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/Abstract

pathology and a potential therapeutic target.

By its nature, Gulf war illness (GWI) is multi-symptomatic and affects several organ systems in the body. Along with
other symptoms, veterans who suffer from GWI commonly report chronic gastrointestinal issues such as constipation,
pain, indigestion, etc. However, until recently, most attention has been focused on neurological disturbances such
as cognitive impairments, chronic fatigue, and chronic pain among affected veterans. With such high prevalence of
gastrointestinal problems among Gulf war (GW) veterans, it is surprising that there is little research to investigate
the mechanisms behind these issues. This review summarizes all the available works on the mechanisms behind
gastrointestinal problems in GWI that have been published to date in various databases. Generally, these studies,
which were done in rodent models, in vitro and human cohorts propose that an altered microbiome, a reactive enteric
nervous system or a leaky gut among other possible mechanisms are the major drivers of gastrointestinal problems
reported in GWI This review aims to draw attention to the gastrointestinal tract as an important player in GWI disease
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Background studies, between 14%-25% of GW veterans report from GI

Gastrointestinal (GI) problems are a commonly reported
issue among veterans who return from different wars. These
problems developed during or shortly after the wars and persist
to date, in a significant number of veterans. The most common
GI issues reported include diarrhea, dyspepsia, heartburn,
noncardiac chest pain, functional gastrointestinal disorders,
constipation, etc. and they have been summarized in several
reviews[1,2]. The exact causes of these issues are difficult
to pinpoint, but Wang et al.[1] argues that they developed
most likely due to unsanitary conditions, the diet, stress,
psychological issues and some chemical exposures before the
war or in the war theatre.

Among veterans who returned from the Persian Gulf war
(GW) of 1990-1991, GI problems are highly prevalent and
occur concurrently with several of the other symptoms that
the veterans present[2,3]. Interestingly, although GI issues
are common among veterans from different wars, they seem
to occur at a higher frequency among GW veterans and they
continue to persist many years after the war[4]. Literature
does not agree on the exact numbers of GW veterans who

are affected by GI problems. However, from different cohort
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disturbances[3,5-8].

With this high prevalence of GI problems among GW
veterans, it is surprising that little attention has been focused on
understanding the nature and mechanisms driving these issues.
So far, most attention has been focused on neurological disease
mechanisms in Gulf war illness (GWI)[9-14]. However, the
past decade has seen an emerging interest in scientific studies
which investigate the physiological and molecular mechanisms
underlying GI problems in GWI. Most of these studies are
now focusing on a gut-brain axis as opposed to merely looking
at the brain alone in order to explain the pathology of these
conditions[15-17].

This review summarizes the only studies that have been
published to date, which provide detailed mechanistic pointers
to explain GI problems observed among GW veterans. In
summary, these studies propose three mechanisms to explain
the source of inflammation observed in GWI sufterers. They
suggest that an altered microbiome, compromised gut integrity
and a dysfunctional enteric nervous system which resulted
from chemical exposures and war stress are the major drivers of
the persistent GI inflammation observed in GWI. The studies
were done using rodent models, in vitro assays and by studying

various human GW veteran cohorts.
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An altered microbiome as a source of immunogenic
particles

The gut microbiome is a population of bacteria, viruses,
fungi, protozoans, etc. that exist naturally along the gut, from
the mouth to the anus[18-20]. The role of these organisms
has only recently been appreciated as critical to the optimal
functioning and wellbeing of their host[21]. In several diseases
and disorders such as autism, Parkinson’s, Alzheimer’s,
diabetes, irritable bowel syndrome, etc. an altered microbiome
has been found to be an important contributor to their
pathology. In Crohn’s disease, for example, Henke et al.[22]
found and characterized an inflammatory polysaccharide
which is produced by the gut bacteria Rumminococcus gnavus,
which have been observed to proliferate during flares of
patients with Crohn’s disease. This polysaccharide is known to
induce the production of tumor necrosis factor-a (TNF-at),
which contributes to the inflammation observed in Crohn’s
disease. Also, in diabetes it has been consistently found that
there is a decrease in the relative abundance of Firmicutes
and Clostridia and an increased abundance of Bacteriodetes.
This altered Firmicutes: Bacteriodetes ratio correlates with
blood glucose levels in diabetic patients[23,24]. In Parkinson’s
disease (PD), Baldini et al.[25] found a significant change in
8-9 bacterial genera of PD patients compared to the controls
and a correlated increase in certain bacterial metabolites
known to contribute to the development of PD. With such
observations, there is an increasing focus on the microbiome
as a therapeutic target in several disorders[26-29]. Potential
approaches target the microbiome by attempting to restore
it to normal or near normal levels. This can be done through
providing substrates that support restoration of probiotic
bacteria (e.g. butyrate producing bacteria) such as a diet rich in
fiber[30] or supplementation with short chain fatty acids, for
example in the study by Seth ef al.[16]. It can also be achieved
through replacing the microbiome via fecal transplants[31].
Both these approaches have registered promising success in the
treatment of the several disorders.

An altered bacteriome in GWI rodent models

In the study by Alhasson and colleagues, exposure to GW
chemicals was associated with a significant alteration of the
bacteriome of mice treated with pesticides and prophylactic
drugs (to represent GW chemical exposures in the war theatre).
Their study aimed to examine the effects of GW chemical
exposure on the bacteriome as a key pathway to neuro- and
gastro-intestinal inflammation via systemic endotoxemia and
Toll-like receptor pathway activation. They used a murine
model of GWI in which mice were treated with permethrin

(200 mg/kg) and pyridostigmine bromide (2 mg/kg)

three times a week, for one week. This was followed by a daily
dose of corticosterone applied intraperitoneally [100 g/
(mice.day)] for S days. To control for the effect of the gut
bacteriome, they attempted to decontaminate the gut through
the use of broad-spectrum antibiotics, neomycin (45 mg/kg)
and enrofloxacin (1 mg/kg) thrice a week for two weeks[15].

Their studies found that GW chemical exposure resulted
in gut dysbiosis at both phylum and family levels of normal
bacteria flora. GW chemical treated mice had significantly
increased abundance of Firmicutes and Tenericutes over
Bacteriodetes as compared to the vehicle control treated mice.
Further, there was a significant increase in Ruminococcaceae
and other two unclassified families in GW treated mice. They
also reported significant differences in beta diversity of bacteria
in the gut lumen of mice exposed to GW chemicals, and a
significant increase in Shannon diversity of bacteria and 109
significantly different bacterial operational taxonomic units
(OTUs) in these mice compared to controls.

Associated with the changes observed in the bacteriome,
this study also found a loss in gut barrier integrity. They saw
a decrease in tight junction proteins claudin 2 and increase in
occludin expression in the small intestine, which correlated
with increased serum endotoxin levels in mice treated with
GW chemicals compared to controls. And finally, they reported
an increase in Toll-like receptor 4 (TLR4) mediated oxidative
stress and inflammation in GW chemical treated mice.

Their results generally propose that exposure of GW troops
to pesticides and prophylactic drugs such as pyridostigmine
bromide coupled with war stress could have resulted in an
alteration of their microbiome. This caused inflammation and
systemic endotoxemia due to a leaky gut. These endotoxins in
the blood then reach peripheral organs such as brain, liver, etc.
contributing to the multi-symptomatic nature of the disease.

Further, the same group provided evidence that these
microbiome alterations actually persist long after GW chemical
exposures were stopped[32]. The study by Kimono et al.[32]
reported that microbiome alterations and increased levels of
immuno-stimulatory particles such as high mobility group box 1
(HMGB1) and low systemic endotoxemia persisted in mice
treated with GW chemicals compared to those treated with
vehicle controls 20 weeks after GW chemical exposures were
stopped. Although the study did not conclusively prove that
the altered microbiome was the major source of these particles,
they performed statistical correlation analyses that showed
a strong correlation between these immuno-stimulatory
particles and the microbiome. However, it would be valuable
to investigate this issue further.

Following these studies, other important questions arise.
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For example, can other factors known to affect microbiome
composition worsen GI and other symptoms of GWI? In
a study by Angoa-Pérez et al.[33], it was reported that the
taxonomic structure of the gut microbiome was not only
altered by exposure to GW chemicals but that these changes
became more significant in mice which were fed on a high
fat diet. This study was motivated by reports that a growing
number of GW veterans are obese[34]. The work also found
that when the mice were returned to a normal chow diet (to
represent a healthy diet), the gut microbiome structure was
restored to near normal levels[33].

Further, another study by Bose et al.[35] supports the
findings that indeed, a high fat diet worsens alterations to the
microbiome in GW chemical exposed mice, and inflammatory
GI pathology. Their study demonstrated that when mice
which had been exposed to GW chemicals [permethrin and
pyridostigmine bromide (PB)] for 2 weeks (to represent the
war phase) were fed on a Western diet for S months after the
exposure to GW chemicals (to represent post war phase), there
was a significant decrease in butyrogenic and other health
preserving bacteria compared to mice which had been fed on
anormal chow diet. This shift in the microbiome composition
toward an “unhealthy” microbiome profile was accompanied
by increased serum proinflammatory cytokine interleukin-6
(IL-6), and inflammation in the distal small intestine marked
by high Claudin 2, IL-6 and interleukin-13 (IL-1P) levels.
The authors highlight that these changes in microbiome and
increase in inflammation are worse in the obese mice compared
to lean mice[35].

In all these studies, the authors acknowledge that their work
had some limitations, for example, they used mice whose gut
had been decontaminated with broadspectrum antibiotics
as a control for the effect of the gut microbiome. However,
it would have been more ideal to use germ-free mice. That
notwithstanding, their work has provided deeper insights into
understanding the pathology of GWI and has resulted into
further research on the gut microbiome in GWI[36-39] and
other war related diseases.

An altered virome in GWI mouse models

Most studies concerning the microbiome focus mostly on
the bacteriome. However, the microbiome is not composed
of only bacteria but several other microorganisms including
fungi, protozoans, and viruses. Viruses and their interactions
with other microorganisms like bacteria have been reported
to impact health[40]. Zuo et al.[41] reported an altered
rectal mucosal virome in patients with ulcerative colitis and
this correlated with intestinal inflammation while Han and

colleagues[42] discovered a link between the gut virome and
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hypertenstion, and this virome signature was distinct between
healthy, pre-hypertensive and hypertensive patients.

In GWI, Seth et al.[43] used an established mouse model
to study the effect of pesticides and pyridostigmine bromide
exposure on the interactions between the gut virome and
bacteriome and associated inflammation. They hypothesized
that the use of antibiotics and antivirals restores the
microbiome community to a healthy state and ameliorates
inflammation in GWI. Their experimental model consisted of
4 groups of mice (n=11); vehicle control, GWI (permethrin
200 mg/kg), PB (2 mg/kg), GWI+AB (permethrin + PB
and antibiotics-enroflaxacin 1 mg/kg and neomycin 45 mg/
kg), GWI (permethrin + PB and broad spectrum antiviral
rivabarin 100 mg/kg). Virome and bacteriome population
dynamics were studied from mouse stools. They found that
indeed there was a significantly altered gut virome in GWI
mice compared to controls. Exposure to GW chemicals
resulted in an increase in virome richness and relative
abundance of double strand DNA bacteriophages including
Myoviridae, Siphoviridae and Caudovirales but a decrease in the
relative abundance of the single strand DNA bacteriophages
Microviridae. When rivabarin was applied, they found that
the enteric viral community was restored to near the control
group. They further suggest that the interactions between the
bacteriophages and their host bacteria significantly drive the
observed inflammatory and neurotoxicity observed in GWIL
Their results show that treatment with rivabarin improves
gastrointestinal barrier integrity loss in GW chemical treated
mice, intestinal and systemic as well as neuroinflammation.
They also showed that these interactions between bacteria and
viruses activate the innate immune system through triggering
Toll-like receptors 7 and 9 (TLR7 and TLR9) proinflammatory
pathways, and a positive correlation between virome diversity
and serum IL-6 levels in GW chemical treated mice.

However, the authors point out that their study is imperfect
due to the lack of a more robust GWI model since pesticides
were applied orally rather than the dermal route and the lack
of germ-free mice to control for microbiome and that their
model only accounts for the acute phase of GWI. That aside,
their study is significant because it shines a light in a previously
unexplored area in GWI, proposing that bacteriophages are
an important player in driving altered microbiome associated
inflammation and immunotoxicity in GWI. They further
suggest the use of antivirals as possible therapies for GWI.
Altered microbiomes in GW veteran cohorts
In a study by Janulewicz et al.[44], a small cohort of veterans
from the Boston consortium was studied for changes in

their microbiome and inflammation. This study reports on
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an altered bacteriome in GW veterans who suffer from GWI
and report GI disturbances. It was carried out on a subset of
veterans from the Boston GWI consortium, who agreed to
participate in a pilot call back study and provide a stool sample.
In total, their sample size was 30 veterans, with 7 controls
(did not go to the GW), S veterans who have GWI but no
gastrointestinal problems (GWI-GI) and 14 GW veterans
with GWI and GI problems (GWI+GI). Participants filled a
questionnaire, provided a stool sample, and a blood sample too.
The stool samples were processed, and bacteriome population
dynamics were analyzed for all groups, while the circulating
proinflammatory cytokines were analyzed from blood serum.

The results of this study reported that there was a significantly
altered microbiome in veterans who present with GWI and
Gl issues compared to controls. And even more interesting,
they report that there is also a significant difference between
veterans with GWI and GI issues, and those with GWI but
no Gl issues. Their work found that there was a significantly
elevated level of the soluble receptor for tumor necrosis factor-
receptor 1 (TNF-R1) in subjects who reported GWI with GI
problems compared to controls or those who do not have any
GI symptoms (P<0.05). Further, they found that there was a
significantly lower bacterial species richness as well as diversity in
controls compared to GW veterans with Gl issues. The GWI+GI
group had a greater abundance of the phyla Bacteroidetes,
Actinobacteria, Euryarchaeota, and Proteobacteria as well as higher
abundance of the families Bacteroidaceae, Erysipelotrichaceae, and
Bifidobacteriaceae when compared to the groups of GW-control
veterans and GWI-GI veterans.

This study is important because it supports the studies
which have been performed in animal models and paves way
for further studies on larger cohorts, and development of
microbiome targeted therapies in GWI. However, the study is
limited mainly because of its small sample size, although the

authors indicate that larger cohort studies are underway.

A Leaky gut as a portal for immuno-stimulatory
particles

Several gastrointestinal conditions are characterized by
intestinal permeability or leaky gut syndrome[45-48]. In
this condition, inflammation results in the loss of gut barrier
integrity and hence a leakage of intestinal luminal contents
into the portal circulation resulting in an inflammatory
response with in the GI tract and in peripheral organs[49]. In
diabetes, for example, the study by Thaiss ef al.[SO] reports
that hyperglycemia drives gut permeability through GLUT-2
alteration of epithelial cells barrier functions. In their

prospective study, Chang et al.[51] found that patients who

had symptomatic inflammatory bowel disease (IBD) also
presented with a leaky gut. While in amylotrophic lateral
sclerosis (ALS), Wu et al.[52] reported that a damaged tight
junction structure i.e., zonula occludens-1 (ZO-1), adherens,
and E-cadherin protein structure and an increased intestinal
permeability were observed in their ALS mouse model.

Among GW veterans, the study by Zhang et al.[8]
reports intestinal hyperpermeability in veterans who report
GI symptoms. The study worked with veterans from The
Cincinnati Veterans Affairs Medical Center (VAMC)
in Cincinnati, OH and the Malcom Randall VAMC in
Gainesville, FL. Veterans underwent a 7-day period of
monitoring their abdominal and bowel movement habits. After
the 7th day, they had a 24-h urine sample collection following
consumption of a mannitol/lactulose solution. Mannitol and
lactulose concentrations were then measured in the urine
samples. This study was carried out in a cohort of 73 male GW
veterans and measured GI permeability by use of the urine
lactulose/mannitol test. They then correlated the results of
these tests with abdominal pain ratings, frequency of bowel
movements and consistency of the bowel movements using
the Bristol Stool scale. They found that 39% of the veterans had
a significantly higher intestinal permeability, higher daily stool
frequency, increased liquid stools, and a higher abdominal
pain rating. The study further found a significant correlation
between intestinal permeability and abdominal pain among
GW veterans who reported GWL

This study provides support to a proposed mechanism of a
leaky gut, which had only been shown in rodent models[15,16].
Further, this study is important because it provides evidence
in humans of a leaky gut syndrome in GWI, and therefore
intestinal barrier loss can be considered as a therapeutic target
for GWI-related GI disturbances. However, their study suffers
some limitations such as recall bias, since it was carried out
over 20 years after the war. Also, most of the subjects who took
part in the study were GW veterans enrolled in only two GW
registries i.e. the GW registries at the Malcom Randall VAMC
and at the Cincinnati VAMC only. It is therefore not clear if
these findings can be applied to all veterans who returned from
the GW, and therefore further studies are needed to support
this study. Finally, it would also be interesting to see if the same
results apply to female veterans of the GW; since this study only

included male subjects.

Enteric nervous system dysfunction as a potentiator
of inflammation

Neurological problems have been widely reported among
veterans who suffer from GWI[2,53,54]. Studies into these
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issues have focused largely on the central nervous system
(CNS) and report several observable and mechanistic
findings[9,12,34,55]. To date, very few studies have looked at
the effect of GW chemical exposures on the enteric nervous
system (ENS). This is surprising considering the number of
veterans who report Gl issues together with neurological issues.
Moreover, it is often found that in neurological disorders,
patients often report debilitating GI disturbances which
significantly add to a poor quality of life[ S6]. Since the enteric
nervous system shares a lot of similarities with the central
nervous system, it is not surprising that in neurodegenerative
disorders such as Alzheimer’s[57] and PD[4,28,58] studies
report similar neurodegenerative pathology in the ENS nerves
as in the CNS of affected patients. This explains the decline in
GI functions which presents symptoms such as constipation,
dysphagia, diarrhea, pain, blotting, etc. reported in patients
with neurodegenerative disease[15,59,60].

In GWI, sufferers generally report both neurological and
several Gl issues including pain, poor GI motility, etc. although
there have been few possible mechanisms to explain these
symptoms. So far, there were only three studies that report
on possible enteric nervous system dysfunction as a major
contributor to GWI pathology.

The study by Zhou et al.[61] reports somatic hyper-
sensitivity in veterans with GWI and with GI symptoms.
This study recruited previously deployed GW veterans who
reported GI symptoms (n=53), veteran controls (n=38)
and veterans who had GWI but not GI issues. In this study,
veterans with GWI and gastrointestinal symptoms reported a
lower pain threshold for the different stimuli tested. Although
they do not directly study the enteric nervous system, the fact
that GWI sufferers have a disconnect in the perception of pain,
which is transmitted along the different nerves GI nerves to
the brain and spinal cord, is a strong pointer to a dysfunctional
enteric nervous system.

In another study, Hernandez et al.[17] used a murine
model of GWI to study the effect of PB on GWI. PB is a
reversible acetylcholinesterase inhibitor prophylactic drug
which was administered to GW veterans while in the war
theatre to protect them from potential exposure to nerve agent
sarin[62,63]. Although not all veterans consumed the drug,
about 250,000 personnel reported having used it at least once
during deployment, since consumption of the drug was to be
as needed or only when ordered.

The authors tested the hypothesis that PB alters gut
function by disrupting the neural and immune systems of the
intestine. They exposed both male and female mice to two

doses of PB (9 and 90 mg/L respectively) through drinking
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water. The mice were then euthanized after 7 or 30 days to
represent short-term and long-term effects of PB exposure on
GW veterans, respectively. They found that PB drove acute
alterations in colonic motility and fecal fluid content in both
male and female mice, in a dose dependent manner. And, the
acute exposure to PB was enough to cause persistent changes
in colonic motility.

They also observed that PB exposure was associated with
significant persistent changes in neurogenic contractions in
male mice, and no significant effect on neurogenic relaxations.
In female mice, they found that that PB exposure was
associated with divergent effects and neurogenic contractions
in the acute model while it increased neurogenic contractions
in their persistence model. These results were suggestive of
altered enteric neuron functioning. The in vivo and ex vivo data
from their study indicate that PB has lasting effects on colonic
contractility and motility that involve differing mechanisms
in female and male mice. They further looked at the effects of
PB on enteric neurons and glia. They found that PB initially
increases the activity of enteric neurons and glia but that its
continued presence in the gut leads to an overall decrease in
sensitization of cellular signaling with in the ENS. They also
found that PB exposure was associated with both acute and
persistent glial reactivity with increased production of nitric
oxide. The mice also showed signs of significant neuronal
degeneration as in the acute model. Interestingly, they found
that female mice did not exhibit changes to glial reactivity or
neuronal density following PB exposure, but instead exhibited
a shift in the proportion of excitatory neurons. They found
that PB exposure mainly resulted in a general decrease in
proinflammatory mediators in the colon, and this effect is
more pronounced in male mice. In the brain, they found that
exposure to PB resulted in disruption to the proinflammatory
cytokines and chemokines of male mice, and that in female
mice these changes occur more slowly.

This study is important because it shows that at least one
chemical exposure in GWI could account for the development
of neuroinflammation in the enteric nervous system with
enteric gliosis and neurodegeneration. It is also an important
study because it reports that these effects are sex dependent.
These findings could lead to advancements in developing novel
therapies for Gl issues in GWL

In another study, Kimono et al.[64] report that redox
imbalances in enteric glia modulate changes in tight junction
protein expression. In this study, the authors used a murine
model of GWI in which they exposed the mice to PB (2mg/kg)
and permethrin (200 mg/kg) and corticosterone (100 pg/kg),

and another group of mice with broad spectrum antibiotics
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(neomycin; 45 mg/kg and enrofloxacin; 1 mg/kg) to
control for the effects of the microbiome. In this study, they
hypothesized that exposure to GW chemicals alters the
microbiome resulting in an increased stool endotoxin levels
and damage associated molecular patterns (DAMPS) such
as HMGB1 which in turn results in glial reactivity and redox
imbalances through activation of toll like receptors and
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase 2 (NOX2) with production of nitric oxide and
inflammation. This continued glial reactivity then modulates
the expression of tight junction proteins; claudin 2, occludin,
Z0O-1 and claudin 1 expression. This study is significant
because it raises several important considerations for further
investigation. For example, the authors propose the use of
TLR4 blockers like Sparstolonin B (SsnB) and short chain fatty
acids such as butyrate as potential therapies to target reactive

glia in GWI pathology.

Conclusion

The last decade has seen great strides towards understanding
the mechanisms behind GWI pathology. This in part is due to
the condition finally being acknowledged as a medical issue
and therefore opening the way for further research and funding
towards advancing our knowledge, and to develop possible
therapies in the next few years. However, even with these
developments, most research effort is still largely focused on
studying central nervous system disorders in GW veterans and
only a few studies currently report on GI issues. These studies
generally show evidence that GI issues in GWI are associated
with an altered microbiome, gastrointestinal permeability
with increased circulating endotoxin levels and finally enteric
nervous system dysfunction.

An altered gut microbiome which is characterized by an
imbalance in bacterial populations results in the increase in
pathogen associated molecular patterns e.g., bacterial parts
which through the activation of toll like receptors causes
oxidative stress and inflammation. This proinflammatory
environment in the gut triggers mechanisms that lead to the
loss of tight junction integrity between epithelial cells, and
poorly functioning water channels. This results in a loss of gut
barrier permeability and a leaky gut, where luminal particles
which usually do not enter the blood circulation can pass
and reach other peripheral organs. The particles may fuel a
chronic inflammatory response in other organs such as in
the brain and the liver[15,16,35,43]. Evidence of a chronic
inflammatory response has been reported in studies on GW
veteran cohorts, where blood samples are taken and analyzed

for biomarkers of inflammation. These studies have reported

dysregulation of immune cells and other inflammatory markers
such as C-reactive protein, Tau proteins, complement proteins,
cytokines and chemokines[13,65-67]. This may in part explain
why patients with GWI report multiorgan disorders whose
causes are difficult to pinpoint. Gut dysbiosis may also result in
enteric nervous system dysfunction through redox imbalances
in enteric nervous system, although this still needs to be
investigated further. It is also noteworthy that GW chemicals
could have been directly toxic to the ENS resulting in chronic
inflammation and poor colonic motility as suggested by the
study by Hernandez et al.[17]. With these mechanisms coming
to light there is hope for specifically targeting the identified

pathways to relieve or reverse the symptoms of GWL

Abbreviations

ALS: Amylotrophic lateral sclerosis; CNS: Central nervous system;
DAMPS: Damage associated molecular patterns; ENS: Enteric nervous
system; Gl: Gastrointestinal; GW: Gulf war; GWI: Gulf war illness;
HMGB1: High mobility globulin box group 1; IBD: Inflammatory
bowel disease; IL-1pB: Interleukin-1{; IL-6: Interleukin-6; NADPH:
Nicotinamide adenine dinucleotide phosphate; NOX2: NADPH oxidase
2; OTUs: Operational taxonomic units; PB: Pyridostigmine bromide;
PD: Parkinson’s disease; SsnB: Sparstolonin B; TLR4: Toll-like receptor
4; TLR7: Toll-like receptor 7; TLR9: Toll-like receptor 9; TNF-a: Tumor
necrosis factor-a; TNF-R1: Tumor necrosis factor-receptor 1; VAMC:
Veterans Affairs Medical Center; ZO-1: Zonula occludens-1.

Acknowledgements

The author gratefully acknowledge the advice and insights of Dr
Saurabh Chatterjee, Pl of the Chatterjee Lab, whose work is supported
(or supported in part) by the Department of Defense and by the
Department of Veterans Affairs, Veterans Health Administration, Office
of Research and Development.

Authors’ contributions

DK wrote the manuscript. The author read and approved the final
manuscript

Funding
Not applicable.

Availability of data and materials

Not applicable.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The author declares that there are no competing interests.

103



Kimono Mil Med Res 2021

http:

//mmrjournal.biomedcentral.com

References

1.

10.

11.

12.

13.

14.

15.

104

Wang WF, Guo XX, Yang YS. Gastrointestinal problems in modern
wars: clinical features and possible mechanisms. Mil Med Res.
2015;2:15.

White RF, Steele L, O'Callaghan JP, Sullivan K, Binns JH, Golomb
BA, et al. Recent research on Gulf War illness and other health
problems in veterans of the 1991 Gulf War: effects of toxicant
exposures during deployment. Cortex. 2016;74:449-75.

Koch TR, Emory TS. Evaluation of chronic gastrointestinal
symptoms following Persian Gulf War exposure. Mil Med.
2005;170(8):696-700.

Dursa EK, Barth SK, Schneiderman Al, Bossarte RM. Physical and
mental health status of Gulf War and Gulf era veterans results
from a large population-based epidemiological study. J Occup
Environ Med. 2016;58(1):41-6.

Fukuda K, Nisenbaum R, Stewart G, Thompson WW, Robin
L, Washko RM, et al. Chronic multisymptom illness affecting
Air Force veterans of the Gulf War. J Am Med Assoc.
1998;280(11):981-8.

Murphy FM, Kang H, Dalager NA, Lee KY, Allen RE, Mather SH, et
al. The health status of Gulf War veterans: lessons learned from
the Department of Veterans Affairs health registry. Mil Med.
1999;164(5):327-31.

Committee on the Development of a Consensus Case Definition
for Chronic Multisymptom Iliness in 1990-1991 Gulf War Veterans;
Board on the Health of Select Populations; Institute of Medicine.
Chronic Multisymptom lliness in Gulf War Veterans: Case
Definitions Reexamined. Washington (DC): National Academies
Press (US); 2014.

Zhang B, Verne ML, Fields JZ, Verne GN, Zhou QQ. Intestinal
hyperpermeability in Gulf War veterans with chronic gastrointestinal
symptomes. J Clin Gastroenterol. 2019;53(7):e298-302.

Madhu LN, Attaluri S, Kodali M, Shuai B, Upadhya R, Gitai D, et
al. Neuroinflammation in Gulf War lliness is linked with HMGB1
and complement activation, which can be discerned from brain-
derived extracellular vesicles in the blood. Brain Behav Immun.
2019;81:430-43.

Miller JV, Lebouf RF, Kelly KA, Michalovicz LT, Ranpara A, Locker
AR, et al. The neuroinflammatory phenotype in a mouse model
of Gulf War illness is unrelated to brain regional levels of
acetylcholine as measured by quantitative HILIC-UPLC-MS/MS.
Toxicol Sci. 2018;165(2):302-13.

Ashbrook DG, Hing B, Michalovicz LT, Kelly KA, Miller JV, de
Vega WC, et al. Epigenetic impacts of stress priming of the
neuroinflammatory response to sarin surrogate in mice: a model
of Gulf War illness. J Neuroinflamm. 2018;15(1):1-15.

van Riper SM, Alexander AL, Koltyn KF, Stegner AJ, Ellingson LD,
Destiche DJ, et al. Cerebral white matter structure is disrupted
in Gulf War Veterans with chronic musculoskeletal pain. Pain.
2017;158(12):2364-75.

James L, Engdahl B, Johnson R, Georgopoulos A. Gulf War
illness and inflammation: association of symptom severity with
C-reactive protein. J Neurol Neuromed. 2019;4(2):15-9.

Joshi U, Evans JE, Joseph R, Emmerich T, Saltiel N, Lungmus C,
et al. Oleoylethanolamide treatment reduces neurobehavioral
deficits and brain pathology in a mouse model of Gulf War lliness.
Sci Rep. 2018;8(1):1-15.

Alhasson F, Das S, Seth R, Dattaroy D, Chandrashekaran V, Ryan
CN, et al. Altered gut microbiome in a mouse model of Gulf War
Iliness causes neuroinflammation and intestinal injury via leaky

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

gut and TLR4 activation. PLoS One. 2017;12(3):e0172914.

Seth RK, Kimono D, Alhasson F, Sarkar S, Albadrani M, Lasley SK,
et al. Increased butyrate priming in the gut stalls microbiome
associatedgastrointestinal inflammation and hepatic metabolic
reprogramming in a mouse model of Gulf War lliness. Toxicol
Appl Pharmacol. 2018;350:64-77.

Hernandez S, Fried DE, Grubisi¢ V, McClain JL, Gulbransen BD.
Gastrointestinal neuroimmune disruption in a mouse model of
Gulf War illness. FASEB J. 2019;33(5):6168-84.

Amon P, Sanderson |. What is the microbiome? Arch Dis Child
Educ Pract Ed. 2017;102(5):258-61.

Ursell LK, Metcalf JL, Parfrey LW, Knight R. Defining the human
microbiome. Nutr Rev. 2012;70(Suppl 1):538-44.

Mohajeri MH, Brummer RJM, Rastall RA, Weersma RK, Harmsen
HJM, Faas M, et al. The role of the microbiome for human
health: from basic science to clinical applications. Eur J Nutr.
2018;57(1):1-14.

Cani PD. Human gut microbiome: hopes, threats and promises.
Gut. 2018;67(9):1716-25.

Henke MT, Kenny DJ, Cassilly CD, Vlamakis H, Xavier RJ, Clardy J.
Ruminococcus gnavus, a member of the human gut microbiome
associated with Crohn’s disease, produces an inflammatory
polysaccharide. Proc Natl Acad Sci U S A.2019;116(26):12672-7.
Graessler J, Qin Y, Zhong H, Zhang J, Licinio J, Wong ML, et al.
Metagenomic sequencing of the human gut microbiome before
and after bariatric surgery in obese patients with type 2 diabetes:
Correlation with inflammatory and metabolic parameters.
Pharmacogenomics J. 2013;13(6):514-22.

Larsen N, Vogensen FK, van den Berg FWJ, Nielsen DS, Andreasen
AS, Pedersen BK, et al. Gut microbiota in human adults with
type 2 diabetes differs from non-diabetic adults. PLoS One.
2010;5(2):e9085.

Baldini F, Hertel J, Sandt E, Thinnes CC, Neuberger-Castillo L,
Pavelka L, et al. Parkinson’s disease-associated alterations of the
gut microbiome predict disease-relevant changes in metabolic
functions. BMC Biol. 2020;18(1):62.

Xu YH, Gao CL, Guo HL, Zhang WQ, Huang W, Tang SS, et
al. Sodium butyrate supplementation ameliorates diabetic
inflammation in db/db mice. J Endocrinol. 2018;238(3):231-44.
Gao Z,Yin J, Zhang J, Ward RE, Martin RJ, Lefevre M, et al. Butyrate
improves insulin sensitivity and increases energy expenditure in
mice. Diabetes. 2009;58(7):1509-17.

Rose S, Bennuri SC, Davis JE, Wynne R, Slattery JC, Tippett M, et al.
Butyrate enhances mitochondrial function during oxidative stress
in cell lines from boys with autism. Transl Psychiatry. 2018;8(1):42.
Di Sabatino A, Morera R, Ciccocioppo R, Cazzola P, Gotti S, Tinozzi
FP, et al. Oral butyrate for mildly to moderately active Crohn'’s
disease. Aliment Pharmacol Ther. 2005;22(9):789-94.

El-Salhy M, Hausken T, Hatlebakk JG. Increasing the dose and/
or repeating faecal microbiota transplantation (FMT) increases
the response in patients with irritable bowel syndrome (IBS).
Nutrients. 2019;11(6):1415.

Reinisch W. Fecal microbiota transplantation in inflammatory
bowel disease. Dig Dis. 2017;35(1-2):123-6.

Kimono D, Bose D, Seth RK, Mondal A, Saha P, Janulewicz P, et
al. Host Akkermansia muciniphila abundance correlates with
Gulf War lllness symptom persistence via NLRP3-mediated
neuroinflammation and decreased brain-derived neurotrophic
factor. Neurosci Insights. 2020;15:2633105520942480.
Angoa-Pérez M, Zagorac B, Francescutti DM, Winters AD,



Kimono Mil Med Res 2021
http://mmrjournal.biomedcentral.com

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Greenberg JM, Ahmad MM, et al. Effects of a high fat diet on gut
microbiome dysbiosis in a mouse model of Gulf War Iliness. Sci
Rep. 2020;10:9529.

Coughlin SS, Kang HK, Mahan CM. Selected health conditions
among overweight, obese, and non-obese veterans of the 1991
Gulf War: results from a survey conducted in 2003-2005. Open
Epidemiol J. 2011;135:140-6.

Bose D, Saha P, Mondal A, Fanelli B, Seth RK, Janulewicz P, et al.
Obesity worsens gulf war illness symptom persistence pathology
by linking altered gut microbiome species to long-term
gastrointestinal, hepatic, and neuronal inflammation in a mouse
model. Nutrients. 2020;12(9):2764.

Keating JA, Shaughnessy C, Baubie K, Kates AE, Putman-Buehler
N, Watson L, et al. Characterising the gut microbiome in veterans
with Gulf War Iliness: a protocol for a longitudinal, prospective
cohort study. BMJ Open. 2019;9(8):e031114.

Bajaj JS, Sharma A, Dudeja PK, Igbal Z, Singh AB, Wilson KT, et
al. Targeting gut microbiome interactions in service-related
gastrointestinal and liver diseases of veterans. Gastroenterology.
2019;157(5):1180-3.e1.

Harris LA. Rifaximin for irritable bowel syndrome (IBS) in Gulf
War veterans: losing the battle but winning the war? Dig Dis Sci.
2019;64(3):609-10.

Stern EK, Brenner DM. Gut microbiota-based therapies for irritable
bowel syndrome. Clin Trans| Gastroenterol. 2018;9(2):e134.

Neil JA, Cadwell K. The intestinal virome and immunity. J
Immunol. 2018;201(6):1615-24.

Zuo T, Lu XJ, Zhang Y, Cheung CP, Lam S, Zhang F, et al.
Gut mucosal virome alterations in ulcerative colitis. Gut.
2019;68(7):1169-79.

Han M, Yang P, Zhong C, Ning K. The human gut virome in
hypertension. Front Microbiol. 2018;9:3150.

Seth RK, Magsood R, Mondal A, Bose D, Kimono D, Holland LA, et
al. Gut DNA virome diversity and its association with host bacteria
regulate inflammatory phenotype and neuronal immunotoxicity
in experimental gulf war iliness. Viruses. 2019;11(10):968.
Janulewicz PA, Seth RK, Carlson JM, Ajama J, Quinn E, Heeren T, et
al. The gut-microbiome in Gulf war veterans: a preliminary report.
Int J Environ Res Public Health. 2019;16(19):3751.

Halim R, Danquah MK, Webley PA. Extraction of oil from
microalgae for biodiesel production: a review. Biotechnol Adv.
2012;30(3):709-32.

Clapp M, Aurora N, Herrera L, Bhatia M, Wilen E, Wakefield S. Gut
microbiota’s effect on mental health: the gut-brain axis. Clin Pract.
2017;7(4):987.

Gecse K, Roka R, Séra T, Rosztoczy A, Annahazi A, 1zbéki F, et
al. Leaky gut in patients with diarrhea-predominant irritable
bowel syndrome and inactive ulcerative colitis. Digestion.
2012;85(1):40-6.

Michielan A, D'Inca R. Intestinal permeability in inflammatory
bowel disease: pathogenesis, clinical evaluation, and therapy of
leaky gut. Mediat Inflamm. 2015;2015:628157.

Mu Q, Kirby J, Reilly CM, Luo XM. Leaky gut as a danger signal for
autoimmune diseases. Front Immunol. 2017;8:598.

Thaiss CA, Levy M, Grosheva |, Zheng D, Soffer E, Blacher E, et al.
12.8 Hyperglycemia drives intestinal barrier dysfunction and risk
for enteric infection. Science. 2018;359(6382):1376-83.

Chang J, Leong RW, Wasinger VC, Ip M, Yang M, Phan TG. Impaired
intestinal permeability contributes to ongoing bowel symptoms
in patients with inflammatory bowel disease and mucosal

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

healing. Gastroenterology. 2017;153(3):723-31.e1.

Wu S, Yi J, Zhang YG, Zhou J, Sun J. Leaky intestine and impaired
microbiome in an amyotrophic lateral sclerosis mouse model.
Physiol Rep. 2015;3(4):e12356.

Rose MR, Brix KA. Neurological disorders in Gulf War veterans.
Philos Trans R Soc Lond B Biol Sci. 2006;361(1468):605-18.
Engdahl BE, James LM, Miller RD, Leuthold AC, Lewis SM,
Carpenter AF, et al. Brain function in Gulf war illness (GWI) and
associated mental health comorbidities. J Neurol Neuromed.
2018;3(4):24-34.

Fox A, Helmer D, Tseng CL, McCarron K, Satcher S, Osinubi O.
Autonomic symptoms in Gulf War veterans evaluated at the war
related illness and injury study center. Mil Med. 2019;184(3-
4):e191-6.

Chalazonitis A, Rao M. Enteric nervous system manifestations of
neurodegenerative disease. Brain Res. 2018;1693(Pt B):207-13.
Puig KL, Lutz BM, Urquhart SA, Rebel AA, Zhou X, Manocha GD,
et al. Overexpression of mutant amyloid-f3 protein precursor and
presenilin 1 modulates enteric nervous system. J Alzheimers Dis.
2015;44(4):1263-78.

Edwards LL, Pfeiffer RF, Quigley EM, Hofman R, Balluff M.
Gastrointestinal symptoms in Parkinson’s disease. Mov Disord.
1991;6(2):151-6.

Houser MC, Tansey MG. The gut-brain axis: is intestinal
inflammation a silent driver of Parkinson’s disease pathogenesis?
NPJ Parkinsons Dis. 2017;3:3.

Perkin GD, Murray-Lyon I. Neurology and the gastrointestinal
system. J Neurol Neurosurg Psychiatry. 1998;65(3):291-300.

Zhou Q, Verne ML, Zhang B, Verne GN. Evidence for somatic
hypersensitivity in veterans with gulf war illness and
gastrointestinal symptomes. Clin J Pain. 2018;34(10):944-9.
Domingo JL, Bocio A, Falcéd G, Llobet JM. Benefits and risks of
fish consumption Part I. A quantitative analysis of the intake of
omega-3 fatty acids and chemical contaminants. Toxicology.
2007;230(2-3):219-26.

Macht VA, Woodruff JL, Grillo CA, Wood CS, Wilson MA, Reagan LP.
Pathophysiology in a model of Gulf War Iliness: contributions of
pyridostigmine bromide and stress. Psychoneuroendocrinology.
2018;96:195-202.

Kimono D, Sarkar S, Albadrani M, Seth R, Bose D, Mondal A, et al.
Dysbiosis-associated enteric glial cell immune-activation and
redox imbalance modulate tight junction protein expression in
gulf war iliness pathology. Front Physiol. 2019;10:1229.

Trageser KJ, Sebastian-Valverde M, Naughton SX, Pasinetti GM.
The innate immune system and inflammatory priming: potential
mechanistic factors in mood disorders and Gulf War illness. Front
Psychiatry. 2020;11:704.

Skowera A, Hotopf M, Sawicka E, Varela-Calvino R, Unwin C,
Nikolaou V, et al. Cellular immune activation in Gulf War veterans.
J Clin Immunol. 2004;24(1):66-73.

Abou-Donia MB, Krengel MH, Lapadula ES, Zundel CG, Leclair J,
Massaro J, et al. Sex-based differences in plasma autoantibodies
to central nervous system proteins in gulf war veterans versus
healthy and symptomatic controls. Brain Sci. 2021;11(2):148.

https://doi.org/10.1186/s40779-021-00341-4

Cite this article as: Kimono: Gastrointestinal problems,
mechanisms and possible therapeutic directions in Gulf
war illness: a mini review. Mil Med Res, 2021, 8: 50.

105





