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A B S T R A C T   

Background: Traffic-related air pollution (TRAP) is linked to increased risk for age-related dementia, including 
Alzheimer’s disease (AD). The gut microbiome is posited to influence AD risk, and an increase in microbial- 
derived secondary bile acids (BAs) is observed in AD patients. We recently reported that chronic exposure to 
ambient TRAP modified AD risk in a sex-dependent manner in the TgF344 AD (TG) rat. 
Objectives: In this study, we used samples from the same cohort to test our hypothesis that TRAP sex-dependently 
produces gut dysbiosis and increases secondary BAs to a larger extent in the TG rat relative to wildtype (WT) 
controls. 
Methods: Male and female TG and age-matched WT rats were exposed to either filtered air (FA) or TRAP from 28 
days up to 15 months of age (n = 5–6). Tissue samples were collected after 9 or 14months of exposure. 
Results: At 10 months of age, TRAP tended to decrease the alpha diversity as well as the beneficial taxa Lacto-
bacillus and Ruminococcus flavefaciens uniquely in male TG rats as determined by 16 S rDNA sequencing. A basal 
decrease in Firmicutes/Bacteroidetes (F/B) ratio was also noted in TG rats at 10 months. At 15 months of age, 
TRAP altered inflammation-related bacteria in the gut of female rats from both genotypes. BAs were more 
affected by chronic TRAP exposure in females, with a general trend of increase in host-produced unconjugated 
primary and microbiota-produced secondary BAs. Most of the mRNAs of the hepatic BA-processing genes were 
not altered by TRAP, except for a down-regulation of the BA-uptake transporter Ntcp in males. 
Conclusion: In conclusion, chronic TRAP exposure produced distinct gut dysbiosis and altered BA homeostasis in 
a sex and host genotype-specific manner.   

1. Introduction 

Neurodegenerative disorders, which are commonly characterized by 
immature death of neuronal cells in the central nervous system due to 
accumulation of misfolded, neurotoxic proteins, are suggested to be the 
second leading cause of death worldwide [16,17]. Among various types 
of neurodegenerative diseases, AD is one of the most significant health 
issues worldwide. It was recently reported that approximately 6.5 
million people aged 65 and older in the United States are living with AD 

([2] 2021) and it is estimated that the number could grow to 13.8 
million (2021; [51]). 

A transgenic model of AD, the TgF344-TG rat, expresses both mutant 
human amyloid precursor protein (APP) and presenilin 1 (PS1ΔE9) 
genes and manifests signs with face validity to early onset of familial AD 
[29]. We recently characterized the effect of traffic-related air pollution 
(TRAP) on AD-relevant neuropathology in this TG rat model and wild-
type rats [91]. We observed that TRAP increased amyloid plaque 
deposition, hyperphosphorylated tau levels, neuronal cell loss, 
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microglial cell activation, and cognitive deficits in an age-, sex-, and host 
genotype-specific manner. 

Various environmental factors play an important role in the inci-
dence and progression of AD and related dementia. Air pollution is 
considered a potent risk factor for AD-relevant neuropathology [15], 
ranking 8th among the leading risk factors for mortality, accounting for 
2.5% of all deaths in developed countries [18,41]. Several prior and 
recent observations noted the links between diesel exhaust (DE) and 
particulate matter smaller than 2.5 µm (PM2.5) and ultrafine PM (par-
ticles smaller than 1 µm) and AD-associated dementia ([30,42]; Cac-
ciottolo, 2017; Chen et al., [27]; Grande et al., [47]; Yuchi et al., [125]). 
A study on a large population cohort found that development of de-
mentia is higher in individuals living close to heavy traffic [26] and a 
recently published epidemiological study again noted that elevated 
long-term exposure to PM2.5 is associated with increased risk of de-
mentia [102]. In a preclinical study, exposure to urban nanosized PM for 
225 h over 15 weeks increased cerebral Aβ deposition in female AD mice 
[14]. 

During the last few years, an association between gut dysbiosis and 
the development of neurodegenerative diseases and neurologic 
dysfunction has been established (Chandra, 2020; Parker et al., [90]; 
Megur et al., [73]). The microbiota-gut-brain axis is a bi-directional 
communication system that is recognized as a factor in determining 
the health of the central nervous system [35,83]. Alterations in the gut 
microbial composition have been reported in several animal models of 
neurodegenerative diseases and neurologic dysfunction. For example, 
removal of the gut microbiome can prevent the development of 
relapsing-remitting demyelination in a mouse model of multiple scle-
rosis (MS) [10]. Oral ingestion of probiotics (Lactobacillus and Bifido-
bacterium) attenuates neuroinflammation in rats and mice [65,116]. 
Reduced fecal microbial composition has been reported in both autistic 
children and mouse models of autism [32,44]. In AD patients, reduced 
microbial richness in the feces has been correlated with increased glial 
cell activation [120]. In a germ-free (GF) APPS1 AD mouse model, there 
was a significant reduction in cerebral amyloid pathology along with 
reduced microgliosis in both young and old animals [48]. Further, fecal 
microbiome transplant (FMT) of GF-APPPS1 transgenic mice using feces 
from conventionally raised APPPS1 transgenic mice increased cerebral 
Aβ pathology, confirming a role for the gut microbiome in the pro-
gression of AD [48]. Studies using another mouse model of AD (5x FAD 
transgenic mice) revealed an altered microbial composition in feces of 
these mice, evident as an increase in the pro-inflammatory species 
Clostridium leptum [13,19]. In addition, increased permeability of gut 
barrier with age leads to the translocation of microbes and/or microbial 
components to the systemic circulation, and this has been suggested to 
induce local and systemic inflammation and altered brain function [35, 
58,68,7]. 

The gut microbiome can produce neuroactive microbial metabolites, 
such as short chain fatty acids (SCFAs), neurotransmitters (gamma- 
aminobutyric acid (GABA), histamine, acetylcholine, serotonin, mela-
tonin, etc.), and BAs [101,104,54,6]. Some of these metabolites can 
reach the brain via the systemic circulation to modulate various cogni-
tive functions [21]. While the neuroactive features of several micro-
bially metabolites such as SCFAs have been well characterized in 
neurological disease [98], less is known as to whether and how 
microbial-derived secondary BAs are associated with environmental 
toxicant exposures and AD susceptibility. 

BAs are amphipathic molecules derived from cholesterol in the liver 
that function in lipid metabolism; these host-derived BAs are called 
primary BAs [108]. Most of the primary BAs are conjugated with taurine 
or glycine in humans, or predominantly with taurine in mice and rats, 
before they are secreted into the intestine. In the intestine, BAs control 
bacterial proliferation and overgrowth; conversely, bacterial enzymes 
convert primary BAs to secondary BAs through deconjugation, dehy-
droxylation and epimerization [75,111]. 

Recently, BAs have emerged as important signaling molecules with 

systematic endocrine functions that are associated with metabolic and 
neuronal diseases [107,111,39,85]. Elevated secondary BAs deoxy-
cholic acid (DCA), lithocholic acid (LCA), glycine conjugated deoxy-
cholic acid (G-DCA) and glycine conjugated ursodeoxycholic acid 
(G-UDCA) have been reported in the plasma of patients with amnestic 
mild cognitive impairment (aMCI) and AD [1,67,71,86]. BAs, such as 
cholic acid (CA), chenodeoxycholic acid (CDCA) and DCA, have been 
detected in the brain of rats [40,69,70]. The BAs UDCA and its 
taurine-conjugated form (T-UDCA) have been shown to have a neuro-
protective effect in patients with AD, PD and Huntington’s disease, and 
systemic administration of these two BAs was neuroprotective in cor-
responding animal models [57,87,95]. Higher concentrations of toxic 
secondary BAs have also been detected in the brain of APPPS1 trans-
genic mice compared to WT controls [87]. 

Recent studies have shown that chronic TRAP exposure is associated 
with greater risk of metabolic disease such as type 2 diabetes [115,124, 
4]. Studies have also shown that air pollution is an important etiological 
factor in the development of neurodegenerative disorders, such as AD 
[30]. However, little is known regarding the effect of the crosstalk be-
tween TRAP and gut microbiome in individuals carrying genetic risk 
factors for AD, and whether TRAP causes gut dysbiosis and/or alters 
important microbial metabolites, such as secondary BAs. Therefore, in 
this study, we tested how chronic ambient TRAP exposure from a heavy 
commute corridor modulates the gut microbiome and microbial BA 
metabolism in a transgenic rat model of AD and WT controls. 

2. Materials and Methods 

2.1. Chemicals and reagents 

Fecal DNA isolation kits were purchased from QIAGEN. For bile acid 
extraction, liquid chromatography mass spectrometry (LC-MS) grade 
methanol, acetonitrile and ammonium acetate were purchased from 
Thermo Fisher Scientific. Deuterated internal standards (IS) used 
included: d4-DCA (CDN Isotopes; CAS No: 112076–61–6), d4-CDCA 
(CDN Isotopes; CAS No: 99102–69–9), d4-CA (TRC, Canada; Cat no #: 
C432603), d4-GCDCA (Iso Sciences, CAS No: 1201918–16–2) and d4- 
LCA (PubChem CID of LCA: 9903, Steraloids). Nineteen major BAs 
(Table S1) were purchased from either Sigma Aldrich (St. Louis, Mis-
souri) or Steraloids (Newport, Rhode Island). ωMCA and T-ωMCA was a 
kind gift from Dr. Daniel Raftery’s laboratory at University of Wash-
ington Northwest Metabolomics Research Center. Agilent ZORBAX 
Eclipse Plus C18 columns were purchased from Agilent Inc. All other 
chemicals and reagents, unless indicated otherwise, were purchased 
from Sigma-Aldrich (St. Louis, MO). 

2.2. Animals and exposure details 

Male and female Tg344-AD (TG) rats that overexpress the human 
mutant amyloid precursor protein (APPSW) and presenilin 1 (PS1ΔE9)) 
transgenes, and age-matched WT rats were housed in TRAP or FA 
exposure chambers beginning at postnatal day 28 and continuing for up 
to 14 months as described previously [91]. 

In brief, TRAP exposure groups were continuously exposed to un-
changed real-time traffic air from a heavy commute tunnel. The air flow 
rate in the exposure chamber was 35 cubic feet per min [91]. FA air 
exposure group was exposed to background ambient air after several 
filtrations of residual air pollutants [38]. The exposure chambers were 
insulated for sounds to avoid significant sound related stress arising 
from the roadway and the vehicle noise [38]. For TRAP, the total par-
ticle number and PM2.5 mass concentrations fluctuate, mirroring traffic 
flow, with the mean 24 h PM2.5 levels being 15.6 ± 3.7 μg/m3. Average 
particle diameters in TRAP were 33 ± 4 nm. Total particle numbers in 
the TRAP chambers were 10- to 100-fold higher than in FA chambers 
[91]. A subset of these animals was euthanized at 10 or 15 months of age 
(Fig. 1). Immediately after euthanasia, various tissues including serum, 
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liver and large intestinal content (LIC) were collected, weighed and 
frozen in liquid nitrogen and then stored at − 80 ◦C until further anal-
ysis. The animal studies were approved by the IACUC Committee at UC 
Davis and all experimentation with the live animals occurred at UC 
Davis. 

2.3. Quantification of bacterial DNA and 16 S rDNA sequencing 

Total DNA was isolated from LIC from both WT and TG rats using 
QIAGEN Genomic DNA Isolation Kits according to the manufacturer’s 
protocol. The concentration of DNA was quantified using a Qubit fluo-
rometer (Thermo Fisher Scientific, Waltham, MA). Bacterial DNA was 
sequenced using an Illumina HiSeq system (250 bp paired end; n = 5–6/ 
group; Novogene, Sacramento, CA) for bacterial 16 S rDNA V4 amplicon 
sequencing. The paired-end sequence reads were joined and demulti-
plexed using QIIME [20]. Joined FASTQ files of all samples were 
labelled with a unique identifier. Chimera sequences generated from 
PCR amplification artifacts were removed using identify_chimeric_seqs. 
py, and reference-based chimera detection was performed using 
usearch61 against the Greengenes 13_8 operational taxonomic units 
(OTUs) database (99_otus.fasta) (http://qiime.org/home_static/dataF 
iles.html). OTU tables were then sorted, format-converted and 
taxonomy-summarized from level 3 (L3, class level) to L7 (species level). 
The α- and β-diversity were determined using alpha_refraction.py and 
jackknifed_beta_diversity.py in QIIME. 

2.4. RNA isolation 

Total RNA was isolated from frozen liver samples using RNAzol Bee 
reagent according to the manufacturer’s protocol (Tel-Test Inc., 
Friendswood, Texas). RNA concentration was determined using a 
NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltham, 
Massachusetts) at 260 nm. Integrity of total RNA was confirmed by gel 
electrophoresis. Total RNA was reversed transcribed into cDNA using a 
high-capacity cDNA Reverse Transcription kit (Applied Biosystems, 
Foster City, California). The cDNAs were amplified by qPCR using 
SsoAdvanced Universal SYBR Green Supermix in a BioRad CFX384 Real- 
Time PCR Detection System (Bio-Rad, Hercules, California). The qPCR 
primers targeting the cDNAs of the host BA-processing genes were 
synthesized by Integrated DNA Technologies (Coralville, Iowa, USA) 
and the sequences are shown in Table S2. The ddCq values were 
calculated for each target gene and then normalized to the expression of 
the housekeeping gene, β-actin. 

2.5. Bile acid quantification 

2.5.1. Preparation of bile acid (BA) standard curve 
One mg/mL stock solutions of individual BAs (for standard curve) 

and internal standards (ISs) were prepared in methanol and water (1:1). 
The 19 individual BA stock solutions were further diluted in 50% 

methanol to obtain 10 working standard solutions (0.05–10000 ng/mL). 
The 5 ISs were mixed to obtain a working IS solution. 

2.5.2. BA extraction from Liver serum and LIC 
BAs were extracted from frozen LIC samples (n = 5–6 per group) 

using a similar method as we described previously [34,45] with modi-
fications. Briefly, 75–85 mg of feces were used for each sample, and 
were vortexed in sterile water (2.5 µl per mg of fecal mass) at 4 ◦C. 
Afterwards, 200 µl of well-homogenized fecal suspension was removed 
and mixed with 10 µl of IS mixture and equilibrated on ice for 5–10 min. 
1.5 mL of ice-cold alkaline acetonitrile (5% ammonia in acetonitrile) 
was added to the homogenate, which was then vortexed vigorously and 
shaken continuously for 1 h at room temperature. The mixture was then 
centrifuged at 21,000 g for 15 min at 4 ◦C, and the supernatant was 
collected into 5 mL glass tubes. The pellet was re-suspended in 750 µl of 
methanol, shaken for 20 min, and centrifuged at 21,000 g for 20 min. 
The two supernatants obtained were combined, evaporated under vac-
uum (30 ◦C) for 4 h, and reconstituted in 100 µl of 50% methanol. The 
suspension was transferred into a 0.2 µm Costar Spin-X HPLC micro-
centrifuge filter (Corning Inc., Corning, NY), and centrifuged at 21,000 g 
for 10 min. 50 µl of this filtrate was injected into the ultra-performance 
liquid chromatography coupled with mass spectrometry in tandem 
(UPLC-MS/MS) for analysis. Calibrator and different quality control 
(QCs) samples were prepared by adding the appropriate amount of the 
different standard stock solutions and were extracted using the similar 
sample preparation procedure described above for fecal sample 
extractions. 

For serum BA extraction, 50 µl of serum samples were mixed with 
10 µl of internal standard (IS) solution and vortexed for 5–10 min. 
500 µl of ice-cold methanol was added to the serum samples and vor-
texed again to prep a homogenous mixture. The sample mixture was 
centrifuged at 21,000 g for 10 min at 4 ◦C. The supernatant was 
collected in a new tube and again 500 µl of ice-cold methanol was added 
to the pellet. The pellet was dissolved in methanol and again centrifuged 
following the same previous criteria. Each supernatant was combined 
and evaporate under vacuum (low temperature, 30 ◦C) for 2.5 h. The 
dried samples were then reconstituted using 100 µl 50% methanol. 
Before injecting the samples were again centrifuged for 10 min at 
21,000 g and 50 µl of filtered samples was loaded in the autosampler 
vials for MS-analysis. 

BA was extracted from frozen liver samples (n = 5–6) using a method 
similar to that described in our previous publications [34,36,45] with 
modifications. Approximately 50–60 mg of liver tissue was homoge-
nized in Millipore water and 200 µl of this homogenate was mixed with 
10 µl of IS solution. 1.5 mL acetonitrile containing 5% ammonium hy-
droxide was added to the sample for protein precipitation and placed in 
the shaker for one hour at room temperature. After one hour the samples 
were centrifuged at 21,000 g for 15 min and the supernatant was 
collected in a 5 mL glass vial. The methanol containing samples were 
again centrifuged at 21,000 g for 20 min and the supernatant was 

Fig. 1. A diagram illustrating the main hypothesis and 
experimental design of the study. Male and female rats in 
WT or TgF344-AD background were exposed to either 
filtered air (FA) or traffic related air pollution (TRAP) 
starting from postnatal day (PND) 28. Tissues were 
collected after 9 and 14 months of exposure while the age 
of those animals were 10 months and 15 months respec-
tively. Microbial DNA from the large intestinal content 
(LIC) was quantified using 16 S rDNA sequencing. Bile 
acids (BAs) in serum, LIC, and liver were quantified using 
LC-MS/MS. Messenger RNA expression of host BA pro-
cessing genes in liver and ileum was quantified using RT- 
qPCR.   
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carefully collected and combined with the previous one. The superna-
tant was then evaporated under vacuum for 4 h and reconstituted in 
50% methanol for further analysis. The suspension was transferred into 
a 0.2 µm Costar Spin-X HPLC microcentrifuge filter (Corning Inc., 
Corning, NY), and centrifuged at 21,000 g for 10 min for purification. 
10 µl of this filtrate was then injected into the instrument for further 
quantification. 

2.5.3. UPLC-MS/MS method development for BA quantification 
Agilent 1290 UPLC (ultra-high pressure liquid chromatography) 

system combined with an Agilent 6460 triple quadrupole mass spec-
trometer via an electrospray ionization interface, was used for analysis. 
The chromatographic separation was performed using a ZORBAX 
Eclipse Plus C18 analytical column (2.1X100mm; id: 1.8 µm). Samples 
were eluted using mobile phase A, consisting of 20% acetonitrile and 
10 mM ammonium acetate in water, and mobile phase B, which con-
sisted of 80% acetonitrile and 10 mM ammonium acetate in water, at a 
flow rate of 0.4 mL/min. The gradient profile details used for the LC 
pump are described in Table S3. The injection volume of the samples 
was 5 µl. The column temperature was set at 45 ◦C and the sample tray 
temperature was maintained at 9 ◦C. MS/MS spectra were produced 
using the negative ionization mode. 

2.6. Data analysis 

Data are represented as mean ± standard error (SE). Statistically 
significant differences among groups were determined by analysis of 
variance (ANOVA) followed by Tukey’s post-hoc test (p < 0.05) in R. 
Three-dimensional Principal Coordinate Analysis (PCoA) plots (beta 
diversity) were generated using the weighted UniFrac diversity metric in 
Emperor (Gigascience). OTUs were visualized using stacked bar plots 
generated in SigmaPlot (Systat Software, Inc). Bar plots representing the 
bile acid concentration were prepared using SigmaPlot. Asterisks (*) 
represent significant differences between FA and TRAP exposure, hashes 
(#) represent significant differences between genotype (WT and Tg344- 
AD groups). 

We have performed three-way ANOVA in the present study using a 
generalized linear model controlling for errors of multiple testing. The 
three factors were host genotype (wild type vs. transgenic), exposures 
(filtered air vs. TRAP), and sex (male vs. female). Our key question was 
to what extent TRAP modulates gut microbiome, and how sex and host 
genotypes modified the interactions between TRAP and gut microbiome 
at each time point. 

3. Results 

3.1. TRAP-mediated effects on the gut microbiome composition 

After 9 months of exposure, the effect of TRAP on the alpha diversity 
(Chao1 index) which reflects the microbial richness in the gut of 10- 
month-old male and female WT and TG rats is shown in Fig. 2A. 
Although not statistically significant, TRAP tended to increase the 
richness of the gut microbiome in male WT rats, however, this trend was 
reversed in male TG rats, evidenced by an apparent decrease of richness 
in TRAP TG males. In female rats, the effect of TRAP on the gut 
microbiome was minimal in both host genotypes. Principal coordinate 
analysis (PCoA) showed that the beta diversity of the gut microbiome as 
calculated by the weighted Unifrac was not distinct across the eight 
experimental groups (Fig. S1A). At the phylum level, Firmicutes/Bac-
teroides (F/B) ratio, was significantly decreased in TRAP-exposed TG 
male rats compared to WT TRAP-exposed group (Fig. 2b). This obser-
vation supports the interaction between exposure and genotype in the 
alteration of gut associated microbial marker [117]. 

The effect of the 9-month TRAP exposure on the relative abundance 
of bacteria at the L7 species level is shown in Fig. S1B, and differentially 
regulated taxa are shown in Fig. 2 C and Fig. S1C. Most notably, 

Lactobacillus genus was uniquely downregulated by TRAP in male TG 
rats (Fig. 2 C). Several species of the Lactobacillus genus have been 
identified to improve AD in various research models through enhancing 
gut barrier functions, production of SCFAs, as well as having antioxidant 
and anti-inflammatory properties [114,5,82]. Ruminococcus flavefaciens 
was also down-regulated uniquely in male TG rats due to TRAP exposure 
(Fig. 2C). It is a well-known cellulolytic bacteria involved in the butyrate 
metabolic pathway [22]. Since butyrate is known to rescue the advanced 
stage of AD in a mouse model by cognitive improvement [46], the 
decrease in this bacterium may increase susceptibility to TRAP-induced 
neurotoxicity. Interestingly, the Odoribacter genus was eliminated by 
TRAP in all four groups of rats, indicating that it is a TRAP-targeted 
bacteria regulated independent of sex or host genotype (Fig. S1C). 

In summary, at 10 months of age after 9 months of TRAP exposure, 
both host genotype and sex were modifying factors for susceptibility to 
TRAP-mediated effects on the gut microbiome, with male TG rats 
generally being the most susceptible to TRAP-induced gut dysbiosis. 

At 15 months of age after 14 months of TRAP exposure, there was no 
marked difference in the alpha diversity among the eight experimental 
groups (Fig. S2A). However, with respect to beta diversity, while there 
was no distinct separation between FA and TRAP-exposed WT rats, there 
was a clear separation between FA and TRAP-exposed TG rats in both 
sexes (Fig. S2B), indicating that the AD genetic risk factor increases 

Fig. 2. (A) Alpha diversity of gut microbiota in LIC of male and female WT and 
TgF344-TG rats exposed to FA and TRAP for 9 months (n = 5–6 per group). The 
16 S rDNA data were analyzed using QIIME. (B) Firmicutes/Bacteroidetes (F/B) 
ratio in male (left) and female (right) WT and TgF344-TG rats after 9 months 
exposure to FA and TRAP. Pounds (#) represent statistically significant differ-
ences between WT and TG of the same sex and exposure (two-way analysis of 
variance [ANOVA] followed by Tukey’s post hoc test, p < 0.05). (C) Differen-
tially regulated bacterial species (L7) after 9 months exposure to TRAP. As-
terisks (*) represent statistically significant differences between FA and TRAP in 
rats of the same sex and genotype; pounds (#) represent statistically significant 
differences between WT and TRAP of the same sex and exposure (two-way 
analysis of variance [ANOVA] followed by Tukey’s post hoc test, p < 0.05). 
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susceptibility to chronic TRAP-induced gut dysbiosis. Overall, more taxa 
were differentially regulated after 14 months TRAP-exposure in both 
sexes and genotypes of rats, as observed to the earlier time point (Fig. 3). 
While the F/B ratio was not significantly altered by TRAP in any 
experimental group, at the phylum level (Fig. 3A), there was a signifi-
cant increase in Bacteroidetes and Tenericutes uniquely in male WT rats 
exposed to TRAP, a significant decrease in Proteobacteria uniquely in 
male TG rats exposed to TRAP, and a significant increase in Actino-
bacteria uniquely in female TG rats exposed to TRAP (Fig. 3B). Increased 
richness of both Bacteroidetes and Tenericutes, as well as decreased 
richness of Proteobacteria, has been previously reported in AD mice 
(Harach, 2017; Park et al. [88]). 

As shown in Fig. 3C and D, at the L7 species level, 14 months of TRAP 
exposure altered gut microbes in a sex- and host genotype-specific 
manner. Notably, TRAP was associated with a female-specific increase 
in Turicibacter and Ruminococcus gnavus in both genotypes. R. gnavus is 
known to produce inflammatory cytokines, whereas an increase in 
Turicibacter has been reported in diet-induced obesity (Henke, 2019; Liu, 
2016). In male WT rats, an increased richness of Paraprevotella was 
noted after 14 months of TRAP exposure. This taxon has been associated 
with major depressive disorders (Jiang, 2015). Members of the family 
Desulfovibrionacceae and Lachnospiraceae decreased in both male and 
female TG rats after 14 months exposure. Lower abundance of the family 
Lacnospiraceae and Ruminococcaceae have been associated with lower 
BA and SCFA production [68] and are proposed to strengthen the 
integrity of the gut barrier [105,130,79]. Butyrate, which is a neuro-
protective SCFA [62,76], has been reported to be decreased in the fecal 
samples of AD mice [128]. Another family, Desulfovibrionaceae, was 
decreased in 15-month-old male TG rats after 14 months of exposure to 
TRAP. Both Desulffovibrio and Odoribacter sp were reduced in a mouse 
model of autism and the authors reported a positive correlation of those 
taxa with impaired social behavior and a negative correlation with an 
anxiety phenotype [44]. Odoribacter is a known producer of SCFAs, 
decreased richness of Odoribacter in current study may affect host 
inflammation via less production of SCFA [43,78]. Interestingly, a 
recently published study documented the beneficial role of Odoribacter 
among the healthy centenarian population [99]. Interestingly, in the 
present study, Odoribacter was down-regulated by 14-months of TRAP 
exposure in all groups. It is possible that the depletion of Odoribacter 
may result in adverse health effects such as shortened lifespan and 
accelerated rate of aging-related diseases such as neurodegenerative 
disorders, although additional experiments are needed to establish a 
mechanist link. Collectively, these findings support a role of TRAP in gut 
dysbiosis and in accelerating the progression of neurodegenerative dis-
ease such as AD. 

3.2. TRAP effects on BA homeostasis 

To determine the effect of TRAP on BA homeostasis, targeted 
metabolomic analysis was done in liver, serum and LIC. In total, 19 
primary and secondary BAs, and taurine-conjugated forms were quan-
tified. Abbreviations for all BAs are provided in Supplementary Table S1. 
Individual BA concentrations among all tissue compartments (serum, 
liver and LIC) are provided in Supplemental Tables S4-S9. 

At 10 months of age after 9 months of TRAP exposure, BAs in liver 
were not significantly altered by TRAP in any experimental group; and 
in general, the sum of all BAs, all primary BAs, and all secondary BAs 
were also not altered by TRAP (Fig. S3). However, interestingly, as 
shown in Fig. 4, the major primary conjugated BA, T-CA, was uniquely 
down-regulated by 9 months of TRAP exposure in both serum and LIC of 
male TG rats. The major primary unconjugated CA was significantly 
increased by TRAP in the serum of male WT rats and tended to be 
increased in male TG rats due to TRAP exposure. Interestingly, T-LCA, 
which is the conjugated form of a major secondary BA produced by 
intestinal bacteria, was increased by TRAP uniquely in LIC of male TG 
rats. In serum of TRAP-exposed female rats, the secondary BA ωMCA was 

higher in TG than in WT rats (Table S4B). The TRAP-mediated decrease 
in T-CA in serum and LIC, a trend towards increased CA in serum, and 
increased T-LCA in LIC (mostly observed in male TG rats), as well as 
higher ωMCA in TRAP-exposed female TG rats than TRAP-exposed fe-
male WT rats, suggest a TRAP-mediated increase in microbial deconju-
gation and dihydroxylation to promote secondary BA synthesis in AD 
genetic risk factor carriers at this time point. 

At 15 months of age after 14 months of TRAP exposure, total BAs, 
total primary BAs, and total secondary BAs remained unchanged in liver, 
serum, and LIC across all experimental groups (Fig. S4). However, in 
serum, the primary conjugated BA T-αMCA and its unconjugated form 
αMCA were increased by TRAP uniquely in female TG rats (Fig. 5A). The 
other primary unconjugated CA, CDCA, and βMCA also tended to be 
increased in serum by TRAP in female rats of both genotypes, although a 
statistical significance was not achieved. In addition, the secondary 
conjugated BA T-DCA tended to be increased by TRAP in male TG rats 
although a statistical significance was not achieved (Fig. 5A). 

In LIC, 14 months TRAP exposure increased the primary BAs, T-CA 
and CA, as well as the secondary BAs, T-ωMCA and T-HDCA in female 
WT rats. TRAP also increased CA in male TG rats (Fig. 5B). 

Overall, after 14 months of TRAP exposure, distinct BAs were 
differentially altered by TRAP, with most upregulated. In addition, fe-
males appeared to be more susceptible than males to the effects of TRAP 
on BAs. 

To determine the effect of TRAP exposure on host hepatic BA syn-
thesis and disposition, we quantified serum C4 (7-αhydroxy-4-cholesten- 
3one), which is a stable intermediate in the rate-limiting pathway of BA 
biosynthesis in the liver [56]. C4 was not altered by TRAP at either time 
point in any of the experimental groups (Fig. S5). In addition, we 
quantified the mRNA expression of various BA synthetic enzymes 
(Cyp7a1, 7b1, 8b1, and 27a1) and the major BA uptake (Ntcp) and efflux 
(Bsep) transporters in liver (Fig. S6). Except for Ntcp, which was 
downregulated by TRAP in male WT rats at 10 months and in male TG 
rats at 15 months, none of the BA-processing genes were significantly 
regulated by TRAP (Fig. S6). Therefore, the TRAP-mediated changes in 
BAs may be more mediated by gut microbiome, rather than host liver. 

4. Discussion 

Characterizing both WT and transgenic rats expressing AD risk 
genes, we found that chronic ambient TRAP exposure produced gut 
dysbiosis and altered BA metabolites in a host genotype- and sex-specific 
manner. As summarized in Fig. 6, after 9 months TRAP exposure, we 
observed genotype- and sex-specific changes in TRAP-induced gut dys-
biosis and BAs, with most changes observed in male TG rats. The male 
TG-specific alterations include 1) a tendency of decreased alpha di-
versity; 2) decreased beneficial taxa such as Lactobacillus sp., and 
R. flavefaciens; as well as 3) reduced T-CA and increased CA in serum, 
reduced T-CA and increased T-LCA in LIC – together indicating increased 
secondary BA synthesis. As reported in [91], at the 9-month time point, 
male TG rats had elevated neuroinflammation markers 
(CD68 +/IBA1 + levels), and there was increased neuronal cell loss of 
TG rats. In addition, sex is an important variable in contextual fear 
conditioning, where male rats’ performance was worse than females. 
After 14 months of TRAP exposure, there were more prominent 
TRAP-induced gut dysbiosis and BA changes than the earlier time point. 
Specifically, gut microbiome and BAs of both sexes and host genotypes 
were impacted by TRAP, and the AD-related phenotypes were also 
impacted by both sex and the genotype variations. 

The transgenic AD rats were used in the study to understand the gene 
vs. environment interaction in the progression of gut dysbiosis associ-
ated with the reported susceptibility of AD-like phenotype. All neuro-
logical endpoint parameters (e.g., amyloid beta accumulation, 
inflammatory marker of brain microglia, behavioral changes) associated 
with TRAP exposure in both transgenic and wild-type rats have been 
shown in our collaborators’ recent publication [91] using the same 
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Fig. 3. (A) F/B ratio in male (left) and female (right) WT and TgF344-TG rats after 14 months exposure to FA or TRAP (n = 5–6 per group). (B) Differentially 
regulated bacterial phyla (L2) by TRAP after 14 months exposure (asterisks [*] represent statistically significant differences as compared to the FA-exposed group of 
the same sex and genotype, p < 0.05). Statistical significance was determined using two-way ANOVA followed by Tukey’s post hoc test. (C) Proportion of bacterial 
species (L7) observed in FA and TRAP exposed male and female rats. (D) Differentially regulated bacterial species (L7) in female and male rats after 14 months 
exposure to TRAP. Asterisks (*) represent statistically significant differences when compared with different exposure of similar sex and genotype (p < 0.05) whereas 
pound (#) symbolize statistically significant differences among different genotypes of similar sex and exposure (p < 0.05). Data was analyzed using two-way ANOVA 
followed by Tukey’s post hoc test. 
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cohort. Specifically, neural cell loss is a pathological hallmark of AD, and 
this was observed at 10 months in the TgF344 transgenic AD rats with no 
sex-specific effects [91]. At 10 months the higher neural cell loss in the 
TgF344 rats was not TRAP-specific however, at 15 months TRAP played 
a significant role and exacerbated neural cell loss in both WT and 
TgF344 rats. 

In the current study, we have demonstrated how TRAP accelerates 
gut dysbiosis, which in turn may alter gut-brain axis secondary to dis-
rupting the gut-liver interaction. A systematic comparison between the 
neurobehavioral study [91] and the gut microbiome investigations 
(current study) follows: 

Patten et al. demonstrated that over a time course of ambient TRAP 
exposure, the most prominent neurotoxicity was observed at 10 and 15 
months of age (which were after 9 and 14 months TRAP exposure, 
respectively) [91]. Similarly, in our current study we have noted 
prominent gut related dysbiosis at 10 and 15 months of age (which is 9 
months and 14 months of TRAP exposure). Therefore, in the current 
manuscript, for our investigations on the gut-brain axis, we focused on 
these two time points. At 10-months, interestingly, TRAP exposure 
increased the Aβ42: Aβ40 ratio, which is a predictive biomarker for 
impaired cognitive status and AD pathology [11], uniquely in the 
cortical tissue from male TG rats but not in the other groups [91]. 
Correspondingly, in the present study, we observed a TRAP-mediated 
decrease in Lactobacillus and Ruminococcus flavefaciens, uniquely in 
male TG rats at the same time point (Fig. 2C). These two taxa are 
considered as beneficial taxa and studies have reported their neuro-
protective potential in several animal’s model [114,22,5,82]. Specif-
ically, as discussed above, certain Lactobacillus species can improve AD 
in laboratory models via enhancing gut barrier function, SFCA produc-
tion, and having antioxidant and anti-inflammatory effects, whereas 
Ruminococcus flavefaciens is also known to produce the neuroprotective 
SCFAs. We also observed an overall tendency of reduced gut microbial 
alpha diversity uniquely in male TG rats following TRAP exposure at the 

10-months age (Fig. 2A). Interestingly, in AD patients, it has been shown 
that gut microbiome microbial alpha diversity is also reduced and is 
compositionally distinct from control age- and sex-matched individuals 
(Vogt, 2017). Therefore, the observed tendency in reduction of the alpha 
diversity by TRAP uniquely in male TG rats is consistent with the 
literature report on the positive associations between AD phenotype and 
gut dysbiosis in humans, and provides additional evidence that TRAP is 
a contributing factor for the onset of AD, and such toxicity is likely 
further modified by sex and the host genotype. In addition to changes in 
intestinal bacteria, at 10 months, TRAP increased the microbial derived 
T-LCA in LIC uniquely in male TG rats (Fig. 4A). Serum T-LCA and 
G-LCA (the human-enriched LCA conjugate) have been shown to posi-
tively associate with the AD biomarkers fibrillary tau and phosphory-
lated tau in the cerebrospinal fluid of AD patients [81]. In addition, an 
increase in serum secondary DCA has been detected in AD patients 
(MahmoudianDehkordi, 2019). However, we did not observe significant 
changes in the secondary BAs concentration in serum. In summary, the 
association among the TRAP-mediated increase in the cortical Aβ42: 
Aβ40 ratio, the TRAP-mediated decrease in certain neuroprotective in-
testinal bacteria, and the TRAP-mediated increase in potentially toxic 
microbial derived secondary BA T-LCA in LIC, all of which were 
uniquely observed in male TG rats suggest that the gut dysbiosis may 
serve as a contributing factor for the sex- and host genotype-specific 
susceptibility to TRAP-induced neurotoxicity. 

While we observed a positive correlation between Aβ42:Aβ40 ratio 
and gut dysbiosis that likely explain TRAP-mediated neurotoxicity in 
male TG rats at 10 months, there are several other neurotoxic bio-
markers that do not entirely associate with the microbial or metabolic 
signatures. For example, at 10 months, TG rats of both sexes had more 
participles in hippocampus and more neuronal cell loss following TRAP 
exposure [91], whereas changes in gut microbiome and secondary BAs 
in female TG rats were minimal at this time point. At the 15-months’ 
time point, both TRAP-mediated neurotoxicity and the microbial-related 

Fig. 4. LC-MS quantification of individual BAs from serum (A) and LIC (B) of 9 months FA and TRAP-exposed rats. The differentially regulated BAs are shown. 
Asterisks (*) represent statistically significant differences between exposure groups (FA vs TRAP) and pounds (#) represent statistically significant differences be-
tween genotypes (p < 0.05). Data is represented as means ± SE. All data has been analyzed using two-way ANOVA followed by Tukey’s post hoc test. 
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parameters displayed a more diverse pattern and were modulated by 
both sex and the host genotype. Regarding the contribution of sex, at 
15-months, TRAP increased Turicibacter and R. gnavus in female rats of 
both WT and transgenic genotypes, whereas these taxa remain un-
changed in male rats (Fig. 3D). To note, both Turicibacter and R. gnavus 
are well known for their pro-inflammatory effects, which are implicated 
in the pathogenesis of neurodegenerative disorders [27,52]. Studies 

reported that R. gnavus can employ mucin as a carbon source and might 
be directly associated with the breakdown of gut barrier function [113, 
31,93], which in turn allows the translocation of inflammatory lipo-
polysaccharide (LPS) from the gut. R. gnavus is also known to produce 
and secrete a complex glucorhamnan polysaccharide molecule, which 
can induce secretion of the inflammatory cytokine TNFα from dendritic 
cells [52]. Turicibacter has also been found to increase in diet-induced 

Fig. 5. LC-MS quantification of individual BAs from serum (A) LIC (B) of 14 months FA and TRAP exposed rats. The differentially regulated BAs are shown. Asterisks 
(*) represent statistically significant differences between exposure groups (FA vs TRAP) (p < 0.05). Data has been represented as means ± SE. All data were analyzed 
using two-way ANOVA followed by Tukey’s post hoc test. 
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obesity [63], which is a known risk factor for AD [74,94]. Studies have 
revealed that ketogenic diets are able to improve neurovascular function 
in mice by reducing the abundance of Turicibacter [66]. However, 
despite the TRAP-mediated increase in these pro-inflammatory taxa in 
the gut of female rats of both genotypes, the CD68 + /IBA1 + microglial 
cells were decreased by TRAP in female rats at 15 months [91], indi-
cating a reduction in neuroinflammation and neuronal loss. This 
discrepancy may be due to other confounding factors, including basal 
differences in microglia cells (the AD females have higher density of cells 
that are IBA1-positive [a biomarker for microglia] than WT females, 
regardless of exposure) [91], and a rise in serum T-αMCA (Fig. 5A), 
which was shown to be inversely (yet weakly) associated with brain 
atrophy of AD patients as evidenced by MRI [81]. Another bacterial 
genus, Paraprevotella increased significantly in 15-month-old male WT 
rats after 14 months of TRAP exposure. Increased abundance of Para-
prevotella seems to be associated with major depressive disorder [55]. A 
decrease in Paraprevotella in fecal samples was observed in AD patients 
[50]. Despite this observation, TRAP exposed WT males had impaired 
recognition of the fear conditioning context in comparison with FA WT 
males [91], suggesting that the fecal Paraprevotella levels are not 
necessarily a specific biomarker for neurotoxicity. 

In summary, a comparison of the neurological outcomes (Pattern 
et al.) and the gut microbiome data (present study) in the same cohort of 
animals at least partially supports the hypothesis that gut dysbiosis 
(evidenced as a reduction in neuroprotective bacteria and an increase in 
pro-inflammatory bacteria) and elevated microbial BA metabolism 
contribute to the promotion of AD-relevant phenotypes by exposure to 
chronic ambient TRAP in both WT and TG animals (Fig. 6). However, 
the discrepancies between the neurotoxicity study [91] and the present 
study on gut microbiome indicate that gut dysbiosis is likely a contrib-
uting factor but does not entirely explain the TRAP-induced neurotox-
icity. Additional intervention studies involving manipulation of the gut 
microbiome are needed to further confirm the mechanistic involvement 
of gut microbiome in TRAP effects on AD. 

GI inflammation and impaired gut barrier functions are increasingly 
recognized risk factors for neurological diseases [24]. Under basal 
conditions, a high F/B ratio is associated with increased energy harvest 

from diet [117]. The F/B ratio is also a well-known marker of gut dys-
biosis, and a low ratio is associated with inflammatory bowel disease 
(IBD) [109]. In our study, after 9 months of TRAP exposure, the basal 
F/B ratio was significantly reduced in TG rats. We also observed a 
TRAP-mediated decrease in taxa that are important for maintaining gut 
barrier functions and preventing inflammation. Permeability of the gut 
membrane is known to increase with age, which in-turn allows bacteria 
and their products (such as LPS) to translocate through the disrupted 
barrier and reach peripheral organs [97,126]. Other groups have re-
ported the presence of LPS in the parenchyma and blood vessels of brain 
samples from aged and AD patients [127,129] and in the plasma of AD 
transgenic mice [112]. Memory impairment, Aβ aggregation and 
astrocyte activation have also been reported in mice after administration 
of LPS [61]. In the present study, we saw a TRAP-mediated increase in 
the abundance of inflammation-producing taxa such as Ruminicoccus 
gnavus, [52] and taxa associated with depression such as Turicibacter, 
Paraprevotella [8], along with decrease in the abundance of beneficial 
taxa such as Lactobacillus, R. flavefaciens, Odoribacter and Desulfovi-
braceae in both male and female rats. From these observations in the 
present study, we conclude that long term TRAP exposure is associated 
with gut dysbiosis and exacerbates brain-associated pathogenesis 
regardless of host genotype. Lower abundance of the family Lachno-
spiraceae and Ruminococcaceae have been reported to be associated with 
lower BA and SCFA production [68] and enhanced integrity of the gut 
barrier [105,130,79]. Similarly, in our current study, we have observed 
a TRAP-mediated decrease of family Lachnospiraceae in TG female rats 
after 14 months exposure. Therefore, our present study suggests that 
TRAP may negatively impact the gut integrity. Additional studies 
including quantifying serum LPS or bacterial DNA, quantifying intesti-
nal tight junctional proteins etc., will be needed to verify our hypothesis 
in the future. 

To understand the impact of long-term exposure to TRAP on the gut- 
liver axis, we quantified BAs in different tissue compartments of rats. 
BAs are not only digestive detergents or metabolites of cholesterol 
catabolism but are also recognized as important microbial metabolites 
that can influence host health and disease pathogenesis ([Anonymous] 
2019). In brief, host liver-derived primary BAs can be modified into 

Fig. 6. Summary of major findings in the current study and comparison with the AD-related phenotypes in the same cohort as observed by [91].  
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more polar secondary BAs by dehydroxylation reactions catalyzed by 
the gut microbiome. Any alteration in gut microbiome composition can 
alter BA homeostasis in the host. Altered BA profiles are known to be 
associated with the development of diseases such as obesity, IBD, cancer, 
and AD [123,50,60,81,84]. 

Recent studies have implicated BAs in the progression of neurode-
generative disease such as AD. Cytotoxic BAs, such as LCA and DCA are 
increased in the serum of AD patients [67,72,86]. A neuroprotective 
effect of BAs, such as from UDCA and T-UDCA, has also been reported, 
reducing Aβ-induced apoptosis in primary rat cortical neurons [106]. In 
our study, we saw a significant decrease in UDCA levels in the liver of 
WT female rats after 14 months exposure to TRAP. It has also been re-
ported that UDCA can reduce the production of ROS and decrease so-
dium nitroprusside-induced cytotoxic cell-death [28]. A decrease of 
UDCA in both WT and Tg344-AD female rats and increased R. gnavus 
population in our study aligns with the findings of [64] where UDCA 
treatment led to a decrease in R. gnavus in men [92]. Also, the concen-
trations of conjugated secondary BAs such as T-DCA, T-LCA, T-ωMCA, 
T-HDCA were altered in the serum and LIC of TRAP-exposed rats, sup-
porting the hypothesis of TRAP-induced gut-dysbiosis. Increased CA 
concentrations are known to directly alter gut microbial composition, 
increasing the abundance of opportunistic pathogens and decreasing the 
abundance of beneficial microbes [122]. Regarding the host contribu-
tion of BA levels, we were unable to see any significant alteration in the 
gene expression of BA synthesis genes and transporter in the liver after 
TRAP exposure. Only the hepatic BA uptake transporter Ntcp expression 
was reduced significantly in male rats after long-term exposure to TRAP. 
This finding suggests enhancing concentration of gut produced sec-
ondary BA in the serum, which might be able to reach brain and 
accelerate neurodegeneration. Hence, our observations suggest that it is 
likely that TRAP did not impact gut-liver homeostasis but instead 
impacted gut microbial abundance, which in turn modified the gut-brain 
axis. 

While the present study focused on BAs, which have recently been 
recognized to have neuroactive functions [77], other microbial metab-
olites may also contribute to TRAP effects on the brain. Lactobacillus spp. 
can produce neurotransmitter molecules such as acetylcholine and 
gamma-aminobutyric acid (GABA) [33,37,9]. Modulation in the 
signaling of neurotransmitters, such as acetylcholine and GABA, are 
associated with depression, and impaired synaptogenesis, which sub-
sequently influence brain function and behavior [23,33]. 

In the present study, TRAP significantly reduced the abundance of 
Odoribacter in both male and female rats exposed for 9 or 14 months. 
Odoribacter is also a known producer of SCFA, a decreased abundance of 
which may increase host inflammation [43,78]. It has also been reported 
that Odoribacter is responsible for the production of the sulfonolipid 
molecule “sulfobacin B” [121], which is able to suppress acute inflam-
mation in mice [25]. Odoribacter spp. was reduced in abundance in a 
mouse model of autism and authors reported a positive correlation of 
those taxa with social behavior and negative correlation with anxiety 
phenotypes [44]. Therefore, the decreased abundance of Odoribacter 
spp. in our study might be at least in part responsible for increased 
inflammation in the brain of TRAP-exposed animals. 

Members of the family Lachnospiraceae appeared to be decreased 
significantly in TG female rats after 14-months exposure to TRAP. 
Members of the family Lachnospiraceae is known to associated with BAs 
synthesis [68]. SCFA is an important bacterial metabolite that has been 
reported to be altered in the AD transgenic mice [12,128]. Butyrate is a 
neuroprotective SCFA [62,76] that has been reported to be decreased in 
the fecal samples of AD mice [128]. Another family, Desulfovibrionaceae 
seems to be decreased significantly in male TG rats after 15-months 
exposure to TRAP. Desulfovibrio, a member of the Desulfovibrionaceae 
family was reduced in a mouse model of autism, and it was correlated 
with social behavior and inversely correlated with anxiety phenotype 
[44]. Hence, these additional observations support the role of TRAP in 
gut dysbiosis and accelerate the progression of neurodegenerative 

disease such as AD. 
One limitation of the present study is that while we have established 

for the first time the associations between the gut dysbiosis and TRAP 
exposure in a sex and host genotype-specific manner using a rat model 
that is genetically prone to AD, we did not fully address how gut dys-
biosis mechanistically contributes to the sex- and genotype-specific 
neurotoxicity induced by TRAP. The current study, with a primary 
focus on characterizing the gut microbiome changes, is a follow up of the 
study by [91], which focused on the neurological outcomes of the same 
cohort of rats after long-term TRAP exposure. To fully address the ne-
cessity of gut dysbiosis in the onset of TRAP-induced neurotoxicity and 
identify specific microbes that promote or mitigate the pathogenesis of 
AD are among our ongoing research goals and need to be clarified in 
future studies. The effect of TRAP and its interactions with host genetics, 
metabolites, and neurological parameters appear far more complex than 
we initially hypothesized. While a clear trend was not observed for all 
endpoint parameters to conclude that gut microbiome mechanistically 
contributes TRAP-induced neurotoxicity with unique specificity towards 
one sex or host genotype, it is clear that the TRAP-induced gut dysbiosis 
and alterations in bile acids is highly sex- and host-genotype dependent. 
A similar trend in behavior changes was also reported using the same 
cohort of rats [91]. It is important to acknowledge that additional 
studies need to be conducted to further confirm our findings. 

The use of gnotobiotic models, fecal transfer experiments, or specific 
microbe inoculations may confirm the mechanistic contributions of gut 
microbiome in the development of TRAP-mediated neurodegenerative 
disorders including AD. Studies have reported that FMT is an effective 
measure to alleviate AD phenotypes in mice models and human patients 
[110,49,59,89]. Several studies have reported the role of FMT and its 
promise in the treatment of neurodegenerative disorders including 
Parkinson disease and autism spectrum disease [103,118,3,53]. As the 
current study is an initial notion of TRAP induced gut dysbiosis, we 
expect the exact association between TRAP and gut dysbiosis will 
effectively be explored using gnotobiotic model animals, fecal transplant 
experiments, and specific microbe inoculations. 

The current study was designed to consider sex as a critical variable 
for TRAP-induced risks to neurotoxicity. While epidemiological studies 
have suggested that the incidence rate of AD is higher in women [100, 
80,96], it was suggested that higher longevity and other sex-specific 
factors could serve as potential contributors [119]. In addition to 
TRAP, many other environmental and genetic risk factors contribute to 
the pathogenesis of AD, thus the sex-differences may be context specific. 
In addition, differences between rats and humans may serve as another 
confounding factor in the sex-specific response to toxic exposures. 
Additional experiments need to be performed to systematically compare 
the TRAP-induced neurotoxicity between humans and animal models to 
better assess the feasibility of using the transgenic rats to recapitulate 
AD risks in humans. 

5. Conclusion 

In conclusion, in the current study we demonstrated for the first time 
the impact of chronic exposure to ambient TRAP on gut dysbiosis. In 
brief, our data indicate that TRAP exposure increases the abundance of 
pro-inflammatory taxa and decreases the abundance of beneficial taxa in 
the gut. Further, the modified F/B ratio observed in TRAP-exposed an-
imals (regardless of their genotype and sex) supports the hypothesis that 
long-term TRAP exposure promotes gut dysbiosis. Significantly 
increased AD-associated phyla Bacteroidetes and Ternicutes, and signifi-
cantly decreased Proteobacteria in TRAP-exposed animals suggest a 
mechanism by which TRAP promotes the development of neurodegen-
erative disease. In the current study, we also noted TRAP exposure also 
altered the abundance of beneficial taxa and increased toxic secondary 
BA metabolites particularly in genetically susceptible male rats 
compared to females. We observed gut microbiome alteration after long 
term exposure to TRAP and this dysbiosis is present in both male and 
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female regardless of their genotype, although TG male rats show TRAP- 
induced dysbiosis early in comparison to the age- and genotype-matched 
female rats. Brain and behavior alteration due to TRAP exposure re-
ported by [91] again supports our gut-associated findings. These find-
ings altogether support the potential of gene environment interaction in 
the pathogenesis of neurological dysfunction through the alteration of 
gut homeostasis. 
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T. Hartmann, A. Schwiertz, K. Endres, Altered gut microbiome composition and 
tryptic activity of the 5xfad alzheimer’s mouse model, J. Alzheimer’s Dis. (2017) 
https://doi:10.3233/JAD-160926. 

[14] M. Cacciottolo, X. Wang, I. Driscoll, N. Woodward, A. Saffari, J. Reyes, M.L. Serre, 
W. Vizuete, C. Sioutas, T.E. Morgan, M. Gatz, H.C. Chui, S.A. Shumaker, S. 
M. Resnick, M.A. Espeland, C.E. Finch, J.C. Chen, Particulate air pollutants, apoe 
alleles and their contributions to cognitive impairment in older women and to 
amyloidogenesis in experimental models, Transl. Psychiatry (2017) https://doi: 
10.1038/tp.2016.280. 
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[43] M. Göker, S. Gronow, A. Zeytun, M. Nolan, S. Lucas, A. Lapidus, et al., Complete 
genome sequence of odoribacter splanchnicus type strain (1651/6), Stand. 
Genom. Sci. (2011) https://doi: 10.4056/sigs.1714269. 

[44] A.V. Golubeva, S.A. Joyce, G. Moloney, A. Burokas, E. Sherwin, S. Arboleya, et 
al., Microbiota-related changes in bile acid & tryptophan metabolism are 
associated with gastrointestinal dysfunction in a mouse model of autism, 
EBioMedicine (2017) https://doi: 10.1016/j.ebiom.2017.09.020. 

[45] M.V. Gomez, M. Dutta, A. Suvorov, X. Shi, H. Gu, S. Mani, J.Y. Cui, Early life 
exposure to environmental contaminants (bde-47, tbbpa, and bps) produced 
persistent alterations in fecal microbiome in adult male mice, Toxicol. Sci. (2021) 
https://doi: 10.1093/toxsci/kfaa161. 

[46] N. Govindarajan, R.C. Agis-Balboa, J. Walter, F. Sananbenesi, A. Fischer, Sodium 
butyrate improves memory function in an Alzheimer’s disease mouse model when 
administered at an advanced stage of disease progression, J. Alzheimer’s Dis. 
(2011) htps://doi: 10.3233/JAD-2011-110080. 

[47] G. Grande, P.L.S. Ljungman, K. Eneroth, T. Bellander, D. Rizzuto, Association 
between cardiovascular disease and long-term exposure to air pollution with the 
risk of dementia, JAMA Neurol. (2020) https://doi: 10.1001/ 
jamaneurol.2019.4914. 

[48] T. Harach, N. Marungruang, N. Duthilleul, V. Cheatham, K.D. Mc Coy, G. Frisoni, 
et al., Reduction of abeta amyloid pathology in appps1 transgenic mice in the 
absence of gut microbiota, Sci. Rep. (2017) https://doi: 10.1038/srep41802. 

[49] S. Hazan, Rapid improvement in Alzheimer’s disease symptoms following fecal 
microbiota transplantation: a case report, J. Int. Med. Res. (2020) https:// doi: 
10.1177/0300060520925930. 

[50] Y. He, B. Li, D. Sun, S. Chen, Gut microbiota: implications in Alzheimer’s disease, 
J. Clin. Med. (2020) https:// doi: 10.3390/jcm9072042. 

[51] L.E. Hebert, J. Weuve, P.A. Scherr, D.A. Evans, Alzheimer disease in the united 
states (2010-2050) estimated using the 2010 census, Neurology (2013) https:// 
doi: 10.1212/WNL.0b013e31828726f5. 

[52] M.T. Henke, D.J. Kenny, C.D. Cassilly, H. Vlamakis, R.J. Xavier, J. Clardy, 
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) https://doi: 10.1073/pnas.1904099116. 

[53] H. Huang, H. Xu, Q. Luo, J. He, M. Li, H. Chen, et al., Fecal microbiota 
transplantation to treat Parkinson’s disease with constipation: a case report, 
Medicine (2019) https://doi: 10.1097/MD.0000000000016163. 

[54] L.M. Iyer, L. Aravind, S.L. Coon, D.C. Klein, E.V. Koonin, Evolution of cell-cell 
signaling in animals: did late horizontal gene transfer from bacteria have a role? 
Trends Genet. (2004) https://doi: 10.1016/j.tig.2004.05.007. 

[55] H. Jiang, Z. Ling, Y. Zhang, H. Mao, Z. Ma, Y. Yin, et al., Altered fecal microbiota 
composition in patients with major depressive disorder, Brain Behav. Immun. 48 
(2015) 186–194, https://doi: 10.1016/j.bbi.2015.03.016. 

[56] L. Kang, T.M. Connolly, N. Weng, W. Jian, LC-MS/MS quantification of 7α- 
hydroxy-4-cholesten-3-one (C4) in rat and monkey plasma, J. Chromatogr. B 
(2017) https://doi: 10.1016/j.jchromb.2017.09.006. 

[57] C.D. Keene, C.M. Rodrigues, T. Eich, M.S. Chhabra, C.J. Steer, W.C. Low, 
Tauroursodeoxycholic acid, a bile acid, is neuroprotective in a transgenic animal 
model of huntington’s disease, Proc. Natl. Acad. Sci. U.S.A. (2002) https://doi: 
10.1073/pnas.162362299. 

[58] D.B. Kell, E. Pretorius, On the translocation of bacteria and their 
lipopolysaccharides between blood and peripheral locations in chronic, 
inflammatory diseases: the central roles of lps and lps-induced cell death, Integr. 
Biol. (2015) https://doi: 10.1039/c5ib00158g. 

[59] M.S. Kim, Y. Kim, H. Choi, W. Kim, S. Park, D. Lee, et al., Transfer of a healthy 
microbiota reduces amyloid and tau pathology in an Alzheimer’s disease animal 
model, Gut (2020) https://doi: 10.1136/gutjnl-2018-317431. 

[60] A. Lavelle, H. Sokol, Gut microbiota-derived metabolites as key actors in 
inflammatory bowel disease, Nat. Rev. Gastroenterol. Hepatol. (2020) https:// 
doi: 10.1038/s41575-019-0258-z. 

[61] J.W. Lee, Y.K. Lee, D.Y. Yuk, D.Y. Choi, S.B. Ban, K.W. Oh, et al., Neuro- 
inflammation induced by lipopolysaccharide causes cognitive impairment 
through enhancement of beta-amyloid generation, J. Neuroinflamm. (2008) 
https://doi: 10.1186/1742-2094-5-37. 

[62] J. Liu, J. Sun, F. Wang, X. Yu, Z. Ling, H. Li, et al., Neuroprotective effects of 
clostridium butyricum against vascular dementia in mice via metabolic butyrate, 
Biomed. Res. Int. (2015) https://doi: 10.1155/2015/412946. 

[63] W. Liu, J.W. Crott, L. Lyu, A.C. Pfalzer, J. Li, S.W. Choi, et al., Diet- and 
genetically-induced obesity produces alterations in the microbiome, 
inflammation and wnt pathway in the intestine of apc(+/1638n) mice: 
comparisons and contrasts, J. Cancer (2016) https://doi: 10.7150/jca.15792. 

[64] T. Liu, X. Song, S. Khan, Y. Li, Z. Guo, C. Li, et al., The gut microbiota at the 
intersection of bile acids and intestinal carcinogenesis: an old story, yet 
mesmerizing, Int. J. Cancer (2020) https://doi: 10.1002/ijc.32563. 

[65] J. Luo, T. Wang, S. Liang, X. Hu, W. Li, F. Jin, Ingestion of lactobacillus strain 
reduces anxiety and improves cognitive function in the hyperammonemia rat, Sci. 
China Life Sci. (2014) https://doi: 10.1007/s11427-014-4615-4. 

[66] D. Ma, A.C. Wang, I. Parikh, S.J. Green, J.D. Hoffman, G. Chlipala, et al., 
Ketogenic diet enhances neurovascular function with altered gut microbiome in 
young healthy mice, Sci. Rep. (2018) https://doi: 10.1038/s41598-018-25190-5. 

[67] S. MahmoudianDehkordi, M. Arnold, K. Nho, S. Ahmad, W. Jia, G. Xie, et al., 
Altered bile acid profile associates with cognitive impairment in alzheimer’s 
disease-an emerging role for gut microbiome, Alzheimers Dement. (2019), 
10.1016/j.jalz.2018.07.217. 

[68] A. Mancini, F. Campagna, P. Amodio, K.M. Tuohy, Gut: liver: brain axis: the 
microbial challenge in the hepatic encephalopathy, Food Funct. (2018) https:// 
doi: 10.1039/c7fo01528c. 

[69] N. Mano, T. Goto, M. Uchida, K. Nishimura, M. Ando, N. Kobayashi, et al., 
Presence of protein-bound unconjugated bile acids in the cytoplasmic fraction of 
rat brain, J. Lipid Res. (2004) https://doi: 10.1194/jlr.M300369-JLR200. 

[70] N. Mano, Y. Sato, M. Nagata, T. Goto, J. Goto, Bioconversion of 3beta-hydroxy-5- 
cholenoic acid into chenodeoxycholic acid by rat brain enzyme systems, J. Lipid 
Res. (2004) https://doi: 10.1194/jlr.M400157-JLR200. 

[71] M. Mapstone, A.K. Cheema, M.S. Fiandaca, X. Zhong, T.R. Mhyre, L. 
H. MacArthur, et al., Plasma phospholipids identify antecedent memory 
impairment in older adults, Nat. Med. (2014), 10.1038/nm.3466. 

[72] J. Marksteiner, I. Blasko, G. Kemmler, T. Koal, C. Humpel, Bile acid quantification 
of 20 plasma metabolites identifies lithocholic acid as a putative biomarker in 
alzheimer’s disease, Metabolomics (2018) https:doi: 10.1007/s11306-017-1297- 
5. 
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