutamate release in the brain16-18. In our previous study, we observed elevated 

glutamate levels in the hippocampi of mice subjected to GW-related exposures; a similar result was also 

reported in a rat model of GWI19,20. Elevated glutamate could lead to excitotoxic damage and synaptic 

dysfunction21. Studies have demonstrated that exposure to an organophosphate pesticide, individually or 

together with other GW agents, results in hippocampal synaptic integrity impairment22,23. Additionally, stress 

has been reported to result in losses of dendrites and their synapses, resulting in decreased hippocampal grey 

matter volume24. Decreased thickness of hippocampal CA3 and CA1 has been reported in a rat model of 

GWI25, which is consistent with GWI veterans26-28. Taken together, current literature suggests that the 

abnormal glutamate transmission caused by chronic GW-related exposures may lead to structural and 

functional alterations in the brain, and consequently result in the development of GWI symptoms. In the 

following section, we discuss the potential roles of glutamatergic system dysfunction in different symptoms of 

GWI. A summary diagram is shown in Fig. 1.  

 

Targeting glutamatergic system as a potential therapy for GWI 

Mood problems 

Epidemiological studies have demonstrated a prevalence of 15%-35% for anxiety or depression in GWI 

veterans5,29. This could result from the brain structure alteration. By structural magnetic resonance imaging 

(MRI) scans, Zhang et al. found that GWI veterans exhibited significant brainstem atrophy; the resulting 

atrophy (especially of midbrain volume) could in turn mediate or moderate symptoms shown in GWI veterans, 

such as depression30. Interestingly, decreased volume of hippocampus, which is commonly reported in 

patients with MDD, has also been observed in GWI veterans26-28,31,32.  

GW-related exposures increase the glutamate levels and trigger anxiety and depression in the animal 

models33-36. Abdullah et al. and Carreras et al. reported that rodent model of GWI exhibited significant anxiety 

and depression phenotype at three-months post-exposure33,34. These symptoms are often accompanied by 

increased glutamate levels, impaired synaptic integrity, reduced neurogenesis, damaged neuronal 
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differentiation, and partial neuron loss33-36. In our previous study, we observed that GWI mice exhibited 

significant anxiety and depression at both three- and six- months post-exposure, concomitant with higher 

glutamate levels and impaired structure and function of tripartite glutamatergic synapses. Importantly, 

normalizing the glutamate level by LDN/OSU-215111, a pyridazine derivative that can strengthen the structure 

and function of tripartite synapses37, restored the glutamatergic synapses and significantly reduced the anxiety 

and depression symptoms19. The tripartite glutamatergic synapses, comprising a presynaptic terminal, a 

postsynaptic spine, and an astrocytic process, play a critical role in glutamate transmission37. Furthermore, in a 

recent clinic trial, Brandley et al. demonstrated that one-month of low glutamate diet was sufficient to reduce 

anxiety and depression in GWI veterans38. These studies suggest that targeting glutamatergic system 

abnormalities may play an anxiolytic and antidepressant role in GWI. 

Both pre-clinical and clinical studies have demonstrated that normalizing glutamatergic dysfunction 

ameliorated anxiety or depression symptoms in different psychiatric disorders. Riluzole, which is thought to 

block glutamate release, significantly reduced anxiety symptoms in patients with generalized anxiety disorder 

and obsessive-compulsive disorder (OCD)39,40. Riluzole also exhibits antidepressant effect in MDD41. Currently, 

increasing interests have been put on drugs that block the NMDAR activity, of which ketamine has received the 

most attention. Ketamine is an NMDAR antagonist, which was originally approved by the FDA as an anesthetic. 

However, it is increasingly being used as a treatment for anxiety and depression symptoms in different 

psychiatric disorders. Glue et al. reported that ketamine reduced the anxiety in patients with refractory anxiety 

disorder within an hour of dosing, and this effect persisted for up to 7 days42. It also improves depression 

scores in patients with anxious bipolar depression43. The mechanism underlying ketamine-induced anxiolytic 

and antidepressant effect is not only inhibition of NMDAR activity, but also enhanced function of AMPAR44. 

Enhancement of AMPAR function has been considered as a novel strategy for antidepressant-like effects45. 

Besides the ionotropic glutamate receptors NMDAR and AMPAR, alteration of metabotropic glutamate 

receptors has also reported in anxiety or depression disorders. Feyissa et al. showed a significantly elevated 

mGluR2/3 level in the prefrontal cortex of patients with MDD, which is believed to modulate glutamatergic 

neurotransmission by sensing glutamate spillover and regulating transmitter release46. Blockade of mGluR2/3 

with antagonists exerted antidepressant and anxiolytic effects in different rodent models47-49. Anxiolytic or 

antidepressant-like effects have also been reported with group I mGluRs antagonists50,51. Similar effects have 

been observed with group III mGluRs antagonist CPPG52. In addition, drugs that enhance glutamate uptake via 

increasing EAAT2 expression, such as ceftriaxone and LDN/OSU-215111, have also been demonstrated to 

significantly reduce anxiety and depression symptoms in different models19,53-55. Overall, these studies suggest 

that targeting glutamatergic system dysfunction could be an effective approach to treat anxiety and depression 

symptoms in GWI.  
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Cognitive impairment 

Epidemiological studies revealed that 25-40% of GWI veterans experienced cognitive impairment5,29. 

The symptoms vary within individuals, and the most frequently reported include forgetfulness, difficulties with 

short- and long-term memory, and difficulties with thinking/reasoning problems3. This cognitive impairment 

could be an outcome of brain structure alteration. MRI studies have revealed changes in the structure or 

function of specific brain regions that are associated with cognition in GWI veterans. Chao et al. reported a 

positive correlation between total white matter volume and executive function and visuospatial abilities, which 

decreased in GWI veterans exposed to sarin/cyclosarin56. Later, they identified a significant reduction of total 

gray and white matter volumes in veterans exposed to sarin/cyclosarin, which is positively related to 

distractibility57. In addition, Odegard et al. reported a decreased amount of activation in the left hippocampus in 

GWI veterans, which is related to decreased memory performance31. Significant differences in prefrontal cortex 

activity were also recorded in GWI veterans during a working memory task, indicating allocation of high 

demand to working memory loads58. Recently, Zhang et al. also identified a strong correlation between 

brainstem atrophy and memory impairment in GWI veterans30.  

Cognitive difficulties have also been observed in animal models of GWI. In our previous study, we 

found that GWI mice exhibited recognition and spatial memory deficits. These deficits occurred at three-

months post-exposure and worsened at six-months post-exposure, which is consistent with GWI veterans, as 

cognition declined with time19. Zakirova et al. and Parihar et al. reported similar results in different rodent 

models35,36,59. Interestingly, Abdel-Rahman et al. reported that GW-related exposures significantly decrease the 

thickness of hippocampus in rats25. Smaller total hippocampal volume was also found in GWI veterans26. 

Dysfunction of glutamate transmission is considered as one of the contributors to cognitive deficits. 

Researchers have demonstrated that insufficient glutamate release leads to cognition impairment. Knockout of 

vGLUT1 in mice leads to reduced long-term memory, impaired visual attention, and reduction of the dynamic 

range of short-term plasticity60,61. Blockade of glutamate receptor activity could also contribute to cognition 

impairment. Ketamine, an NMDA receptor antagonists, produced decrements in free recall, recognition 

memory, and attention in healthy volunteers62. Similar results have also been observed in animal models. 

Stefani et al. reported that systemic administration of MK-801, another NMDA receptor antagonist, impaired 

set-shifting ability in rats63. In the same study mentioned above, we observed that GW-related exposures also 

significantly impaired the recognition and spatial memory, accompanied by abnormal glutamatergic 

transmission. Importantly, restoring the glutamate transmission by LDN/OSU-215111 significantly normalized 

the cognitive deficits19. In a clinical trial, Kirkland et al. reported that after one-month of low glutamate diet, 

several cognitive domains, including neurocognitive function, executive functioning, cognitive flexibility, motor 

speed, processing speed, and psychomotor speed, were significantly improved in GWI veterans64. These 

studies strongly indicate a critical role of the glutamatergic system in cognitive functions. 

Positive modulation of glutamate transmission has been proven as a strategy for treating cognitive 

dysfunction. Levin et al. reported that oral administration of D-serine, an NMDAR-glycine site obligatory co-
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agonist, significantly improved the attention, vigilance, and ability to remember information in healthy subjects65. 

NMDAR participate in dendritic synaptic integration and are critical for generating persistent activity of neural 

assemblies66, while AMPAR mediate fast excitatory neurotransmission and are selectively recruited during 

activity-dependent plasticity to increase synaptic strength67. In a rat model of perinatal stress, Fletcherah et al. 

showed that S 47445, a positive modulator of AMPAR, significantly improved social memory, concomitant with 

increased depolarization-evoked glutamate release and trafficking of synaptic vesicles68. Studies have also 

demonstrated an important role of mGluR modulators in restoring cognitive function. Nikiforuk et al. reported 

that a positive allosteric modulator of group II metabotropic glutamate receptors, LY487379, increased 

cognitive flexibility and impulsive-like responses in rats69. While a negative allosteric modulator of mGluR3 

reversed the positive effects of the mGluR2/3 orthosteric agonist LY379268 on synaptic plasticity and learning 

abilities, suggesting an important role of mGluR3 in cognitive function70. In addition, Horio et al. demonstrated 

that a 14-day administration of CDPPB (3-cyano-N‐(1,3‐diphenyl‐1H‐pyrazol‐5‐yl) benzamide), a positive 

allosteric modulator of mGluR5, restored the cognitive deficits71. Furthermore, drugs that increase glutamate 

uptake, such as ceftriaxone and LDN/OSU-215111, have also been reported to significantly normalize the 

cognitive deficits in different models19,72-75. Taken together, these studies suggest that enhancing glutamate 

transmission could be an effective approach to treating cognitive deficits in GWI. 

 

Muscle and joint pain 

Widespread chronic pain is the most prevalent symptom reported in GWI veterans, in which muscle 

pain and joint pain are often reported76,77. Alteration of brain activity may contribute to the pain in GWI. Rayhan 

et al. reported that increased brain white matter axial diffusivity in the right inferior fronto-occipital fasciculus 

positively correlated to the pain in GWI78. In addition, Riper et al. has demonstrated that the cerebral white 

matter structure is disrupted in GWI veterans with chronic musculoskeletal pain79. Furthermore, Lindheimer et 

al. demonstrated that GWI veterans with chronic musculoskeletal pain are more sensitive to pain anticipation, 

as they observed that these subjects displayed a significant incremental linear decrease in the middle temporal 

gyrus under pain stimuli condition80.  

GW-related exposures induce long-lasting musculoskeletal pain in animal models77,81. Lacagnina et al. 

reported that rat subjected to GW-agent and a 7-day of corticosterone (to mimic high physiological stress) 

developed long-lasting, bilateral allodynia81. Nutter et al. reported a delay of pain symptom in rats subjected to 

GW-agents, and these symptoms worsen with increased time or intensity of exposure77. They observed that 4-

8 weeks of GW-agents treatment did not produce consistent delayed pain syndrome similar to the pain in GWI 

veterans82,83. However, rats exposed to intensified GW-agents for 30 days exhibited significant increases in 

resting at 8 weeks post-exposure, indicating more severe pain symptoms. In addition, much more severe pain 

phenotype has been observed in rat exposed to GW-agents for 60 days77.  

Glutamate may be involved in pain from the following two aspects: i) glutamate plays a leading role in 

neurotransmission, which could transduce the pain from the periphery to the brain; ii) glutamate is involved in 
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central sensitization, reducing the threshold for pain sensitivity. In a recent clinic study from Holton et al., the 

author has demonstrated that one-month of a low glutamate diet is sufficient to reduce pain in GWI veterans84. 

Pain is a common symptom shared by GWI, fibromyalgia, and chronic tendon pain, in which increased brain 

glutamate level have been reported85-87. Thus, normalizing the glutamate transmission may be an attractive 

target for reducing pain in GWI veterans. Ketamine, as mentioned above, was originally approved by the FDA 

as an anesthetic. Ketamine has both acute and prolonged effects on chronic neuropathic pain syndromes. A 

single administration of ketamine can rapidly (5-10 minutes) and transiently (2-3 hours) reduce ongoing pain of 

neuropathic origin, as well as symptoms of allodynia and hyperalgesia88. Therapy combining ketamine and 

opioids helps to control pain without the risk of opioid-induced high blood pressure89, suggesting an effective 

and safe role of inhibiting glutamate transmission in pain relief. Besides blockade of NMDAR activity with 

ketamine, microinjection of AMPA receptor inhibitors has also been reported to reduce visceral and 

spontaneous pain behaviors in a mouse model of chronic visceral pain90. In addition, growing evidence has 

suggested an important role of mGluRs in pain modulation. Studies have concluded that activation of group I 

mGluRs induces hyperalgesic effects, while activation of group II and III mGluRs induces analgesic effects in 

chronic pain91. Kolber et al. reported that pharmacological activation of group I mGluRs with DHPG in the 

amygdala of mice is sufficient to induce peripheral hypersensitivity, while pharmacological blockade or genetic 

disruption of mGluR5 reduced the peripheral hypersensitivity, suggesting that activation of mGluR5 in the 

amygdala facilitates the pain-like behavior92. Activation of mGluR5 also contributes to increased 

hypersensitivity, a feature underlying pain pathology93-95. Contrastingly, activation of mGluR2/3 decreased 

nociceptive behavior in an acute model of pain, in a dose-dependent manner, and the effect was blocked by a 

group II antagonist96. Interestingly, N-acetyl-cysteine, a supplement that enhances the endogenous activation 

of group II mGluRs, inhibits nociceptive transmission in humans97. Peripheral group III mGluRs are also 

involved in the regulation of hyperalgesia. Genetic deletion of mGluR4 in mice increased the sensitivity to 

noxious mechanical stimuli and accelerated the onset of the nociceptive behavior98. While activation of 

mGluR4 by its agonist AMN082 inhibited inflammatory pain-induced and incision-induced hypersensitivity in 

rat99. More studies have reported to support the role of group III mGluRs in pain. Administration of the group III 

mGluRs agonist in the knee joint is able to reduce hyperalgesia in an arthritic pain model100, and intrathecal 

injection of group III mGluRs agonist dose-dependently inhibited nociceptive behavior of different animal 

models of inflammatory or neuropathic pain. Importantly, the anti-hyperalgesia effect was blocked by either a 

nonselective antagonist of mGluRs or a selective group III antagonist101. Moreover, upregulation of EAAT2 

level by ceftriaxone has also been demonstrated to alleviate the pain in several rodent models102-104. These 

studies support that normalizing the glutamatergic transmission could be an effective approach to control pain 

in GWI. 

 

Migraine and headache 
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Migraine and headache are prominent features of GWI symptomatology; a majority of GWI subjects 

report suffering from migraines105. One study demonstrated a positive correlation between headache 

symptoms and durations of service in the Persian Gulf War region106. Differing from typical headache, migraine 

is a medical condition that involves severe and recurring headaches, usually triggered by sensory stimuli, such 

as odors, visual stimuli, and sounds. Sensory hypersensitivity is one of the critical contributors to migraine107. 

Currently, no study has been conducted relating functional or structural alterations in the brain to migraine or 

headache symptoms in GWI veterans. However, many studies have investigated the mechanisms for migraine 

and headache development, independently of GWI.  

Again, sensory hypersensitivity could be one main contributor to migraine, as headache attacks are 

usually triggered by sensory stimuli107. This sensory hypersensitivity, also known as central sensitization, 

involves increased sensitivity even to normal stimuli due to greater function of nociceptive circuitry as well as 

reduced inhibition108. Enhanced glutamatergic activity could contribute to this hypersensitivity. Zielman et al. 

directly investigated glutamatergic activity in visual cortices and found higher glutamate levels in patients who 

suffered from migraine (without aura)109. Similarly, Zukerman et al. measured cerebrospinal fluid glutamate 

levels in chronic migraine and concluded that headache intensity positively correlated with glutamate levels110. 

Elevated blood levels of glutamate have also been recorded in migraine patients111. Furthermore, Hansen et al. 

reported that oral administration of monosodium glutamate significantly increased headache and pericranial 

muscle tenderness in healthy volunteers112.  

Animal models of migraine also implicate glutamatergic mechanisms in migraine development. 

Nitroglycerin is commonly used to generate animal model of migraine. Nagy-Grócz and colleagues reported 

that in rat injected with nitroglycerin, l-kynurenine hydrolase (KYNU) and l-kynurenine 3-monooxygenase (KMO) 

were significantly decreased. Down-regulation of KYNU and KMO leads to decreased kynurenic acid, which is 

an endogenous glutamate receptor antagonist. Decreased kynurenic acid potentially contributes to an increase 

in glutamatergic function through hyperactivation of NMDA receptors, suggesting a pathogenic role of 

glutamate in migraine113. 

Importantly, downregulation of plasma glutamate levels has been reported following effective migraine 

preventive therapies114, and treatments that target the glutamatergic system have effectively reduced migraine 

or headache symptoms in patients with various disorders. For example, memantine, an NMDA receptor 

antagonist, has significantly reduced headache frequency in patients with migraine115,116. Several studies have 

demonstrated that ketamine, another NMDA receptor antagonist, has a beneficial effect in patients with 

headache117,118. Furthermore, topiramate, a kainate receptor antagonist, significantly reduced the frequency of 

headache in patients with migraine119-121. Migraine and headache may have a similar pathway to pain in GWI 

veterans: they share positive correlations with glutamate levels, hypersensitivity, and disrupted white matter 

intensity. Meanwhile, most of the treatments (for example, ketamine) that are beneficial for pain can also 

reduce migraine and headache symptoms. It is well established that group I mGluRs are predominantly 

pronociceptive, while groups II and III mGluRs are antinociceptive91. In a clinical trial with a negative allosteric 
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modulator of mGluR5, ADX10059, the author reported that treatment significantly and dose-dependently 

attenuated dural vasodilator responses to meningeal stimulation in subjects affected by episodic migraine, 

suggesting that inhibition of mGluR5 activity may be an effective strategy in the treatment of migraine122. 

Considering the relationship between increased glutamate function and migraine/headache symptoms, as well 

as the effectiveness of different glutamate receptor antagonists in providing preventive or therapeutic effects in 

migraine/headache patients, it is plausible to propose that targeting glutamatergic deficits could help to reduce 

migraine/headache symptoms in GWI. 

 

Chronic fatigue 

Chronic fatigue is one of the primary symptoms of GWI; a majority of GWI veterans report suffering 

from moderate to severe fatigue123. The fatigue symptoms of GWI significantly overlap with the symptoms of 

CFS, with over half of GWI veterans also meeting the criteria for CFS124. One possible explanation for this 

fatigue (which may be related to glutamatergic dyshomeostasis) could be mitochondrial dysfunction. 

Mitochondria play a vital role in various metabolic processes and in ATP production, so it is plausible that 

impairment of their function could lead to fatigue. Studies on the subject have reported results indicating 

mitochondrial dysfunction in GWI veterans125,126. The link between glutamatergic dysfunction and mitochondrial 

impairment could be mediated by oxidative stress and/or excessive calcium influx in neurons. Human studies 

have shown glutamate excitotoxicity tends to induce oxidative stress127,128. Oxidative stress, in turn, can cause 

damage to mitochondria and mitochondrial DNA129,130. Excessive calcium influx could also contribute to 

mitochondrial impairment. Excessive glutamatergic activation of ionotropic receptors can lead to significant 

influx of calcium. This calcium, in turn, can be sequestered by the mitochondria, and in excess can contribute 

to mitochondrial death perhaps through collapse of mitochondrial membrane potential. Furthermore, excess 

Na+ can also enter the cell during hyperactivation of glutamate ionotropic receptors, which places a high 

demand on Na+/K+-ATPase activity. These pumps consume cellular ATP rapidly, eventually resulting in 

depletion of ATP. Accumulated intracellular Na+ alters the osmotic movement of water, consequently leading to 

microtubule depolymerization and mitochondrial collapse131.  

Fatigue has also been found in animal models of GWI19. In our previously mentioned GWI mouse 

model, we observed that glutamate levels were significantly raised in the hippocampus, while ATP levels were 

significantly reduced in sub-cortex and muscle tissue. The observed decrease in ATP levels could be a major 

contributing factor to the central fatigue that is reported in GW veterans, and could further lead to muscle 

weakness19. Furthermore, Li et al. demonstrated that rats subjected to a fatigue-loading procedure exhibited 

significantly higher glutamate levels in the whole brain; this suggests that glutamate may play an important role 

in fatigue development132. Shetty et al. reported that GW-related exposures leads to mitochondrial impairment 

in a rat model of GWI, accompanied by increased inflammation133. It is possible that the mitochondrial 

dysfunction and decreased ATP levels in GWI models may result from excess glutamate in the brain, by either 

of the mechanisms mentioned above (oxidative stress or calcium influx).  
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Further evidencing the potential role of glutamatergic system dysfunction in fatigue pathophysiology are 

treatments which target this system. In a study mentioned above, low glutamate diet significantly decreased 

fatigue symptoms in GW veterans84. Additionally, amantadine, a low-affinity NMDA antagonist, has proven to 

be an effective treatment for fatigue in multiple sclerosis134,135. Furthermore, in a GWI mouse model mentioned 

above, we found that LDN/OSU-215111 not only decreased glutamate levels in the hippocampal CA1 region, 

but also reduced fatigue and restored the ATP levels, suggesting that targeting the glutamatergic system 

provides an effective means to reducing fatigue symptoms in GWI via restoring the ATP level19. Increased 

levels of glutamate and decreased levels of glutamate transporter EAAT2 could directly contribute to the 

development of fatigue. In rats subjected to exercise-induced fatigue, the author reported a significant 

downregulation of EAAT2 level. Functional inhibition of EAAT2 activity led to a decrease in exercise endurance 

and an increase in extracellular glutamate concentration136. Considering the above studies together suggests a 

potential glutamatergic mechanism for fatigue in GWI, which could also be targeted for therapeutic benefits. 

 

Gastrointestinal complaints  

Around 25% of GWI veterans experienced persistent, chronic gastrointestinal (GI) symptoms137. The 

majority of complaints include diarrhea and abdominal pain, which are commonly reported in IBS5,138. GWI 

veterans with chronic GI symptoms endured significantly more chemical weapons exposure during the war and 

reported significantly greater chronic pain, fatigue, and sleep difficulties139. They also reported a higher visceral, 

cutaneous, and somatic hypersensitivity, as studies have demonstrated significantly higher abdominal pain 

ratings and decreased thresholds to different unpleasant stimuli137,140. The GI problem can be affected by brain 

structure alteration. Zhang et al. has demonstrated a strong correlation between medullar atrophy and 

increased abdominal pain by MRI30. Decreased size of the brain stem has also been observed in patients with 

IBS141.  

In a mouse model of GWI, Hernandez et al. reported that exposure to PB alters gut function by 

disrupting the neural and immune systems of the intestine, as they observed that PB caused alterations to 

colonic motility and structure, accompanied by major shifts in the expression of proinflammatory cytokines and 

chemokines in the colon and brain142. Similarly, Alhasson et al. reported that GW-agents caused significant 

neuroinflammation and intestinal dysbiosis in the gut of mice, accompanied by upregulation of toll like receptor 

4 (TLR4) and claudin-2, and reduction of occludin143. TLR4 belongs to the pattern recognition receptor family, 

and activates the innate immune system144. Claudin-2 is a mediator of a leaky gut barrier during intestinal 

inflammation145; and occludin is a tight junction protein146. All these observations suggest that the GWI model 

exhibits intestinal hyperpermeability.  

A positive correlation has been found between intestinal hyperpermeability and abdominal pain147. 

Interestingly, studies have demonstrated that glutamate and glutamine play an important role in intestinal 

hyperpermeability. One study has demonstrated that glutamate reduces intestinal hyperpermeability in cell 

cultures and facilitates glutamine support of gut integrity148. Similar to glutamate, depletion of glutamine also 
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results in villus atrophy, decreased expression of tight junction proteins and increased intestinal permeability, 

and glutamine supplementation can improve gut barrier function149. In addition, reduced hippocampal 

glutamate-glutamine levels have also been reported in IBS patients, suggesting that abnormal glutamatergic 

neurotransmission may contribute to GI problems150.  

As mentioned above, visceral hypersensitivity is another symptom in functional GI disorders102,105. In a 

chronic visceral hypersensitivity rat model, Su et al. reported that microinjection of different doses of glutamate 

into the paraventricular nucleus reduced the visceral sensitivity in a dose-dependent manner151. Similar results 

were also reported by injection of glutamate into the cerebellum fastigial nucleus152. Furthermore, in a stress-

induced visceral hypersensitivity rat model, Gosselin et al. reported that riluzole significantly counteracted the 

stress-induced visceral hypersensitivity, without affecting visceral response in control rats153. Accumulating 

evidence has suggested an important role of mGluRs in hypersensitivity regulation. Administration of AMN082, 

a mGluR7 agonist, significantly attenuated the colorectal distension‐induced visceral hypersensitivity in 

neonatal maternal separation rats, accompanied by reduced the abnormal immune cytokine response154, which 

was frequently reported in GWI rodents model with GI problems142,143. mGluR5 has been implicated in 

regulating intestinal inflammation, visceral pain and the epithelial barrier function in the intestine; the underlying 

mechanism could be that mGluR5 enhances the interaction between TLR4 and NMDAR subunit 1 (GluN1), 

which initiates the inflammatory process, and this effect can be reversed by mGluR5 antagonist, MTEP143,155. 

Interestingly, increasing the expression of the glutamate transporter EAAT2 inhibits the visceral 

hypersensitivity, as observed from a EAAT2-overexpression transgenic mouse156. These results strongly 

support that target glutamatergic dysfunction may be beneficial for addressing GI problems in GWI. 

 

Conclusions 

To our knowledge, this is the first review to focus on understanding the potential contributors that 

linking the initial wartime exposures to different aspects of symptoms that are observed in GWI veterans. 

Previous reviews of GWI, which were mainly focused on summarizing the initial causes, the population 

structure of GWI veterans, or the health outcome of GWI veterans couple decades after deployment, fail to 

explain the potential contributors that lead to the symptoms of GWI. In this review, by breaking down the multi-

symptoms into individual symptom, it becomes clear that glutamatergic dysfunction is involved in GWI.  

Many symptoms of GWI are shared with other disorders, such as anxiety in anxiety disorder, 

depression in MDD, pain in fibromyalgia, migraine/headache in patients with migraine/headache, fatigue in 

CFS, and GI problems in IBS, in which glutamatergic dysfunction have been extensively reported39,46,85,110,132,150. 

Overall, increased glutamate level or impaired glutamatergic transmission are commonly reported in patients of 

GWI or related disorders. Increased glutamate level is frequently reported in patients with anxiety, depression, 

migraine/headache, and pain. Elevated glutamate activates glutamate receptors and leads to neuro-

excitotoxicity. And impaired glutamatergic transmission is frequently reported in patients with cognition 

impairment, fatigue, and GI problems, the impaired transmission could be an outcome of neuro-excitotoxicity. 
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In conclusion, glutamatergic system dysfunction is an important contributor to the symptoms of GWI, and 

normalization of the glutamatergic system is a fruitful therapeutic approach for the veterans who are suffering 

from GWI.  
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