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Abstract
Introduction Approximately 25%–35% of the 1991 Gulf
War Veteran population report symptoms consistent with
Gulf War Illness (GWI), a chronic, multi-symptom illness
characterised by fatigue, pain, irritable bowel syndrome
and problems with cognitive function. GWI is a disabling
problem for Gulf War Veterans, and there remains a critical
need to identify innovative, novel therapies. Gut microbiota
perturbation plays a key role in the symptomatology of
other chronic multi-symptom illnesses, including myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS). Given
similarities between ME/CFS and GWI and the presence of
gastrointestinal disorders in GWI patients, Veterans with GWI
may also have gut abnormalities like those seen with ME/
CFS. In this longitudinal cohort study, we are comparing
the diversity (structure) and the metagenomes (function) of
the gut microbiome between Gulf War Veterans with and
without GWI. If we find differences in Veterans with GWI, the
microbiome could be a target for therapeutic intervention to
alleviate GWI symptoms.
Methods and analysis Participants answer questions
about diet, exercise and lifestyle factors. Participants also
complete a questionnaire (based on the Kansas case
definition of GWI) regarding their medical history and
symptoms; we use this questionnaire to group participants
into GWI versus healthy control cohorts. We plan to enrol
52 deployed Gulf War Veterans: 26 with GWI and 26
healthy controls. Participants provide stool and saliva
samples weekly for an 8-week period for microbiome
analyses. Participants also provide blood samples at the
beginning and end of this period, which we will use to
compare measures of inflammation markers between the
groups.
Ethics and dissemination The protocol was approved
by the University of Wisconsin-Madison Health Sciences
Institutional Review Board and the William S. Middleton
Memorial Veterans Hospital Research and Development
Committee. Results of this study will be submitted for
publication in a peer-reviewed journal.

Introduction
Based on estimates by the Gulf War Research
Advisory Committee and the 2010 Institute of
Medicine report, approximately 25%–35% of

Strengths and limitations of this study
►► This study will be among the first to evaluate the

structure and functional characteristics of the gut
microbiome in Gulf War Veterans with and without
symptoms of Gulf War Illness (GWI), advancing our
understanding of the pathophysiology of GWI.
►► Participants submit weekly stool and saliva samples for 8 weeks, and we compare (1) the alpha and
beta diversity of the gastrointestinal microbiota and
(2) the enrichment of genes through metagenomic
analysis between Veterans with and without GWI.
►► Participants also provide blood samples at weeks 1
and 8 to study markers of inflammation, which will
provide additional insight into potential connections
between gut microbiota and the immune system.
►► GWI symptoms—which we use to group participants into control and GWI cohorts for comparison—
are self-reported by participants using validated
questionnaires.

the 1991 Gulf War Veteran population report
symptoms consistent with Gulf War Illness
(GWI).1–3 GWI is a chronic, multi-symptom
illness characterised by fatigue, pain, irritable
bowel syndrome and problems with cognitive function. GWI is a disabling problem for
many Gulf War Veterans, and there have been
only modest advances in the treatment for
GWI. There remains a critical need for identification of innovative, novel therapies.4
Gut microbiota perturbation plays a key
role in the symptomatology of chronic multisymptom illnesses similar to GWI, such as
myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS).5–7 Although GWI and
ME/CFS are considered distinct conditions,
both of them are characterised by similar
complex, multi-organ chronic signs and symptoms. Moreover, Gulf War Veterans are more
likely to meet the case definition for ME/CFS
than non-deployed era Veterans.8 Given the
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Study aims and hypotheses
In this longitudinal, prospective cohort study, we aim to
compare the gut microbiomes between deployed Gulf
War Veterans: 26 with GWI and 26 without GWI. Figure 1
provides an overview of the study methods. We hypothesise that the gut microbiome will be more diverse and will
have a higher abundance of Bacteroidetes (rather than
Firmicutes) in healthy Gulf War Veterans as compared
with Veterans with GWI.
We also aim to evaluate the functional characteristics of the gut microbiome by comparing metagenomes
between Gulf War Veterans with and without GWI. We
hypothesise that metagenomes will differ in the enrichment of genes for predicted pathways between these
groups. We will especially focus on microbiome pathways
producing metabolites involved in symptoms frequently
seen in GWI. For example, butyrate—a short-chain fatty
acid metabolite produced by gut bacteria—has been associated with gastrointestinal symptoms.13 14 Recent work
in a mouse model of GWI has also shown that butyrate
priming reduces metabolic abnormalities seen in GWI,
for example, by restoring levels of gut tight junction
proteins and reducing activation of a Toll-like receptor
(TLR4; a mediator of inflammation).15
To test our hypotheses, we will extract, sequence and
analyse genomic DNA from serial stool samples of Gulf
War Veterans. We will compare the alpha and beta diversity
2

Figure 1 Potential participants are identified through a VA
database screen of Veterans associated with the Madison
VA who meet the inclusion criteria. Individuals interested in
participating complete a screening by telephone, and those
who are eligible and interested in participating attend an
in-person enrolment visit. Participants provide weekly stool
and saliva samples over an 8-week period and provide blood
samples at Weeks 1 and 8.

of the microbiota between groups. We will also perform a
shotgun metagenomics analysis on the collected samples.
To provide additional context to the gut microbiome
results, we will also analyse the diversity of the oral microbiota through the collection and analysis of serial saliva
samples. We will also collect blood samples to measure
inflammation (C-reactive protein levels). We anticipate
Veterans with GWI will have higher levels of C-reactive
protein and inflammatory markers as compared with Gulf
War Veterans without GWI.
Methods and analysis
Recruitment and consent
Participants are recruited primarily through invitation
letters sent to local Gulf War Veterans identified from
VA databases. Additional advertising strategies, including
fliers, social media posts and local newspaper ads are
also used. Veterans interested in participating complete
a phone screen to determine eligibility based on the
inclusion and exclusion criteria (boxes 1 and 2). Eligible
Veterans are invited to an in-person enrolment session.
At enrolment, written informed consent is obtained from
participants by a trained member of the research team
prior to beginning any further procedures. Participants
receive $50 after the enrolment visit and $50 after the
final visit for their participation in the study.
Eligibility criteria and cohort assignment
Inclusion and exclusion criteria for participants are listed
in boxes 1 and 2. We are utilising a modified Kansas case
Keating JA, et al. BMJ Open 2019;9:e031114. doi:10.1136/bmjopen-2019-031114
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overlap and similarity of symptoms, it is possible that gut
microbiota abnormalities as described in ME/CFS may
also be responsible for the symptomatology in GWI.9 10
Data suggest that individuals with GWI have an
increased prevalence of gastrointestinal symptoms such
as diarrhoea and abdominal pain and cramps,11 which
may result in or be caused by intestinal dysbiosis (ie, alteration in the microbial community), low grade inflammation and immune activation.12 Given the body’s largest
immune reservoir resides in the gastrointestinal tract,
interventions such as probiotics, dietary interventions
or faecal microbiome transplants could favourably alter
the gut microbiome, improve mucosal barrier function
and decrease proinflammatory cytokines. Overall, interventions targeting the gut microbiome have the potential
to positively influence not only gastrointestinal symptoms
but also non-gastrointestinal symptoms in GWI Veterans.
However, an understanding of the structure and function
of the gut microbiome in Veterans with GWI is essential
to the development of such interventions. Based on our
review of the literature, the gut microbiome in Veterans
with GWI and its relationship to the symptomatology of
GWI have not yet been reported.
Here, we are characterising the gut microbiome of Gulf
War Veterans with GWI compared with healthy Gulf War
Veterans without GWI. This work is ongoing (2018–2020)
and will be among the first to examine gut microbiome in
Gulf War Veterans and will advance our understanding of
the pathophysiology of GWI.
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Inclusion criteria for participants

►► Aged 43–75 years.
►► Deployed to Persian Gulf as part of Operations Desert Shield and/or

Desert Storm during the first Gulf War (1990–1991).

definition to determine eligibility and cohort assignment
for this study.16 Veterans are excluded from the study if
they report active, serious medical/psychological diagnoses which account for GWI-like symptoms or prevent
accurate GWI-like symptom reporting. Veterans with
well-controlled (or in remission) symptoms and who have
not been hospitalised due to these conditions up to 5
years prior to enrolment may be eligible to participate.
We also use the Kansas case definition to group participants into two cohorts: deployed Gulf War Veterans with
GWI and deployed healthy Gulf War Veterans. During
enrolment, participants use the Kansas case definition
questionnaire to self-report the severity of symptoms
they experience within the six GWI symptom domains:
fatigue, neurological/cognitive/mood, pain, gastrointestinal, respiratory and skin. For each symptom, participants select whether the symptom has no, mild, moderate
or severe impacts on their daily lives. To be grouped into
the GWI cohort, participants must endorse one or more
moderate to severe symptoms in three or more of the
six domains. One of the domains with moderate/severe
symptoms must be fatigue. Participants who do not meet
these criteria are grouped into the healthy Gulf War
Veteran control cohort.
Enrolment
During the enrolment visit, participants provide medical
history and health and lifestyle factors which can impact
Box 2

Exclusion criteria for participants

►► Diagnosed with a neurological or musculoskeletal condition (lu-

pus, multiple sclerosis, Parkinson’s disease, amyotrophic lateral
sclerosis).
►► Diagnosed with inflammatory bowel disease.
►► One or more GWI Kansas case definition exclusionary conditions:
schizophrenia, active cancer treatment or presence of cognitive/
physical impairments following a stroke.
►► Unstable psychiatric illness (defined as hospitalisation within the
previous 1 year): depression, bipolar disorder, or post-traumatic
stress disorder.
►► Active/unstable illness (defined as hospitalisation within the previous 5 years): diabetes, heart disease, rheumatoid arthritis, seizure
disorder, kidney disease or liver disease.
►► Current cancer treatment.
►► Chronic infectious disease lasting 6 months or longer requiring hospitalisation within the previous 1 year.
►► Current involvement in another investigational trial.
►► Pregnancy.
►► Use of any of the following within 90 days prior to screening: antibiotics, probiotics, immunomodulatory medications, faecal microbiota
transplant.
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the microbiome. Participants complete an in-house
assessment addressing living situation (eg, type of home,
rural/urban), health issues (eg, recent stays in long-term
care facilities), oral health practices, current medication
use and use of alcohol and tobacco. The participants
also complete validated instruments: Holmes-Rahe Stress
Inventory,17 Multidimensional Fatigue Inventory (MFI20),18 19 International Physical Activity Questionnaire—
short form20 and National Cancer Institute’s Diet History
Questionnaire III.21
Participants report on branch of service during their
Gulf War deployment and chemical, biological and pharmaceutical exposures from their deployment using an
in-house questionnaire based on the VA list of Gulf War
exposures.22 Participants also complete the Kansas case
definition assessment as described earlier.
Sample collection
Stool and saliva samples
Participants are provided with collection kits, shipping materials and instructions to self-collect and mail
their stool and saliva samples. Stool sample collection
kits include a pair of clean gloves, stool collection tub,
wooden tongue depressor, biohazard bag and pre-labelled sterile specimen cup. Saliva sample collection kits
include a CryoELITE Cryogenic Storage Vial (Wheaton)
saliva collection tube and a biohazard bag. The stool and
saliva collection containers do not contain preservative
agents. The participants are provided with ice packs and
an insulated shipping container.
Participants collect at least five tablespoons of stool and
1–3.5 mL of saliva samples at their convenience once per
week for 8 weeks and mail samples to the study team in
the supplied shipping containers.
Participants have a window of 5 days each week to
collect samples. The participant records the date and
time of collection on the label provided for each sample
and refrigerates the samples on collection (no freezing).
Within 24 hours of collection, the participant ships
the samples overnight on completely frozen ice packs.
Samples received more than 72 hours after the date noted
on the sample label are rejected and are not included in
microbiome analyses.
A member of the study team conducts a weekly phone
check-in with each participant to ensure timely sample
collection and to ask about any antibiotic/probiotic use
or gastrointestinal symptoms over the week. This information is noted on study case report forms.
Blood samples
Two whole blood samples are drawn by venipuncture at
enrolment and at the 8-week point: one sample is drawn
into a 2 mL sodium heparin Vacuette (454302, Greiner
Bio-one) and one sample is drawn into a 4 mL Vacuette
containing potassium ethylenediaminetetraacetic acid
(EDTA) (454021, Greiner Bio-one). Whole blood drawn
in sodium heparin Vacuettes are processed immediately
on collection for phagocytosis assay. Whole blood from
3
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Microbiome analyses
The microbiome analyses methods follow the standard
protocol developed by our research group, as previously published.23 Both 16S rRNA-targeted amplicon
sequencing of the V4 region and shotgun metagenomics
will be performed on the stool and saliva samples to
address the aims of this project. 16S rRNA sequencing
will be done on an Illumina MiSeq. A subset of the
samples will be analysed using shotgun metagenomics
on an Illumina HiSeq. All sequencing will be carried out
at the University of Wisconsin-Madison Biotechnology
Center. DNA extraction methods for each sample type
are described below. For 16S rRNA sequencing, purified
DNA is normalised to 5 ng/µL, amplified using PCR with
barcoded primers for the 16S V4 region and sequenced
using 2×250 nt reads.
Stool total genomic DNA extraction
0.8–0.1 g of stool is added to a bead-beat tube containing
approximately 300 mg of 1.0 mm diameter zirconia/silica
beads and vortexed to homogenise the stool. The sample
is then centrifuged for 15 min at 4°C at 500×g. A total of
800 µL of 2× Sodium Chloride-Tris-EDTA (STE) buffer
is added to the supernatant and up to 1000 µL is transferred to a new bead-beat tube containing 0.1 mm diameter zirconia/silica beads and one 4 mm stainless steel
bead. For chemical lysis, 115 µL of an enzymatic cocktail
containing 50 µL lysozyme (10 mg/mL), 10 µL mutanolysin (1 mg/mL), 5 µL lysostaphin (5 mg/mL) and 50 µL
20% sodium dodecyl sulfate is added to each tube. Additionally, 700 µL phenol:chloroform:isoamyl alcohol is
added to the sample. Bead-beat tubes are then vortexed
and incubated at 56°C for 30 min. For mechanical lysis,
bead-beat tubes are vortexed, placed in a Mini-BeadBeater-24 (Cat 112011, Biospec Products, Bartlesville,
Oklahoma, USA) and beat for 3 min. Tubes are centrifuged at 16 000xg for 10 min at 4°C. The top aqueous layer
is transferred to a clean 2 mL tube, washed with an additional 500 µL phenol:chloroform:isoamyl alcohol and
vortexed. The sample is then centrifuged at 16 000×g for
10 min at 4°C. The phenol:chloroform:isoamyl alcohol
wash is repeated between 2 and 10 times to remove impurities from the sample until the aqueous layer is clean.
The top aqueous layer is then transferred to a clean 2 mL
microcentrifuge tube containing 70 µL of 3M sodium
acetate and 700 µL isopropanol. The samples are inverted
several times and subsequently incubated at −20°C for
30 min to 1 hour. Each sample is centrifuged at 16 000×g
(4°C) for 20 min to collect the DNA pellet, which is then
washed with 500 µL cold 70% ethanol. The ethanol wash
is repeated, and sample DNA pellets are dried for 5 min
using a Savant SpeedVac (DNA120-230, Thermo Scientific, Waltham, Massachusetts, USA). Finally, dried DNA
4

pellets are resuspended in 100 µL TE buffer and stored
overnight at 4°C or at 37°C for 1 hour to dissolve the DNA
pellet. Samples are then purified using NucleoSpin Gel
and PCR cleanup kit according to manufacturer’s directions (Macherey-Nagel, Germany) and eluted in 40 µL
TE buffer. DNA is quantified using PicoGreen in a microplate reader (BioTek Instruments) and stored long term
at −80°C.
Saliva total genomic DNA extraction
1× PBS is added to the saliva tube to reach a volume of
1 mL which was then transferred to a bead-beat tube
containing 0.1 mm diameter zirconia/silica beads and
one 4 mm stainless steel bead. For chemical lysis, 25 µL of
an enzymatic cocktail containing 5 µL lysozyme (10 mg/
mL), 15 µL mutanolysin (1 mg/mL), 5 µL lysostaphin
(5 mg/mL) is added to each sample, vortexed and incubated at 37°C for 30 min. Following incubation, 60 µL
of an enzymatic cocktail containing 10 µL Proteinase K
(20 mg/mL) and 50 µL 10% sodium dodecyl sulfate is
added to each tube for a second chemical lysis step. The
samples are then vortexed and incubated at 55°C for
45 min. Mechanical lysis is carried out by bead-beating the
samples on high on a Mini-BeadBeater-24 (Cat 112011,
Biospec Products) for 3 min. Samples are centrifuged at
16 000×g for 3 min at 4°C. The top aqueous layer is transferred to a sterile 2 mL tube and 0.1 vol of 3M sodium
acetate was added along with 0.6 vol isopropanol and
mixed by inversion. The samples are incubated at −20°C
for 30 min to 1 hour. Each sample is centrifuged at 16
000×g (4°C) for 20 min to collect the DNA pellet, which is
then washed with 500 µL cold 70% ethanol. The ethanol
wash is repeated, and sample DNA pellets are dried for
5 min using a Savant SpeedVac (DNA120-230, Thermo
Scientific). Finally, dried DNA pellets are resuspended
in 100 µL TE buffer and stored overnight at 4°C or at
37°C for 1 hour to dissolve the DNA pellet. Samples are
then purified using NucleoSpin Gel and PCR cleanup kit
according to manufacturer’s directions (Macherey-Nagel)
and eluted in 40 µL TE buffer. DNA is quantified using
PicoGreen in a microplate reader (BioTek Instruments)
and stored long term at −80°C.
Blood analyses
C-reactive protein analyses
Human C-reactive protein is detected by analysis with
a commercially available ELISA kit (Human C-Reactive Protein ELISA Kit, KHA0031, Invitrogen). In
short, a whole blood sample collected in a 4 mL potassium EDTA vacutainer is centrifuged at 1690×g for
15 min. Plasma from the sample is aliquoted into three
cryogenic vials and stored at −80° C. Samples are batch
processed for C-reactive protein using a commercially
available ELISA kit (Human C-Reactive Protein ELISA
Kit, KHA0031, Invitrogen) and plates are read with a
BioTek Synergy HT microplate reader using BioTek
Gen5 V.2.09 software.
Keating JA, et al. BMJ Open 2019;9:e031114. doi:10.1136/bmjopen-2019-031114
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the EDTA Vacuettes are centrifuged at 1690×g for 15 min
at room temperature immediately on collection, after
which plasma is aspirated and aliquoted into cryovials to
be stored at −80°C.

Open access

Sample size determination and statistical analysis
Using data from other studies of the gut microbiome,
including studies on ME/CFS, we performed simulation-based estimates of power using the micropower
package in R.24 A proposed sample size of 26 healthy
Gulf War Veterans and 26 Veterans with GWI will provide
80% power to detect an effect size (omega-squared) of
0.042 for the weighted UNIFRAC using a PERMANOVA
test.25 The detectable effect size is comparable with,
and more conservative than, the effect sizes observed
in few studies that exist of the gut microbiome in ME/
CFS,5 6 26–28 including one by our research group in which
we compared the gut microbiota of 10 patients with ME/
CFS to 10 healthy controls.29
For 16S rRNA sequencing, raw sequences will be
processed using VSEARCH30 and mothur.31 Contigs
will be compiled and low-quality reads will be removed.
Chimeras and short reads will be removed using
VSEARCH. The GreenGenes database32 will be used to
assign operational taxonomic units to the genus level
(97% similarity) where possible. Alpha diversity will be
assessed using the Shannon and Inverse Simpson’s diversity indices and richness will be calculated using the
Abundance-based Coverage Estimator (ACE) and Chao1
indices. Beta diversity will be assessed to provide insights
into community structure.
Shotgun metagenomics analysis will be conducted
on a subset of samples. Phylogenetic binning will be
conducted to determine if there is enrichment for
specific taxa between samples. Baseline annotations will
then be determined using a variety of databases to reconstruct metabolic and physiological pathways. Enrichment
analyses will be conducted between samples to determine
if specific sets of genes are over-represented or under-represented. These data will then be correlated to the other
contextual data collected from each individual. We will
focus our analyses on known pathways predicted to be
implicated in modulating differences between Veterans
Keating JA, et al. BMJ Open 2019;9:e031114. doi:10.1136/bmjopen-2019-031114

with and without GWI, such as increases in short-chain
fatty acids like butyrate and acetate.
To account for covariates, mixed effects linear regression will be used to estimate mean species diversity as
a function of disease status (GWI vs control) as well as
contextual factors including age, dietary fibre intake,
tobacco and alcohol use and living situation. Confounders
such as branch of Gulf War service and self-reported
Gulf War chemical and biological exposures will also be
controlled for using mixed linear regression models. C-reactive protein levels will be compared between Gulf War
Veterans with GWI and healthy Veterans using non-parametric tests. We expect to find that levels of inflammatory
markers will be higher in Veterans with GWI than in the
control group.33
Patient and public involvement
We have worked with Veteran representatives and stakeholders, including local Veterans Service Officers, to share
the study to Veterans who may be interested in participating. We also solicited feedback from these stakeholders
into our recruitment materials and strategies to ensure
communications were appropriate for this Veteran population. We plan to disseminate results back to the Veteran
community through venues such as Veteran conferences/
meetings, working with local Veteran Service Organizations and working with the Madison VA Patient Education
Resource Center.

Discussion
GWI is a disabling problem for many Gulf War Veterans.
To date, there has been little information on the pathology
of the disease. There are no scientifically validated, effective treatments for GWI, though there have been modest
advances in GWI treatments.4 Thus, the need for innovative treatment strategies remains critical. The gut microbiome presents a novel target for investigation. The high
prevalence of gastrointestinal dysfunction in Gulf War
Veterans in the context of literature demonstrating intestinal dysbiosis in patients with ME/CFS, another complex
condition, suggests that alterations in the gut bacteria
could play a role in the pathophysiology of GWI. This
study is among the first to examine the gut microbiome
structure and function in Gulf War Veterans.
The brain–gut axis—biochemical signalling between
the gastrointestinal tract and the central nervous
system—is increasingly recognised as important to
health.34–40 The gut microbiome is known to impact the
production, expression and turnover of neurotransmitters such as serotonin. These neurotransmitters affect
cognitive and functional nervous system processes such
as behaviour, mood and fatigue. The microbiome also
affects the intestinal barrier and tight junction integrity,
and bacterial metabolites influence mucosal immune
regulation. Previous studies have shown chemical exposures common to the Gulf War (eg, the anti-nerve agent
pyridostigmine bromide) can be used to create a mouse
5
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Flow cytometry analyses
Results from flow cytometry acquisition are analysed
using FlowJo V.10 software. Monocytes and granulocytes
are initially gated via Side Scatter (SSC) versus Forward
Scatter (FFC). Those populations are further analysed via
SSC versus fluorescence (BLA-1) where the fluorescent
populations were further gated. The gated fluorescent
populations indicated activity resulting from the phagocytosis assay (pHrodo Green E. coli BioParticles Phagocytosis
Kit, P35381, Invitrogen) where increased fluorescence is
indicative of increased cell death. ThermoFisher Attune
Next Flow Cytometers used to collect phagocytosis assay
data are located at the University of Wisconsin Carbone
Cancer Center Flow Lab. Gating of this population using
SSC versus BLA-1 allows for the generation of a curve
measuring counts against emission wavelength. Curves
for each condition are averaged together; SDs are calculated and p values comparison is computed.
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Ethics and dissemination
The study protocol was approved on 12 January 2018 and
this manuscript reports on the most updated version of
the protocol approved on 29 August 2018. All participants
are informed prior to enrolment that participation is
completely voluntary, that they can withdraw from participation at any time and that their decision to participate
or not will not affect their healthcare in any way.
On completion of the study, we will present the results
at major scientific conferences and will publish the results
in a peer-reviewed journal.
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