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Abstract

Gulf war illness (GWI) is a chronic disorder of unknown etiology characterized by multiple 

symptoms such as pain, fatigue, gastrointestinal disturbances and neurocognitive problems. 

Increasing evidence suggests that gut microbiome perturbations play a key role in the pathology of 

this disorder. GWI courses with gut microbiota alterations and their metabolites (e.g. short chain 

fatty acids -SCFA-), which can be aggravated by lifestyle risk factors such as a high fat diet (HF). 

To investigate the causative role of the gut microbiome, non-absorbable antibiotics (Abx) were 

administered to mice treated with GWI agents and concomitantly fed with a HF. In light of the 

wide use of Abx as pseudo-germ-free models, we evaluated the effects of Abx exposure on GWI 

and HF on body weight, food intake, gut microbiota changes and levels of the SCFA acetate. 

Results show that HF decreased food intake while increasing body weight in both controls and 

GWI. Exposure to Abx prevented these HF effects by offsetting the body weight gain in GWI. 

GWI and HF led to decreases in α-diversity, disruptions in the composition and structure of the 

gut bacterial community and decreases in acetate levels. This Abx-induced remodeling of the gut 

microbiome was characterized by an expansion of Proteobacteria, decreases in Bacteroidetes and 

Firmicutes, and overall increases in acetate levels, as well as by the proliferation of potential 

pathobionts. Therefore, the use of Abx may not represent a dependable approach to deplete the gut 

microbiome and its advantages as a pseudo germ-free model warrant further investigation.
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1. Introduction

Gulf war illness (GWI) is a chronic multisymptomatic disorder of unknown etiology 

characterized by a variety of symptoms such as pain, fatigue, gastrointestinal disturbances 

and neurocognitive problems [1]. The lack of widely accepted outcome measures 

complicates the study of GWI and highlights the need for identification of therapeutic 

targets. The influence of microbiota on host physiology has gained attention in the context 

of GWI and an increasing number of studies point to perturbations in the gut microbiome 

as key players in the pathology of this disorder [2-6]. Preclinical studies in rodents found 

that exposure to GWI agents caused a gut microbiome disruption, termed dysbiosis, that 

produced a significant decrease in intestinal tight junction proteins, leading to a leaky 

gut, activation of enteric glial cells, inflammation and endotoxemia [3,7,8]. In humans, a 

recent pilot study reported significant gut bacteria alterations in Veterans diagnosed with 

this disorder [9], with these gut microbiome differences extending to those individuals 

with GWI who also presented with gastrointestinal disturbances compared to those who 

did not display intestinal symptoms [9]. Dietary regimens, including those rich in fat and 

carbohydrates are among the most influential environmental factors with the capacity to 

induce gut microbiome dysbiosis [10,11]. In this sense, a cross-sectional survey conducted 

in a cohort of 15,000 GWI Veterans reported that nearly 50% were overweight and 

about 30% were obese [12], with those being obese being more prone to develop other 

chronic health conditions such as post-traumatic stress disorder [12]. Reports in mice have 

shown that although treatment with GWI agents per se does not lead to being overweight, 

consumption of a high fat diet (HF) post-GWI agent exposure leads to a significant increase 

in body weight [2] and metabolic alterations [5]. These outcomes are associated with a gut 

microbiome dysbiosis characterized by a reduction in bacteria which produce short chain 

fatty acids (SCFAs) [5]. SCFAs (e.g. acetate, propionate and butyrate) are produced via 

fermentation of indigestible dietary carbohydrates and fiber by the gut microbiota [13]. 

It has been shown that an exogenous application of SCFAs can prevent weight gain in 

HF-induced obese mice and overweight humans [14,15]. Given that the microbiota-related 

alterations in GWI can be aggravated by HF, we sought to evaluate the causative role 

of the gut microbiome. In an attempt to remove the intestinal microbiota as a regulatory 

mechanism, a cocktail of non-absorbable antibiotics (Abx) was administered to mice treated 

with GWI agents and concomitantly fed a HF. Abx have been widely used to generate 

pseudo-germ-free rodents as an alternative model for proof-of-principle studies [16], and 

in the present work, the effects of Abx exposure were evaluated on GWI and HF on body 

weight, food intake, gut microbiota remodeling and acetate levels.
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2. Materials and methods

2.1. Subjects, Gulf war illness agents, diets and antibiotics

The present study employed an extensively validated GWI model and administration of a 

high fat diet (HF) as previously described [2]. Briefly, 2–4 male C57BL6/J mice (8 weeks 

of age purchased from Envigo) were housed per cage in a room with constant temperature 

and humidity and with alternating 12 h periods of light and darkness. All mice used in 

these studies were from the same cohort and assignment to treatment groups was random, 

with at least 2 cages per group to avoid cage effects. Half of the mice were injected 

with 50 μl of GWI agents in final doses of 0.7 mg/kg of pyridostigmine bromide (PB) 

and 200 mg/kg of permethrin (PER) solubilized in dimethyl sulfoxide (DMSO) to a final 

DMSO concentration of 3% just prior to intraperitoneal injection. The other half served as 

controls and received intraperitoneal injections of 3% DMSO in sterile physiological saline. 

Injections were administered once daily for 10 days. During treatment with GWI agents, 

mice were given ad libitum access to water and standard rodent laboratory chow ((ND); 

LabDiet 5001 containing 28.5% protein, 13.5% fat, and 58% carbohydrates). On the last day 

of treatment, the GWI and control groups were split into 4 same sized groups (N = 6–7 mice 

per group) and fed the following diet regimens: two groups on a ND and two groups on a 

HF (D12451, Research Diets with 20% protein, 45% fat, and 35% carbohydrates). Sample 

sizes were based on our previous study showing an effect of this HF diet on GWI-treated 

mice [2]. An antibiotics cocktail (Abx) or vehicle solution was administered in the drinking 

water simultaneously to the two diets for 21 days. Fresh solutions were prepared every 

other day and administered in graduated glass bottles (Braintree Scientific) containing sipper 

tubes with ball bearings to minimize loss of fluid to drippage. This cocktail consisted 

of ampicillin trihydrate (0.25 g/ml), neomycin trisulfate (0.25 g/ml), metronidazole (0.25 

g/ml), and vancomycin hydrochloride (0.125 g/ml), all purchased from Sigma Aldrich, in 

3% sucrose to encourage drinking. These are broad-spectrum antibiotics without systemic 

effects due to their poor absorption (neomycin, is not absorbed at all). Control mice received 

only a 3% sucrose solution, which was found to have no impact on the gut microbiome 

(see Supplementary Fig. 1 data). Hereafter, the groups are referred to as Con_ND −Abx, 

Con_ND +Abx, Con_HF −Abx, and Con_HF +Abx for controls and GWI_ND −Abx, 

GWI_ND +Abx, GWI_HF −Abx, and GWI_HF +Abx for PER + PB treated mice.

Food and fluids intake, as well as body weights were recorded every 2–3 days throughout 

the experiment. Fluid intake was determined by weighing each bottle at the start of the 

test period and subtracting their weights after 24 h. Consumption for each mouse was 

normalized to body weight and presented as g of consumed food or fluid/ g of body weight/ 

24 h period. Mice were sacrificed by decapitation and the contents of the caecum were 

harvested and frozen at −80 °C. The Institutional Care and Use Committee of Wayne State 

University approved the animal care and experimental procedures (IACUC 17-08-0307). All 

procedures were also in compliance with the NIH Guide for the Care and Use of Laboratory 
Animals, with ARRIVE guidelines and under IACUC-approved protocols.
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2.2. Gut microbiome analysis

16S rRNA genes in the caecum were sequenced as reported previously [2,17]. In brief, 

bacterial DNA was extracted and purified using the QIAamp PowerFecal DNA Kit. The 

V4 hypervariable region of the bacterial 16S rRNA gene was amplified using dual indexed, 

Illumina compatible primers and the library was loaded onto an Illumina MiSeq standard 

V2 flow cell for sequencing in a 2 × 250 bp paired end format. The raw 16S rRNA gene 

sequences from the paired fastq files were processed with the Divisive Amplicon Denoising 

Algorithm (DADA2) pipeline (v 1.12.1) to obtain merged, denoised, chimera-free, inferred 

amplicon sequence variants (ASVs) suitable to identify fine-scale variation [18]. ASVs were 

defined by 100% sequence similarity, and analyzed using DADA2 in R (v 3.6.2), according 

to the online MiSeq protocol (https://benjjneb.github.io/dada2/tutorial.html), with some 

modifications that included truncation lengths of 240 bp and 160 bp and a maximum number 

of expected errors of 2 bp for forward reads and 5 bp for reverse reads. Sequences were 

classified using the “silva_nr_v132_train_set” database after removal of sequences derived 

from Archaea, Chloroplast, or Eukaryota as previously described [19]. ASVs count were 

calculated for each group. Gut microbiome α-diversity was characterized using the Chao1 

(i.e. community richness), Shannon and Simpson (1-D) (i.e. community heterogeneity) 

indices, and data were thereafter visualized and statistically analyzed with GraphPad Prism 

(v 9.1). Microbial β-diversity was assessed using the Jaccard (i.e. shared composition) and 

Bray-Curtis (i.e. shared structure) indices based on ASV relative abundance data in R. High-

dimensional class comparisons were carried out with LEfSe in an on-line interface [20], 

using default parameters with the exception that the LDA score was set to 3.6. Taxonomic 

classifications of ASVs from the analyses at taxonomic level below phylum with differential 

abundance within groups were made using the Basic Local Alignment Search Tool (BLAST) 

[21]. Heat maps were generated using MetaboAnalyst 5.0 [22].

2.3. Acetate measurements

Quantification of the SCFA acetate was assessed in caecum samples by using a colorimetric 

assay kit (Sigma, MAK086), according to the manufacturer's specifications. In this test, 

acetate concentration is determined by a coupled enzyme assay, which results in a 

colorimetric (450 nm) product proportional to the acetate present.

2.4. Data analysis

Food intake was analyzed with two-way ANOVA followed by Tukey's post hoc tests 

using GraphPad Prism (v9) for Windows (GraphPad Software, La Jolla, CA, USA, 

www.graphpad.com). Due to munching behavior unrelated to the treatment (it was detected 

in a random fashion), values associated with such behavior had to be excluded and repeated-

measures analyses were not performed. Fluid intake and body weight data were not affected 

by this behavior and were analyzed with repeated-measures two-way ANOVA with Tukey's 

post hoc comparisons. The indices for microbiota α-diversity were obtained using PAST 

software (v3.20; free software for scientific data analysis). The results for α-diversity and 

ASV counts were analyzed statistically with a two-way ANOVA and subsequent Tukey's 

post hoc comparisons, using Prism. The indices for β-diversity were calculated and plotted 

in 3D using R, and statistical analyses were carried out using PAST. The results were 
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analyzed using a two-way NPMANOVA, and post hoc comparisons were made using one-

way NPMANOVAs. Taxonomic distributions at phylum and lower taxonomic levels, as well 

as data from acetate levels in caecum were analyzed in Prism with a two-way ANOVA and 

subsequent Tukey's multiple comparison tests.

3. Results

3.1. Effect of Abx on food/fluids intake and body weight in a GWI model fed with HF

There were significant main effects of treatment (F7,402 = 67.17, p < 0.0001) and time 

(F8,402 = 16.64, p < 0.0001), and a significant treatment X time interaction (F56,402 = 2.38, 

p < 0.0001) on food intake (Fig. 1A). In the absence of Abx, HF produced a decrease in 

food intake compared to ND in both controls and GWI-treated mice (p < 0.0001 Tukey's 

test for both pairwise comparisons). While the administration of Abx still resulted in a 

significant decrease in food intake by HF in the controls (p < 0.001), these effects were not 

present in the GWI mice. For fluids intake, there were significant main effects of treatment 

(F7,42 = 150, p < 0.0001), time (F9,378 = 123.9, p < 0.0001), subjects matching (F42,378 

= 14.61, p < 0.0001), and a significant treatment X time interaction (F63,378 = 13.55, p 
< 0.0001) (Fig. 1B). Feeding mice a HF reduced the amount of fluids taken by control 

and GWI-treated mice compared to mice on ND, regardless whether they received Abx 

or not (p < 0.0001 for both groups comparisons with and without Abx). In addition, both 

control and GWI groups receiving ND +Abx had a significantly lower intake compared to 

their corresponding group on ND −Abx (p < 0.0001 for both controls and GWI). Similarly, 

controls and GWI on ND +Abx had a significantly higher fluids intake than any of their 

analogs on HF with or without Abx (p < 0.01 for all comparisons). Lastly, there were 

significant main effects of treatment (F7,42 = 10.09, p < 0.0001), time (F8,336 = 425.3, p 

< 0.0001), subjects matching (F42,336 = 84.66, p < 0.0001), and a significant treatment X 

time interaction (F56,336 = 22.22, p < 0.0001), for body weight (Fig. 1C). Control and GWI 

subjects receiving HF in the absence of Abx exhibited an increase in body weight compared 

to their corresponding groups receiving ND (p < 0.01 for Con_ND −Abx vs Con_HF −Abx 

and p < 0.001 for GWI_ND −Abx vs GWI_HF −Abx). Abx administration maintained this 

body weight increase in controls fed with HF versus ND (p < 0.001) but this diet effect 

disappeared for the GWI group.

3.2. Effects of Abx on the gut microbiome alterations induced by GWI and HF

The number of sequences exceeded an average of 9562 per group. The ASV counts ± 

standard error for each group were the following: 261 ± 29.6 for Con_ND −Abx, 11.7 

± 2.3 for Con_ND +Abx, 205.8 ± 16.6 for Con_HF −Abx, 10.3 ± 5.3 for Con_HF 

+Abx, 206.4 ± 23.1 for GWI_ND −Abx, 7.8 ± 3.5 for GWI_ND +Abx, 196.3 ± 12.5 

for GWI_HF −Abx, and 8.7 ± 3.1 for GWI_HF + Abx. As expected, Abx administration 

significantly reduced the number of sequences for the Con_ND, Con_HF, GWI_ND and 

GWI_HF when compared to their analog group without Abx (p < 0.0001 for each pairwise 

comparison, Tukey's tests). In light of this, and to ensure that any observed differences in 

microbial diversity among treatment groups were not due to differential sequence depth, we 

subsampled each sample to 6831 sequences, which was the lowest number of sequences 

obtained from any of the samples included in α-diversity analyses. Two-way ANOVA 
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analyses of microbial α-diversity revealed significant main effects of GWI + diet (F1,36 = 

42 42, p < 0.0001), Abx (F3,36 = 17.73, p < 0.0001) and the interaction between GWI + 

diet and Abx (F3,36 = 15.01, p < 0.0001) for bacterial richness (Chao-1 index, Fig. 2A). 

Abx administration drastically reduced the richness for Con_ND, Con_HF, GWI_ND and 

GWI_HF when compared to their analog group without Abx (p < 0.0001 for each pairwise 

comparison, Tukey's tests). In the absence of Abx, HF significantly reduced the richness in 

the bacterial communities of Con (p < 0.0001) and GWI (p < 0.01) when compared to their 

corresponding ND group, and treatment with GWI agents produced a richness decrease in 

the ND group versus the control (p < 0.001).

Analyses of bacterial profile heterogeneity and evenness showed a significant main effect of 

Abx (F3,39 = 14.21, p < 0.0001 for the Shannon index, Fig. 2B, and F3,40 = 6.1, p < 0.01 for 

the Simpson 1-D index, Fig. 2C), of GWI + diet (F1,39 = 3601, p < 0.0001 for the Shannon 

index, and F1,40 = 266.9, p < 0.0001 for the Simpson 1-D index) and the interaction between 

GWI + diet and Abx (F3,39 = 6.92, p < 0.001 for the Shannon index and F3,40 = 5.45, p < 

0.01 for the Simpson 1-D index). As was seen for the Chao-1 index, α-diversity measured 

with the Shannon and Simpson indexes was also reduced by Abx administration for all 

groups compared to their analog without Abx (p < 0.0001 for all, Tukey's test). Interestingly, 

while HF in the presence of Abx caused a reduction of the microbial heterogeneity and 

evenness in controls (p < 0001 for Shannon and p < 0.05 for Simpson 1-D, Tukey's tests), 

this diet in combination with Abx was associated with diversity increases in the GWI group 

(p < 001 for Shannon and p < 0.01 for Simpson 1-D, Tukey's tests).

Two-way NPMANOVA analyses of β-diversity revealed main effects of GWI + diet (F1,48 

= 25.5, p < 0.0001), Abx (F1,48 = 45.92, p < 0.0001) and their interaction (F1,48 = 21.85, 

p < 0.0001). The Jaccard index (Fig. 3A), which reflects bacterial community composition 

showed that the ASV profiles of groups clustered by GWI treatment, diet regimen and 

Abx (all post hoc comparisons among groups were statistically significant at p < 0.05). 

The Bray-Curtis index (Fig. 3B), which indicates the structure of the microbial community 

showed a similar ASV clustering by the same factor with all group comparisons reaching 

statistical significance (p < 0.01) but one: Con_ND +Abx vs GWI_ND +Abx. This indicates 

that Abx administration made the differences between Con and GWI-treated mice on ND 

disappear.

Analyses at the level of bacterial phyla showed that the main effects of phylum (F8,369 

= 266.4, p < 0.0001) and the interaction between treatment X phylum (F56,369 = 42.45, 

p < 0.0001) were significant, whereas the effects of treatment alone were not (Fig. 4A). 

Abx were effective in decreasing the relative abundance of almost the entire set of the 

most prominent phyla in the gut with the exception of Proteobacteria. However, only 

Firmicutes, Bacteroidetes and Proteobacteria reached statistical significance. Without Abx, 

no differences were found by diet regimen or GWI treatment for Proteobacteria. However, 

in the presence of Abx, the abundance of Proteobacteria was lower in HF groups compared 

to their ND analog for both controls and GWI-treated mice (p < 0.0001 for both pairwise 

comparisons).
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For ND groups on Abx, the differences between controls and GWI were not significant, 

whereas for HF with Abx, controls had a lower relative abundance of Proteobacteria 

compared to GWI-treated mice (p < 0.0001). In controls and GWI group without Abx, 

the relative abundance of Bacteroidetes was higher when receiving ND compared to HF (p 
< 0.01 for controls, and p < 0.0001 for GWI). No differences were found between controls 

and GWI-treated mice when receiving the same diet regimen, whether that was ND or HF. 

These patterns on Bacteroidetes relative abundance changed in the presence of Abx, when 

the diet regimen had no effect on either controls or GWI-treated animals. In addition, Abx 

administration resulted in no differences between controls and GWI within the same diet 

regimen. In the absence of Abx, diet regimen had no effects on the relative abundance 

of the Firmicutes phylum in controls, whereas in GWI subjects, HF produced a decrease 

in this phylum compared to its ND analog (p < 0.05). Comparisons between control and 

GWI groups on the same diet without Abx did not show any significant differences. This 

indicates that in the absence of Abx, GWI treatment did not cause any effects on the relative 

abundance of Firmicutes. However, in the presence of Abx HF increased the abundance 

of Firmicutes in both controls and GWI (p < 0.0001 for both pairwise tests) compared to 

their respective ND groups. GWI treatment did not have any effect on Firmicutes abundance 

when mice received ND, but it decreased when receiving HF (p < 0.0001, Tukey's test).

Analyses of gut bacteria at taxonomic levels below phylum (Fig. 5), showed significant 

effects for 6 members of Proteobacteria (Ochrobactrum, Klebsiella, Enterobacteriaceae, 

Burkholderiaceae, Desulfovibrionaceae, and Rhodospirillales), and a member of Firmicutes 

(Lactococcus). The main effects of GWI treatment (F1,35 = 10.72, p = 0.002 for 

Ochrobactrum; F3,41 = 33.91, p < 0.0001 for Klebsiella; F3,34 = 23.06, p < 0.0001 

for Enterobacteriaceae; F3,32 = 30.59, p < 0.0001 for Burkholderiaceae; F3,41 = 71.23, 

p < 0.0001 for Desulfovibrionaceae; F3,35 = 10.64, p < 0.0001 for Rhodospirillales; 

and F3,40 = 41.7, p < 0.0001 for Lactococcus), Abx (F1,34 = 12.69, p = 0.01 for 

Ochrobactrum; F1,41 = 178.1, p < 0.0001 for Klebsiella; F1,34 = 127, p < 0.0001 for 

Enterobacteriaceae; F1,32 = 89.62, p < 0.0001 for Burkholderiaceae; F1,41 = 344.2, p < 

0.0001 for Desulfovibrionaceae; F1,35 = 129.3, p < 0.0001 for Rhodospirillales; and F1,40 = 

68.85, p < 0.0001 for Lactococcus) and GWI treatment X Abx interaction (F3,34 = 3.1, p < 

0.05 for Ochrobactrum; F3,41 = 33.9, p < 0.0001 for Klebsiella; F3,34 = 26.14, p < 0.0001 for 

Enterobacteriaceae; F3,32 = 33.93, p < 0.0001 for Burkholderiaceae; F3,41 = 71.2, p < 0.0001 

for Desulfovibrionaceae; F3,35 = 10.6, p < 0.0001 for Rhodospirillales; and F3,40 = 29.18, p 

< 0.0001 for Lactococcus) were all significant. Although and increase in the abundance of 

the genus Ochrobactrum (Fig. 5A) by HF did not reach statistical significance in controls 

treated with Abx, this increase was significant in Con_HF +Abx for Burkholderiaceae (p 
< 0.0001, Fig. 5E), and Lactococcus (p < 0.0001, Fig. 5B) compared to Con_ND +Abx. 

However, the opposite effect of HF was observed in controls exposed to Abx, where the 

abundance of the genus Klebsiella (p < 0.0001, Fig. 5C) and the Enterobacteriaceae family 

(p < 0.0001, Fig. 5D) were significantly decreased. Similar patterns of increased abundance 

of Burkholderiaceae (p < 0.0001) and Lactococcus (p < 0.0001) were observed after HF 

in GWI-treated mice exposed to Abx compared to their corresponding group fed with 

ND. The administration of Abx to controls and GWI mice did not cause any changes in 

Desulfovibrionaceae (Fig. 5F) or Rhodospirillales (Fig. 5G) regardless of the diet. Increases 
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in Klebsiella and Enterobacteriaceae were observed in both controls (p < 0.001 for both 

taxa) and GWI (p < 0.0001 for both taxa) mice fed with ND in the presence of Abx. While 

the abundance of Ochrobactrum and Lactococcus was significantly decreased by HF in GWI 

compared to controls in the presence of Abx (p < 0.05 for both taxa), the relative abundance 

of Klebsiella was significantly increased (p < 0.01).

In the absence of Abx, HF caused an increase in Desulfovibrionaceae in both controls and 

GWI-treated mice compared to their analog groups fed with ND (p < 0.0001 for both). 

Comparisons between Con_HF −Abx and Con_HF +Abx in controls and GWI-treated 

subjects show significant decreases for Desulfovibrionaceae and Rhrodospirillales (p < 

0.01). Interestingly, the effect of HF in controls without Abx was associated with decreases 

in Rhodospirillales (p < 0.05), whereas in the GWI group, this taxon was increased after 

HF (p < 0.0001). Furthermore, treatment with GWI agents produced a decrease compared to 

controls when both groups received ND in the absence of Abx (p < 0.0001).

These treatment-driven differences in taxa composition can be visualized in a heat map 

(Fig. 6), where the presence of Abx is associated with an overall lower abundance of 

bacteria (dominated by blue intensities) compared to the groups without Abx (dominated 

by orange-red intensities). The bottom section of this heat map shows that members of 

Streptococcaceae are the only ones which are increased in HF +Abx groups.

LEfSe analyses identified specific taxa associated with 3 control groups with categories 

down to bacterial order level (Fig. 7). Members of the Clostridia class and the Clostridiales 

order were more abundant in Con_ND −Abx, whereas Gammaproteobacteria were 

representative of Con_ND +Abx, and Bacilli members were representative of the Con_HF 

+Abx group.

The sequences of ASVs with differential abundance within groups from the analyses at 

taxonomic level below phylum were searched in BLAST and 6 classifications were made at 

the species level (100% genetic identity match; Fig. 8). In the presence of Abx, Akkermansia 
muciniphila was more abundant in HF groups regardless of being a control or GWI-treated 

(p < 0.0001 vs their respective ND −Abx analog group; Fig. 8A), but administration of 

Abx caused a larger expansion of A. muciniphila in both controls and GWI (p < 0.001). 

While the abundance of Erwinia persicina was increased in both Con_ND +Abx and 

GWI_ND +Abx compared to their analog groups without Abx, only controls reached 

statistical significance (p < 0.0001; Fig. 8B). In the presence of Abx, HF was associated 

with a decrease in E. persicina in controls (p < 0.0001; Fig. 8C) but had no effect in 

GWI-treated mice. Although the species Klebsiella grimontii was only present in Con_ND 

+Abx and GWI_ND +Abx, when compared to their corresponding analog without Abx or 

with HF, only the GWI group was significantly increased (p < 0.001 vs GWI_ND −Abx 

and vs GWI_HF +Abx). In addition, the abundance of K. grimontii was higher in GWI_ND 

compared to Con_ND in the presence of Abx (p < 0.0001). The combination of HF with 

Abx whether in Con or GWI lead to increases in Burkholderia multivorans (p < 0.0001 for 

all; Fig. 8D), as this bacterium was not present with either HF or Abx alone in either group. 

Moreover, there was a significant increase in Con_HF +Abx when compared to GWI_HF 

+Abx (p < 0.05). Increases in Kalamiella piersonii were exclusively present in Con_ND 
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+Abx and GWI_ND +Abx (Fig. 8E) but they were only significant for the control group 

when compared to its control analogs without Abx (p < 0.0001) or with HF (p < 0.0001), 

and to GWI_ND +Abx and GWI_HF +Abx (p < 0.0001 for both). Lastly, the presence 

of Lactococcus lactis was observed in all treatment groups without Abx (Fig. 8F), but 

when comparing to their corresponding group in either controls or GWI without Abx, the 

differences were significant only for the GWI groups (p <0.0001 vs both ND and HF).

3.3. Effects of Abx on acetate levels in the caecum of animals treated with GWI agents 
and fed with HF

Two-way ANOVA analyses revealed significant effects of GWI + diet (F3,23 = 6.74, p < 

0.01), Abx (F1,23 = 62.35, p < 0.0001) and their interaction (F3,23 = 19.31, p < 0.0001) 

on the levels of the SCFA acetate (Fig. 9). Post hoc tests showed that in the absence of 

Abx, HF decreased the amount of acetate compared to controls (p < 0.05 for Con_ND 

−Abx vs Con_HF −Abx), and treatment with GWI agents in mice receiving a ND also 

caused an acetate reduction compared to its corresponding Con_ND group (p < 0.01). In 

controls fed with HF, the acetate levels were lower in the group without Abx compared to 

the one receiving Abx (p < 0.001). Treatment with GWI agents is associated with significant 

increases in acetate levels when combined with either HF (p < 0.0001 for GWI_ND −Abx vs 

GWI_HF −Abx) or Abx (p < 0.001 for GWI_ND −Abx vs GWI_ND +Abx).

4. Discussion

Results show that while treatment with GWI agents does not change the HF-driven increase 

in body weight, administration of Abx was effective in counteracting this increase only in 

GWI subjects as controls showed a tendency towards a body weight decrease with Abx 

but this was not statistically significant (see Fig. 1). This offsetting effect of Abx on the 

body weight increase by HF in GWI subjects was unexpected in light of the significant 

increase in food intake observed in the GWI group receiving HF +Abx. While this finding 

is counterintuitive and requires future investigation, the fact that it only took place in the 

presence of Abx pinpoints the gut microbiota as a mediator in the body weight effects of HF 

in GWI. A similar capacity of Abx to decrease the body weight gain induced by HF was 

documented in C57Bl/6 mice [23] but no reports on the effects of Abx on body weight of 

GWI Veterans was found.

While the use of Abx was effective in reducing the ASV counts to less than 5% of 

the groups without Abx (see ASV counts above), this drop favored the proliferation of 

certain bacterial taxa. In this sense, a previous study in mice using Abx and a sequencing 

approach to assess gut bacteria alterations yielded a significant reduction of about 50% of 

bacterial species [24]. When quantifying colony-forming units (CFU) from fecal cultures, 

the bacterial decreases after Abx exposure are more pronounced, ranging from 1 million-

fold to non-detectable [25,26]. These discrepancies are explained by the CFU method being 

restricted to the measurement of culturable gut microbes. Strikingly, a large number of 

published reports employing the broad-spectrum Abx as an approach to deplete the gut 

microbiota, do not document any data on the extent of such depletion [27-30].
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Our previously reported findings that treatment with GWI agents as well as with HF caused 

a significant reduction in microbial richness [2] were corroborated, and the present study 

found that exposure to Abx accentuated even more these decreases in α-diversity. Such 

reduction in microbial α-diversity measures has been consistently reported as a result of HF 

[2,31,32] and Abx exposure [24,25,33].

Besides altering α-diversity, treatment with GWI and HF changed the composition and 

structure of the microbial gut community in a way that was not prevented by administration 

of Abx (see Fig. 3). More specifically, it was found that GWI and HF each had an 

effect on the relative abundance of the most prevalent bacterial phyla (Fig. 4A). HF 

reduced the abundance of Bacteroidetes while increasing that of Firmicutes, and this 

effect was potentiated with the administration of Abx, which caused a complete depletion 

of Bacteroidetes (Fig. 4B). Beyond their capacity to alter microbial β-diversity [33,34], 

Abx favored the expansion of Proteobacteria members. These overall findings have been 

documented [24,34] but the extent of the shifts in each phylum differ, depending on the 

type of samples used (i.e. adolescent vs adult age, or rat vs mouse samples). Increases 

in the phylum Proteobacteria have been reported in the aged gut microbiome [35], and in 

conditions coursing with inflammation such as inflammatory bowel disease and Alzheimer's 

disease [36,37]. Similar shifts in bacterial phyla favoring a Proteobacteria outgrowth have 

been reported in studies with broad-spectrum Abx [24,34]. In terms of gut microbiome 

alterations attributed to GWI, preliminary data from a pilot study of Gulf War (GW) 

Veterans with and without gastrointestinal symptoms reported increases in Proteobacteria in 

a subset of individuals with both GWI and gastrointestinal symptoms [9]. Furthermore, this 

proliferation of Proteobacteria was associated with greater levels of inflammatory cytokines 

in plasma [9]. A doubleblind, placebo-controlled trial in GW Veterans with irritable bowel 

syndrome (IBS), a common condition in GWI, reported that the use of Abx was not 

associated with significant improvement in IBS-related symptoms [38]. However, a close 

analysis of these results called for a more cautionary interpretation as albeit having multiple 

strengths, this study also had weaknesses associated with an underpowered sample size 

[39]. The Abx-induced restructuring of the microbial community demonstrates that Abx 

administration is one of the most pervasive ways to disrupt the gut microbiome, as observed 

by the capacity of these compounds to induce dysbiosis.

Deeper analyses of bacterial taxa below the phylum level evidenced increases in the genera 

Ochrobactrum and Lactococcus produced by the combination of HF with Abx, which were 

of greater magnitude in controls than in GWI subjects (Fig. 5A and B). This is consistent 

with reports of Ochrobactrum increases in the intestinal mucosa of mice fed with HF 

[40]. Interestingly, the presence of Lactococcus has been consistently documented as an 

outcome of HF consumption [41], but it was later found that this was the result of dietary 

contaminants in most commercially available HF (i.e. casein), and that the high levels of 

bacteria found in casein-containing HF were intact but likely dead cells as they failed to 

proliferate in culture [41]. While casein was a component of the HF formulation employed 

in the present study, and this factor could explain the increases in Lactococcus observed 

in the HF groups, the fact that such increases were further heightened by Abx in both 

control and GWI groups points to a synergic effect of Abx with HF, and suggests that either 

Lactococcus in the HF groups were not dead and their outgrowth was promoted by Abx 
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in the absence of other competitors, or that baseline levels of Lactococcus were not only 

resistant to Abx but also capable of proliferating in a non-adversarial environment. It is 

noteworthy that Lactococcus is significantly more abundant in controls than in GWI subjects 

exposed to HF and Abx. Given that Lactococcus is considered a beneficial bacterial genus 

with members that constitute probiotic strains [32], the decreases in this genus in GWI 

relative to controls could be associated with worse outcomes.

Two taxa of gram-negative bacteria, including the genus Klebsiella and the family 

Enterobacteriacea were overrepresented not only in the groups treated with Abx in a fashion 

that seemed diet-independent (Fig. 5C and D). While the abundance of these two bacteria 

was greater in the groups receiving a ND with Abx, the combination of HF with Abx also 

led to increases. Exposure to Abx in GWI-treated mice was associated with lower abundance 

of Enterobacteriacea than in controls. These two taxa belong to the betaproteobacteria 

and gammaproteo-bacterial classes respectively, and contain members that cause human 

disease and are resistant to Abx [42,43]. The multiplication of bacteria capable of causing 

disease in the control groups receiving Abx points to the adverse effects of this seemingly 

innocuous intervention. Although the families Burkholderiaceae and Desulfovibrionaceae 

were significantly altered by HF, neither diet nor treatment with GWI seemed to be 

determinant factors (Fig. 5E and F). However, the order Rhodospirillales, seemed sensitive 

to treatment with GWI, diet and Abx exposure. This taxon was only detected in the absence 

of Abx, and was found less abundant in the GWI group fed with ND compared to HF, while 

in controls Rhodospirillales was more abundant with ND. This order of bacteria comprises 

members that produce acetic acid [44] but also some strains capable of utilizing acetate 

as a growth source [45]. In light of the increased acetate levels observed in the groups 

exposed to Abx (see Fig. 9), it is likely that the members of Rhodospirillales thriving in the 

absence of Abx are the strains that produce acetic acid. The lower abundance of this order in 

GWI-treated mice on ND and the subsequent increase in its analog fed with a HF supports 

this hypothesis.

The increased abundance of the Clostridia class, and the Clostridiales order particularly in 

controls fed with ND without Abx (considered the true control in this study), in comparison 

to the rest of the groups with HF or GWI treatment, indicates that these two interventions 

alter host's health (see LEfSE cladogram, Fig. 7). Clostridia, a class of 20–30 beneficial 

bacteria has been identified as a crucial factor for maintenance of gut homeostasis [46] 

and can prevent mice from becoming obese [47]. Similarly, decreases in Clostridiales has 

been associated with type 2 diabetes in mouse models [48]. HF in combination with Abx 

in controls was associated with increases in gram-positive Bacilli, which contain several 

well-known pathogens. As revealed by LEfSe, Abx also disrupted gut homeostasis and 

led to a proliferation of Gammaproteobacteria not only in controls, but also in subjects 

treated with GWI as evidenced by increases in K. grimontii and K piersonii (see Fig. 8C 

and E). E. persicina was also increased in the control group by Abx independent of the 

diet (Fig. 8B). Preliminary data from an infection model with E. Persicina suggest that 

this bacterium causes diarrhea and increases liver inflammation [49]. In addition, L. lactis 
was overrepresented in the GWI group with and without HF, which is consistent with data 

from GWI mouse models showing increases in L. lactis in GWI fed with a Western-style 

diet (WD) [5], that is rich is fat and carbohydrates. This study also found increases in A. 
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muciniphila in the group treated with GWI + WD, which we observed increased with HF, 

regardless of treatment (Fig. 8A). While A. muciniphila, a mucin-degrading bacterium is 

suggested to play a protective role in the gut and in reversing the metabolic alterations 

induced by HF, mucin degradation could compromise the integrity of the entire mucus 

barrier, which is vital for health maintenance [50]. Thus, a HF-driven increase in A. 
muciniphila could also be interpreted as a possible mechanism for this detrimental diet 

to disrupt the gastrointestinal tract. Moreover, B. multivorans was characteristic of the 

groups fed with HF and exposed to Abx (see Fig. 8D). The genus Burkholderia comprises 

metabolically diverse bacteria that are known to thrive in adversarial environments. This is 

the case of B. multivorans, which is an opportunistic pathogen displaying significant Abx 

resistance [51]. The increased abundance of this microbe in the Abx group could be a result 

of its capacity to survive in the presence of these compounds.

Treatment with GWI produced a clear reduction in the acetate levels compared to controls 

but the effects of HF on acetate depended on the treatment (see Fig. 9). In controls 

without Abx, HF significantly reduced the levels of acetate whereas in the GWI group 

without Abx HF caused an increase. The reports indicating that HF is associated with 

decreases in SCFAs, including acetate [52] are consistent with the effects observed in 

controls. Furthermore, the acetate concentration was reduced in feces of overweight and 

obese humans compared to healthy controls [15]. In the case of GWI_HF −Abx group, the 

dysbiosis favoring an increase in acetate-producing bacteria such as Ochrobactrum [53], 

could explain the increases in this SCFA. Exposure to Abx tended to increase the levels 

acetate in a diet-independent manner. The only exception was the GWI_HF +Abx group, 

which was not significantly different from its analog without Abx. These results stand 

in contrast to a study showing that the production of the SCFAs acetate, propionate and 

butyrate by the colonic microbiota are significantly reduced by Abx [33]. These overall 

increases in acetate in the groups exposed to Abx could also be enhanced by an expansion of 

potential acetate consumers in groups without Abx, such as Rhodospirillales.

5. Conclusion

In light of these results, it can be concluded that the perturbations caused by GWI and 

HF were only partially prevented by Abx. Feeding a HF decreased both food intake and 

body weight gain in the GWI groups exposed to Abx. However, these offsetting effects of 

Abx were not translated into restitution of microbial diversity or normalization of beneficial 

bacterial byproducts such as acetate. Furthermore, Abx themselves caused a remodeling 

of the gut microbiome that was associated with decreases in α-diversity, changes in the 

composition and structure of the microbial community characterized by a large expansion 

of Proteobacteria members, and acetate levels. While Abx were very effective in reducing 

the two dominant gut microbiome phyla (i.e. Firmicutes and Bacteroidetes), they favored 

the proliferation of potential pathobionts. Although the detrimental effects of treatment with 

GWI on the gut microbiome and their aggravation by HF were tangible, the use of Abx may 

not represent a dependable approach to deplete the gut microbiome and its advantages as a 

pseudo germ-free model warrant further investigation.
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Fig. 1. 
Effect of diet on food intake (A), fluids intake (B), and average body weight (C). Mice were 

treated with GWI agents or Con (control) and then fed a normal diet (ND) or a high fat diet 

(HF), concomitantly with antibiotics (+Abx) or without antibiotics (Abx) for 21 days. Food 

and fluids intake measures were calculated based on food or fluids consumption (g), mouse 

body weight (kg) for a 24 h period and reported as g/kg/24 h. Results are mean ± SEM, N = 

6–7.

Angoa-Pérez et al. Page 17

Life Sci. Author manuscript; available in PMC 2021 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Fig. 2. 
Violin plots of the microbial α-diversity indexes Chao-1 (A), Shannon (B), and inverse 

Simpson (C) in mice treated with GWI agents or Con (control) and then fed a NORMAL 

diet (ND) or a high fat diet (HF), concomitantly with antibiotics (+Abx) or without 

antibiotics (−Abx) for 21 days. Values are mean ± SEM. Symbols represent significance 

levels for the indicated post hoc comparisons as p<: *0.5, **0.01, ***0.001, and 

****0.0001.
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Fig. 3. 
3D Non-metric multidimensional scaling analyses of the microbial β-diversity indices 

Jaccard (A) and Bray-Curtis (B) in mice treated with GWI agents or Con (control) and 

then fed a normal diet (ND) or a high fat diet (HF), concomitantly with antibiotics (+Abx) or 

without antibiotics (−Abx) for 21 days. N = 5–7.
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Fig. 4. 
Percent relative abundance of the 8 most prominent bacterial phyla in mice treated with 

GWI agents or Con (control) and then fed a normal diet (ND) or a high fat diet (HF), 

concomitantly with antibiotics (+Abx) and without antibiotics (−Abx) for 21 days. N = 6–7.
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Fig. 5. 
Relative abundance of taxa below the level of phylum in treatment and diet groups. Results 

are presented as % relative abundance for each taxon. Con = control; GWI = PER + PB; 

ND = normal diet; HF = high fat diet; −Abx = without antibiotics; +Abx = with antibiotics. 

Symbols represent significance levels for the indicated post hoc comparisons as p<: *0.05, 

**0.01, ***0.001; ****0.0001.
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Fig. 6. 
Heat map illustrating patterns in relative abundance of ASVs among the treatment groups. 

All subjects in each group are arrayed in columns and bacterial taxonomies are indicated in 

rows. Con = control; GWI = PER + PB; ND = normal diet; HF=HF diet; −Abx = without 

antibiotics; +Abx = with antibiotics. Clustering along the y-axis was done using the Ward 

algorithm. N = 6–7.
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Fig. 7. 
Bacterial taxa that were differentially abundant according to LEfSe analysis. Results are 

displayed as a cladogram where taxa values in each treatment group are highlighted by 

small circles and by shading. All groups shown are statistically different compared to each 

other (LDA > 3.6). Control (Con), High fat diet (HF), with (+Abx) and without (−Abx) 

antibiotics.
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Fig. 8. 
Relative abundance of bacterial species in treatment and diet groups. Results are presented 

as % relative abundance for each taxon. Con = control; GWI = PER + PB; ND = normal 

diet; HF = high fat diet; −Abx = without antibiotics; +Abx = with antibiotics. Symbols 

represent significance levels for the indicated post hoc comparisons as p<: *0.05, ***0.001; 

****0.0001.
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Fig. 9. 
Levels of acetate in caecum of mice treated with GWI agents or Con (control) and then fed 

a normal diet (ND) or high fat diet (HF), concomitantly with antibiotics (+Abx) or without 

antibiotics (−Abx) for 21 days. Results are mean ± SEM, N = 4–5. Symbols represent 

significance levels for the indicated post hoc comparisons as p <: *0.05, **0.01, ***0.001, 

****0.0001.
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