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Abstract
Introduction  Obesity occurs partly due to consumption of a high-fat, high-sugar and low fiber diet and is associated with an 
altered gut microbiome. Prebiotic supplementation can reverse obesity and beneficially alter the gut microbiome, evidenced 
by previous studies in rodents. However, the role of the small intestinal metabolome in obese and prebiotic supplemented 
rodents has never been investigated.
Objectives  To investigate and compare the small intestinal metabolome of healthy and obese rats, as well as obese rats sup-
plemented with the prebiotic oligofructose (OFS).
Methods  Untargeted metabolomics was performed on small intestinal contents of healthy chow-fed, high fat diet-induced 
obese, and obese rats supplemented with oligofructose using UPLC-MS/MS. Quantification of enterohepatic bile acids 
was performed with UPLC-MS to determine specific effects of obesity and fiber supplementation on the bile acid pool 
composition.
Results  The small intestinal metabolome of obese rats was distinct from healthy rats. OFS supplementation did not signifi-
cantly alter the small intestinal metabolome but did alter levels of several metabolites compared to obese rats, including bile 
acid metabolites, amino acid metabolites, and metabolites related to the gut microbiota. Further, obese rats had lower total 
bile acids and increased taurine-conjugated bile acid species in enterohepatic circulation; this effect was reversed with OFS 
supplementation in high fat-feeding.
Conclusion  Obesity is associated with a distinct small intestinal metabolome, and OFS supplementation reverses some 
metabolite levels that were altered in obese rats. Future research into the effects of specific metabolites identified in this 
study will provide deeper insight into the mechanism of fiber supplementation on improved body weight.
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1  Introduction

The obesity pandemic has created a substantial personal and 
economic burden, costing over $100 billion yearly in the 
United States alone (Hammond & Levine, 2010). Increased 

energy consumption of a high-fat, western diet is a sali-
ent contributor to development of obesity (Cordain et al., 
2005); however, the exact mechanisms remain to be fully 
elucidated. In humans and animal models, consumption of 
the western diet or high fat diet (HFD), increases adiposity 
and worsens glucose and lipid metabolism, all of which are 
associated with alterations in the gut microbiome (Zhi et al., 
2019; Zinöcker & Lindseth, 2018). The gut microbiome is 
recognized to have a prominent role the development of 
obesity and type 2 diabetes (T2D) (Fan & Pedersen, 2021). 
Obesity and metabolic disorders are associated with gut bac-
terial dysbiosis, characterized by shifts in bacterial compo-
sition, richness, and function, making the gut microbiome 
an attractive target for obesity intervention. The impact of 
HFD on the gut microbiome is widely reported; however, 
studies have largely focused on taxonomic shifts, while only 
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more recently research has begun to thoroughly examine 
bacterial metabolites that represent a main functional out-
put of these shifts. Humans with obesity or diabetes have 
shifts in the circulating metabolome, with many of these 
metabolites derived by the gut microbiome (Liu et al., 2017; 
Menni et al., 2020; Molinaro et al., 2020). More specifically, 
in rodents, HFD-feeding alters the fecal microbiome along 
with the serum and fecal metabolome (Daniel et al., 2014; Jo 
et al., 2021), further indicating that functional microbiome 
shifts impact systemic metabolite concentrations. Despite 
this evidence, the connection between gut-derived metabo-
lomic changes and obesity remains poorly investigated.

Given the high bacterial colonization of the colon and 
ease of collection, studies typically focus on the distal gut 
microbiota and fecal metabolome. However, the small intes-
tine is the primary site of nutrient digestion, absorption, and 
gut-brain feedback mechanisms that control food intake 
and glucose production, all of which are influenced by the 
small intestinal microbiome (Bauer et al., 2018a, 2018b). 
Furthermore, while correlations exist between metabolic 
disorders and circulating gut-derived metabolites, many are 
likely synthesized in the small intestine and not the colon 
(Solon-Biet et al., 2019; Wei et al., 2020; Zhao et al., 2020). 
This is likely because most nutrient absorption and bile acid 
reabsorption take place in the small intestine, highlighting 
the importance of their interaction with the microbiome of 
the small intestine to overall systemic metabolome changes. 
For example, metabolic disease is associated with changes 
in circulating amino acid metabolites and secondary bile 
acids, both of which are likely synthesized or modified by 
the small intestinal microbiome (Chen et al., 2016; Legry 
et al., 2017). Despite this, to our knowledge, no studies have 
examined the difference in small intestine metabolome in 
obesity. Therefore, research on the small intestinal metabo-
lome is vital to better understand the effect of functional 
microbiome changes, given that gut bacteria likely produce 
numerous metabolites that interact with host physiology.

The western diet is notably low in dietary fiber, which 
contributes to control of body weight, glucose homeosta-
sis, and lipid homeostasis (Parnell & Reimer, 2009; Parnell 
et al., 2017). The ability of dietary fiber to improve meta-
bolic disease makes this a promising therapeutic supplement 
to treat obesity. In particular, the extensively researched 
inulin-type fructan oligofructose (OFS) consistently reduces 
body weight and adiposity, improves glucose tolerance, and 
reduces cardiovascular disease risk in diet-induced obese 
rodents and is a promising therapeutic for humans (de Cos-
sío et al., 2017; Dehghan et al., 2016; Hume et al., 2017; 
Kumar et al., 2016; Parnell & Reimer, 2009; Zhang et al., 
2015). Interestingly, OFS supplementation in rodent models 
of diet-induced obesity and human studies including indi-
viduals with obesity results in shifts of the gut microbiome 
that are associated with improved metabolic homeostasis 

(Cani et al., 2007; Drabinska et al., 2018; Klancic et al., 
2020). As such, improvements in energy and glucose home-
ostasis following OFS supplementation are hypothesized 
to be due to improved nutrient sensing, appetite suppres-
sion, and decreased inflammation via beneficial alterations 
in the gut microbiome and production of short chain fatty 
acids (Cani et al., 2004, 2006, 2009). Despite the known 
increases in distal intestinal short chain fatty acid produc-
tion from OFS treatment that could mediate improvements 
in metabolic homeostasis (Meyer et al., 2022; Koh et al., 
2016), OFS supplementation in HFD-feeding was recently 
found to improve small intestinal lipid sensing to improve 
nutrient-induced satiation via alterations in the small intes-
tinal microbiome (unpublished data currently under review). 
Although these effects could be due to direct interactions of 
the host with intestinal bacteria, it is more likely a result of 
changes in downstream metabolites generated by the inter-
action of ingested nutrients with the bacteria residing in the 
small intestine (Canfora et al., 2019). As we, and others, 
have demonstrated that high-fat feeding and OFS shifts the 
small intestinal microbiome, and gut microbiome-derived 
metabolites, like short chain fatty acids, have been shown 
to improve host energy and glucose homeostasis, it is likely 
that many bacterially derived metabolites are altered in the 
small intestine that can impact host health; however this has 
never been investigated.

Therefore, the goal of the present study was to compare 
the small intestinal metabolome of obese, HFD-fed rats 
to lean, chow-fed rats. Further, as OFS supplementation 
in HFD is known to beneficially shift the small intestinal 
microbiome and impact metabolic homeostasis, we also 
compared the small intestinal metabolome of obese rats with 
or without supplementation of 10% OFS with the overarch-
ing goals of identifying 1) mechanistic changes in micro-
bial-host metabolism that occur in obesity and that may be 
responsible for the beneficial effect of OFS supplementation, 
as well as 2) novel biochemical compounds that can be fur-
ther investigated as therapeutics for obesity.

2 � Materials and methods

2.1 � Ethics statement

All rats were housed and maintained in accordance with the 
University of Arizona Institutional Animal Care and Use 
Committee (IACUC). All protocols were approved by the 
IACUC (protocol 17-287).

2.2 � Animal model and diets

8–9-week-old male Sprague–Dawley rats were purchased 
from Charles River Laboratories (Wilmington, MA), 
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cohoused (two per cage), and maintained on a 12-h light/
dark cycle with ad libitum access to food. Rats were ran-
domly assigned to receive either chow (ENVIGO 2018 
Teklad global 18% protein rodent diets), or high fat diet 
(HFD; Research Diets D12451) for 3 weeks, then a subset 
of HFD-fed rats were randomly assigned to receive drink-
ing water supplemented with 10% (w/w) oligofructose 
(HFD + OFS; BENEO-Orafti P95) for 6 weeks (n = 12/
group). Diet macronutrient composition and ingredient lists 
can be found in Supplementary Table 1. Rats have been pre-
viously characterized and utilized for microbiome analysis 
for another publication (unpublished data currently under 
review).

2.3 � Collection of tissues, plasma, and intestinal 
contents

At the conclusion of the study, rats were deeply anesthetized 
and portal blood, small intestinal contents and ileal tissue, 
colon contents, and liver collected. Approximately 1 mL of 
portal vein blood was placed in a 1.7 mL Eppendorf tube 
containing a DPPIV inhibitor cocktail (Millipore Sigma, 
Burlington, MA). Whole blood was centrifuged, plasma col-
lected, aliquoted, and stored at − 20°C for future analysis. 
The small intestine and colon were located, isolated, and 
contents snap frozen in liquid nitrogen and stored at − 80°C 
for future analysis. Liver, small intestine, and colon tissue 
samples were collected, snap frozen, and stored at − 80°C 
for future analyses.

2.4 � Metabolite analysis

Luminal small intestinal contents were sent to Metabolon, 
Inc (Durham, NC) and an untargeted metabolomics analy-
sis conducted as previously described (Evans et al., 2009). 
Briefly, upon sample receipt, samples were prepared using 
the MicroLab STAR® Liquid Handling System (Hamilton, 
Reno, NV). For quality control purposes, several recov-
ery standards were added to samples prior to beginning 
the extraction process. Samples were deproteinated with 
methanol. The extract was then aliquoted into 5 fractions: 
two for analysis by two separate reverse phase (RP) UPLC-
MS/MS methods with positive ion mode electrospray ioni-
zation (ESI), one for analysis by RP/UPLC-MS/MS with 
negative ion mode ESI, one for analysis by HILIC/UPLC-
MS/MS with negative ion mode ESI, and one sample was 
reserved. Metabolites were identified using UPLC-MS/MS 
on an ACQUITY ultra-performance liquid chromatogra-
phy system (Waters, Milford, MA) and a Q-Exactive high 
resolution accurate-mass spectrometer (ThermoFisher Sci-
entific, Waltham, MA) interfaced with a heated electro-
spray ionization source and Orbitrap mass analyzer oper-
ated at 35,000 mass resolution. One sample fraction was 

analyzed in acidic positive ion conditions for hydrophilic 
compounds. One sample fraction was analyzed in acidic 
positive ion conditions chromatographically optimized for 
more hydrophobic compounds. One sample fraction was 
analyzed using a separate C18 column in basic negative 
ion optimized conditions. The final sample fraction was 
eluted from a hydrophilic interaction chromatography 
UPLC BEH Amide 2.1 × 150 mm, 1.7 µm column (Waters, 
Wilford, MA) using a gradient of water and acetonitrile 
with 10 mM ammonium formate and analyzed by nega-
tive ionization. The raw data was extracted, peak-identified 
and quality control processed using Metabolon’s hardware 
and software. Identification of metabolites was based on 
retention time/index, mass to charge ratio (m/z), and chro-
matographic data (including MS/MS spectral data). Area 
under the curve was used to quantify peaks.

2.5 � Bile acid quantification

Bile acids were analyzed at the University of Arizona Can-
cer Center Analytical Chemistry Shared Resource from 
small intestine, colon, portal vein plasma, and liver tissue 
samples via liquid–liquid extraction utilizing ethyl acetate. 
Chromatographic separation was achieved using a gradient 
system of acetonitrile and water with 0.1% formic acid on 
an HSS T3 UPLC column (Waters, Milford, MA). Bile 
acids were detected using a Xevo G2-S QTof Quadrupole 
Time-of-Flight Mass Spectrometer (Waters, Milford, MA) 
operated in negative electrospray ionization mode scan-
ning from 200 to 600 Daltons. Quantification of bile acids 
and conjugated bile acids was conducted based on the ratio 
of analyte peak areas to internal standard peak areas in 
extracted ion chromatograms for the negatively charged 
parent masses [M-H]−1 of the bile acids, their glycine and 
taurine conjugates, and internal standards.

2.6 � RNA isolation and qRT‑PCR

RNA isolation was performed for liver and ileum with 
the PureLink™ RNA Mini Kit (Ambion, Austin, TX) per 
the manufacturer’s protocol. NanoDrop™ One Microvol-
ume UV–Vis Spectrophotometer (ThermoFisher Scien-
tific) was used to determine RNA concentration and sam-
ple purity. cDNA synthesis was performed on a T100™ 
Thermal Cycler (BioRad Laboratories, Hercules, CA) with 
SuperScript™ IV VILO™ Master Mix with ezDNase™ 
Enzyme (Invitrogen, Carlsbad, CA) per the manufacturer’s 
protocol. qRT-PCR was performed with CFX96 Touch™ 
Real-Time PCR Detection System (BioRad Laborato-
ries) with TaqMan™ Gene Expression Assays (Ther-
moFischer Scientific) for rat Nrb01 (Rn00589173_m1), 
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NR1H4 (Rn00572658_m1), Cyp7a1 (Rn00564065_m1), 
Cyp8b1 (Rn01445029_s1) and rat 18s ribosomal RNA 
(Rn03928990_g1).

2.7 � Statistical analysis

Statistical analyses and visualization were performed using 
either GraphPad Prism 8 software (GraphPad Software, San 
Diego, CA, USA) or Metaboanalyst version 5.0. Sample size 
of all experiments is n = 12/group, unless otherwise speci-
fied. All Metaboanlyst procedures were conducted following 
log-transformation and Pareto scaling of untargeted metabo-
lomics data. Metabolites visualized by volcano plot were 
considered differentially regulated based on a false discovery 
rate (FDR) adjusted p < 0.05 and fold-change threshold > 2. 
One-way ANOVA for altered metabolites comparing all 
groups was conducted with Tukey’s honest significant differ-
ence (HSD) method post-hoc analysis for multiple compari-
sons. Hierarchical clustering was performed with the hclust 
function using Euclidean distance (euclidean) and Ward’s 
linkage clustering algorithm (ward. D). Principal component 
analysis (PCA) was performed using the prcomp package 
and presented with 95% confidence interval. Random forest 
classification was performed using the randomforest package 
using 1000 classification trees, each of which was grown by 
random feature selection from a bootstrap sample at each 

branch, and pre-specified number of randomly selected 
variables (the square root of the total number of metabolites 
(Breiman, 2001)) to identify those that best classify the data 
into different groups while maintaining the lowest out-of-
bag error, and used to determine significant features ranked 
by the mean decrease in classification accuracy when they 
are permuted. Body weight, adiposity, and quantified bile 
acids were compared using one-way ANOVA with Tukey’s 
post-hoc test for multiple comparisons and visualized with 
GraphPad Prism 8 software.

3 � Results

3.1 � Body weight, adiposity, and comparison 
of the small intestinal metabolome of healthy, 
obese, and OFS‑supplemented rats

There were no differences in body weight between groups 
at baseline (312.1 ± 8.02, 315.0 ± 5.0, and 310.8 ± 5.2 for 
chow, HFD, and HFD + OFS, respectively). Nine weeks of 
HFD-feeding (Fig. 1A) increased body weight and body fat 
accumulation compared to chow (Fig. 1B, C); however, rats 
given OFS supplementation during the last six weeks of 
HFD (Fig. 1A) had decreased body weight gain beginning 
at 1 week of supplementation (Fig. 1B) and decreased body 

Fig. 1   High fat-feeding and OFS supplementation in high fat-feeding 
impacts body weight and adiposity and alters the small intestinal 
metabolome. A Study design; B body weight; C adiposity; D 2D 
scores plot of principal component analysis (PCA) with 95% confi-

dence interval of chow (gray), HFD (gold), and HFD + OFS (blue) 
rats (n = 12/group). Data presented as mean ± SEM where applicable. 
*p < 0.05, **p < 0.01, ***p < 0.001 determined by one-way ANOVA 
with Tukey’s multiple comparisons post-hoc test (b and c)
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fat compared to HFD-induced obese at the conclusion of 
the study, with no difference from healthy chow (Fig. 1C), 
in accordance with previous studies (Bomhof et al., 2016; 
Kumar et al., 2016). Given that gut bacteria participate in 
metabolism of host- and diet-derived compounds (Agus 
et al., 2021), we next investigated the metabolome of the 
small intestinal luminal contents of lean, obese rats, and 
obese supplemented with OFS. From the Metabolon pro-
priety in-house library, a total of 828 metabolites were 
detectable in small intestinal contents (Supplementary 
Table 2). In a comparison of all three dietary groups, 399 
out of a total of 828 metabolites were significantly altered 
(FDR adjusted p < 0.05; Supplementary Table 3). PCA 2D 
scores plot revealed distinct separation between chow and 
both HFD and HFD + OFS groups (Fig. 1D), indicating low 
inter-sample, but high between-group, variability in small 
intestinal metabolomic signatures in chow vs. HFD and 
HFD + OFS rats.

3.2 � Untargeted metabolomics analysis of small 
intestinal metabolites in obese rats compared 
to lean and OFS‑supplemented

Our data indicate a clear distinction in the small intestinal 
metabolome of obese, HFD-fed rats compared to healthy, 
chow-fed controls (Fig. 1D). 198 metabolites were sig-
nificantly downregulated (FDR adjusted p < 0.05) and 158 
metabolites were significantly upregulated (FDR adjusted 
p < 0.05) in obese compared to healthy rats (Fig. 2A). Of 
these, metabolites involved in vitamin metabolism were 
significantly downregulated in the small intestine of HFD-
induced obese rats, including the carotenoid metabolites 
carotene diol (1–3) and beta-cryptoxanthin, pyridoxine 
(Vitamin B6), and tocopherol metabolites, including alpha 
tocopherol, alpha-tocopherol acetate, delta-tocopherol, 
gamma-tocotrienol, and alpha-tocotrienol (Fig. 2A). The 
top 400 metabolites and the top 50 differentially regulated 
metabolites identified by hierarchical clustering are shown 
in Fig. 2C. Random Forest (RF) classification comparing 
the small intestinal metabolome of lean and obese rats pro-
vided a predictive accuracy of 100% (data not shown). RF 
analysis identified metabolites that most strongly contributed 
to group classification ranked by mean decrease accuracy 
(MDA), including equol sulfate, 2-acetamidophenol sulfate, 
soyasaponin I and others (Fig. 2E, Supplementary Table 4). 
We next evaluated the impact of OFS supplementation dur-
ing HFD-induced obesity on the small intestinal metabo-
lome. Although PCA analysis did not indicate a signifi-
cant distinction in the overall small intestinal metabolome 
(Fig. 1D), N-acetylglucosamine/N-acetylgalactosamine was 
significantly downregulated, and 4 metabolites were sig-
nificantly upregulated, including ectoine, 1-methyladenine, 
3-ureidopropionate, and pantoate, in rats supplemented 

with OFS compared to obese rats (Fig. 2B). The top 400 
metabolites and the top 50 differentially regulated metabo-
lites identified by hierarchical clustering are shown in heat-
maps (Fig. 2D). RF analysis comparing the small intestinal 
metabolome of OFS supplementation provided a predictive 
accuracy of 79%, which is significantly better than the 50% 
accuracy predicted by chance (data not shown). Further, RF 
analysis identified metabolites that most strongly contributed 
to group classification ranked by MDA, including dihydro-
ferulic acid sulfate, thiamin, 1-methyladenine, and others 
(Fig. 2F, Supplementary Table 5).

3.3 � Amino acid metabolites in the small intestine

Untargeted metabolomics analysis indicated notable altera-
tions in metabolites involved in metabolism of branched 
chain amino acids (BCAAs) in obese rats (Fig. 3, Fig. S1, 
Supplementary Table 6) Specifically, 2-methylbutyrylcar-
nitine (p = 0.00026) and isobutyrylcarnitine (p = 0.0032) 
were increased in obese rats compared to chow (Supple-
mentary Table 6). Conversely, alpha-hydroxyisocaproate 
(p = 0.0021), 2,3-dihydroxy-2-methylbutyrate (p = 0.0001), 
beta-hydroxyisovalerate (p = 0.012), 2-hydroxy-3-meth-
ylvalerate (p = 0.014), N-acetylisoleucine (p = 0.012), and 
valine betaine (p < 0.0001) were decreased in obese rats 
(Supplementary Table 6). Of these, isovalerylglycine and 
ethylmalonate increased with OFS supplementation (Sup-
plementary Table  6). Metabolites involved in histidine 
metabolism were similarly dysregulated in obese, HFD-
fed rats, with significantly increased imidazole propionate 
(p < 0.0001) and decreased histamine (p = 0.018) levels com-
pared to healthy, chow-fed rats (Supplementary Table 6). 
Metabolites involved in tryptophan metabolism decreased 
in obese rats, including N-acetyltryptophan (p = 0.0043), 
indolelactate (p < 0.0001), indoleacetate (p < 0.0001), and 
indole-3-carboxylate (p < 0.0001). Of these, indolelac-
tate increased with OFS supplementation (Supplementary 
Table 6). Finally, the amino acid lysine (p = 0.009) as well 
as glutarylcarnitine (p = 0.017) increased in obese, HFD-fed 
rats compared to chow. Fructosyllysine (p < 0.0001), sac-
charopine (p < 0.0001), N-acetyl-cadaverine (p = 0.0069), 
and N,N-dimethyl-5-aminovalerate (p = 0.0018) decreased 
in obese rats (Supplementary Table 6).

3.4 � Metabolites related to the microbiome 
of the small intestine

Multiple xenobiotic and gut microbiome-related metabo-
lite species were drastically altered in obese rats compared 
to healthy chow-fed, with levels of many of these metabo-
lites reversed with OFS supplementation to more closely 
resemble chow levels (Fig. 4, Fig. S2). Notably, hippurate 
significantly decreased in obesity and increased with OFS 
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hexadecasphingosine (d16:1)
tyramine O-sulfate
gamma-tocotrienol 
alpha-tocotrienol 
1-linoleoyl-galactosylglycerol (18:2)
carotene diol (3)
carotene diol (2)
beta-cryptoxanthin
pheophytin A
fucosterol
soyasaponin I
linolenoyl ethanol
soyasaponin III
soyasaponin II
1-palmitoyl-2-linoleoyl-digalactosylglycerol
1-linoleoyl-digalactosylglycerol (18:2)
carboxyethyl-GABA
sinapate
apigenin 7-O(6-malonyl-beta-D-glucoside)
daidzin
malonate
histidine betaine
nicotinamine
glycitein
chiro-inositol
saccharopine
deoxymugineic acid
valine betaine
eicosenedioate (C20:1-DC)
equol
equol glucuronide
daidzein
2,8-quinolinediol
2,6-dihydroxybenzoic acid
pheophorbide A
octadecenedioate (C18:1-DC)
linoleoyl ethanolamide
hydroquinone sulfate
2-acetamidophenol sulfate
2-aminophenol sulfate
genistein
equol sulfate
daidzein sulfate (2)
carotene diol (1)
afromosin
glycitein sulfate
genistein sulfate
stigmastadienone
beta-sitosterol
2-oxindole-3-acetate

CHOW
HFD

taurohyodeoxycholic acid
N-acetylglucosamine/N-acetylgalactosamine
N-acetylneuraminate
16-hydroxypalmitate
taurodeoxycholate
taurochenodeoxycholate
N-acetylmuramate
2,8-quinoloinediol
ribitol
erythronate
butyrylglycine (C4)
erythritol
isovalerylglycine
sinapate
phenylacetylglycine
3-ureidopropionate
N2,N6-diacetyllysine
ethylmalonate
hyocholate
3-dehydrodeoxycholate
6-oxolithocholate
L-urobilin
cytosine
thiamin (Vitamin B)
N2-acetyllysine
hydroxymethylpyrimidine
diacetylspermidine
imidazole lactate
2,3-dihydroxyisovalerate
N-delta-acetylornithine
ferulylglycine (2)
1-methyladenine
taurine
cholate
alpha-muricholate
3-dehydrocholate
7-ketodeoxycholate
ursocholate
4-hydroxycinnamate
naringenin
1,1-kestotetraose
dihydroferulic acid sulfate
2-keto-3-deoxy-gluconate
guanine
cholate sulfate
5-metylcytosine
N2,N5-diacetylornithine
3-amino-2-piperidone
ectoine
pantoate

HFD
HFD+OFS

CHOW
HFD
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C
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equol sulfate

2-acetamidophenol sulfate

soyasaponin I

equol glucuronide
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1-palmitoyl-2-linoleoyl-digalactosylglycerol

glycitein sulfate (2)

genistein

stachydrine

daidzin

guanosine

ceramide (d18:1/14:0, d16:1/16:0)

carotene diol (3)

dihydroferulic acid sulfate

thiamin (Vitamin B1)

1-methyladenine

N-oleoyl-sphingosine (d18:1/18:1)

diacetylspermidine

2-keto-3-deoxy-gluconate

fructosyllysine

erythronate

N-acetylleucine

indolelactate

N2,N5-diacetylornithine

3-amino-2-piperidone

3-ureidopropionate

thymine

apigenin
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supplementation (p < 0.0001, Fig. 4A). Further, obese rats 
exhibited decreased lipopolysaccharide components, includ-
ing 1,1-kestotetraose (p < 0.0001) and 3-deoxyoctulosonate 
(p = 0.001), compared to lean and OFS supplemented rats 
(Fig. 4B, C). Finally, ectoine was drastically decreased in 
obese rats and rescued with OFS supplementation in HFD 
(p < 0.0001; Fig. 4D).

3.5 � Bile acid metabolites in the small intestine 
of chow, HFD, and HFD + OFS rats

We observed notable changes in both primary and second-
ary bile acid species via untargeted metabolomic analy-
sis of the small intestinal contents of obese, HFD-rats 
compared to healthy chow and OFS supplemented rats 
(Fig. 5; Fig. S3; Supplementary Table 7). 3-dehydrode-
oxycholate (p = 0.0073; Fig.  5B), 6-beta-hydroxylitho-
cholate (p = 0.0021; Fig. 5C), 6-oxolithocholate (p = 0.01; 
Fig.  5D), alpha-muricholate (p < 0.0001; Fig.  5F, beta-
muricholate (p = 0.0017; Fig.  5G), chenodeoxycholate 
(p < 0.0001; Fig. 5H), cholate (p < 0.0001; Fig. 5I), cho-
late sulfate (p = 0.0057; Fig. 5J), deoxycholate (p = 0.024; 
Fig. 5K), glycodeoxycholate (p < 0.0001; Fig. 5L), hyocho-
late (p = 0.0058; Fig. 5M), hyodeoxycholate (p = 0.0047; 
Fig. 5N), lithocholate sulfate (p = 0.023; Fig. 5O), ursodeox-
ycholate (p = 0.0018; Fig. 5Q), and ursodeoxycholate sulfate 
(p = 0.0056; Fig. 5R) decreased in obese rats, and OFS sup-
plementation significantly increased 3-dehydrodeoxycholate, 
6-oxolithocholate, alpha-muricholate, chenodeoxycholate, 
cholate, cholate sulfate, hyocholate, and ursodeoxycholate 
(Fig. 5). OFS supplementation increased 3-dehydrocho-
late (p < 0.0001; Fig. 5A), 7-ketodeoxycholate (p < 0.0001; 
Fig. 5E), and ursocholate (0.0022; Fig. 5P) compared to both 
chow and HFD-fed rats.

3.6 � Quantification of bile acids in enterohepatic 
circulation of chow, HFD, and HFD + OFS rats

We further quantified bile acid levels in the small intestine, 
hepatic portal vein, liver, and colon to gain a comprehensive 
understanding of the enterohepatic bile acid pool in obesity 
(Fig. 6). Obese rats had a modest decrease in total portal 
vein bile acids compared to chow-fed rats, although this did 
not reach statistical significance (p = 0.06; Fig. 6B), and an 
decrease in total portal vein bile acids compared to OFS-
supplemented rats (Fig. 6B; p < 0.05). Obese rats had an 
increased proportion of taurine-conjugated bile acids in the 
small intestine (Fig. 6E; p < 0.05), liver (Fig. 6G; p < 0.05) 
compared to chow-fed rats, and an increase in taurine-con-
jugated bile acids in the small intestine (Fig. 6E; p < 0.01) 
and portal vein (p < 0.05; Fig. 6F) compared OFS supple-
mented rats. Further, unconjugated bile acids were lower in 
obese rats in the small intestine (p < 0.01; Fig. 6E) compared 
to chow and OFS-supplemented rats, the colon (p < 0.05, 
Fig.  6H) compared to chow, and portal vein (Fig.  6F; 
p < 0.01) compared to OFS supplemented rats.

HFD-induced obesity decreased small intestinal cheno-
deoxycholic acid (CDCA; p < 0.05) and increased taurour-
sodeoxycholic acid (TUDCA; p < 0.05) compared to both 
chow and OFS supplemented rats (Fig. 6I). HFD-fed rats 
had increased taurocholic acid (TCA) in both the small intes-
tine (Fig. 6I; p < 0.05) and liver (Fig. 6K; p < 0.05) com-
pared to chow and OFS-supplemented rats. Additionally, 
in the small intestine, HFD-fed obese rats had decreased 
cholic acid (CA; Fig. 6I; p < 0.05) and ursodeoxycholic 
acid (UDCA; Fig. 6I; p < 0.01) and increased taurocheno-
deoxycholic acid (TCDCA; p < 0.01) compared to OFS sup-
plementation (Fig. 6I). HFD-fed obese rats had decreased 
hepatic glycochenodeoxycholic acid (GDCA) compared to 
OFS supplemented rats (Fig. 6K; p < 0.05). In the colon, 
obese rats exhibited decreased UDCA (p < 0.05) and 
increased glycochenodeoxycholic acid (GCDCA; p < 0.05) 
compared to lean rats (Fig. 6L); however, there was no effect 
of OFS supplementation on bile acid levels in the colon 
(Fig. 6L).

Small intestinal UDCA (p = 0.0435) and lithocholic acid 
(LCA; p = 0.046) were negatively correlated with body fat 
percentage, independent of dietary group (Fig. 6M; Sup-
plementary Table 8). Conversely, small intestinal TCDCA 
(p = 0.0202), TCA (p = 0.0003), and glycocholic acid (GCA; 
p < 0.0001) were positively correlated with body fat percent-
age, independent of dietary group (Fig. 6M; Supplementary 
Table 8).

Obese and OFS supplemented rats had increased hepatic 
expression of Nr0b2 (small heterodimer partner, SHP) (Fig. 
S4) compared to healthy chow, with no differences in expres-
sion of the farnesoid X receptor (FXR) in the distal small 

Fig. 2   Untargeted metabolomics reveals differentially abundant small 
intestinal metabolites in obese HFD-fed rats compared to healthy 
chow-fed and OFS supplemented rats. Volcano plot of up- and down-
regulated metabolites in (A) HFD- vs. chow-fed rats and B OFS-sup-
plemented rats (HFD + OFS) vs. HFD-fed rats; vertical lines indicate 
metabolites increased or decreased by fold-change threshold > 2, 
and horizontal lines indicate statistical significance FDR-adjusted 
p < 0.05. Hierarchal clustering analysis of top 400 (left) and top 50 
(right) differentially abundant metabolites in (C) HFD- vs. chow-fed 
and D HFD + OFS vs. HFD-fed rats. Red indicates upregulation of 
metabolite and blue indicates downregulation of metabolite (see color 
key). Metabolites identified by random forest analysis and ranked by 
mean decrease accuracy (MDA) in (E) HFD- vs. chow-fed rats and 
F HFD + OFS vs. HFD-fed rats. A higher MDA value indicates a 
greater contribution to group distinction
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intestine and no changes to expression of hepatic enzymes 
involved in bile acid synthesis (Fig. S4).

4 � Discussion

The small intestinal microbiota impacts host physiology, 
including energy homeostasis and glucose metabolism 
(Bauer et al., 2018a, 2018b). HFD-feeding and OFS supple-
mentation are known to impact the gut microbiome compo-
sition (Nicolucci et al., 2017; Reimer et al., 2017), and more 
specifically we have recently found HFD-feeding and OFS 
alters the small intestinal microbiome (Bauer et al., 2018a) 
(unpublished data currently in review). While it is possi-
ble that gut bacteria can directly influence host epithelial 
cells due to a thin mucus layer, it is more likely that small 
intestinal microbiome impacts on the host are mediated by 
microbially-derived metabolites. An untargeted metabo-
lomic approach revealed that HFD-induced obesity was 
associated with a unique small intestinal metabolome com-
pared to healthy chow-fed rats, with metabolites from path-
ways involving vitamin metabolism, fatty acid and steroid 
biosynthesis, bile acid metabolism, and amino acid metabo-
lism contributing significantly to the observed differences 
between groups. To our knowledge, this is the first time that 
small intestine of obese rats has ever been analyzed by untar-
geted metabolomics. Additionally, given OFS supplementa-
tion reverses HFD-induced body weight gain and benefi-
cially alters the gut microbiota (Cluny et al., 2015; Klancic 
et al., 2020), at least partly due to a reduction in food intake 
(Cani et al., 2005), we also assessed the impact of OFS sup-
plementation on the small intestinal metabolome to possibly 
uncover novel mechanisms of action. Many pathways were 
differentially regulated in the current study, with several 
pathways already recognized as markers or potential drivers 
of obesity, including amino acid metabolism. Perhaps most 
notably were branched chain amino acids (BCAAs), which 
were altered in the small intestine of obese rats. Circulating 
BCAAs are increased in individuals with obesity or T2D 
and are highly associated with obesity and insulin resistance 
(Newgard et al., 2009; Vanweert et al., 2021). Contrary to 
previous reports, we found no differences in leucine, iso-
leucine, or valine in the small intestine of obese rats. How-
ever, the current study assessed small intestinal metabolites, 
whereas most research suggests elevations in circulating 
BCAAs. In the small intestine, obesity was associated with 

several decreased intermediates in branched chain amino 
acid metabolism, including ethylmalonate, 2,3-dihydroxy-
2-methylbutyrate, and the N-acyl-alpha amino acid N-acetyl-
isoleucine. This discrepancy may be due to differences in 
BCAA intake in humans compared to the purified diet used 
in this study or in the small intestinal microbiome in humans 
compared to rats. N-acetylleucine and N-acetylisoleucine 
are proposed biomarkers for T2D (Min et al., 2015; Tsutsui 
et al., 2011) and warrant further investigation in the con-
text of diet-induced obesity and diabetes. Further, while the 
metabolic impact of most of these compounds is unknown, 
OFS supplementation was sufficient to increase small 
intestinal ethylmalonate, 2,3-dihydroxy-2-methylbutyrate, 
and N-acetylisoleucine in the context of HFD. Although 
the metabolic impact of these metabolites is completely 
unknown, alterations in these metabolites were associated 
with improvements in OFS, thus these metabolites may be 
of further interest as to whether they may contribute to the 
beneficial effects of OFS on adiposity. Additionally, imi-
dazole propionate, a metabolite of histidine metabolism, is 
increased in serum of individuals with T2D (Molinaro et al., 
2020), and impairs insulin signaling in rodents (Koh et al., 
2018). In accordance with previous research, we found that 
obesity was associated with increased imidazole propionate 
concentrations in the small intestine, indicating that micro-
bially produced metabolites produced in the small intestine 
contribute to metabolic regulation and glucose tolerance.

Metabolites involved in vitamin metabolism and xenobi-
otic metabolites were downregulated in the small intestine 
of HFD-induced obese rats compared to chow-fed, including 
carotenoids, tocopherol metabolism, pyridoxine, and bioac-
tive compounds like ergothioneine. Interestingly, thiamin 
was found to contribute to distinction between HFD-fed 
obese and OFS-supplemented rats. Thiamin is synthesized 
by several Lactobacillus and Bifidobacterium species, Bac-
teroides fragilis, Prevotella copri, and others, indicating a 
potential for gut microbiota modulation by OFS that con-
tributes to production of this vitamin (Yoshii et al., 2019). 
Further, the vasoprotective and antioxidant metabolites 
alpha-tocopherol and ergothioneine were recently found to 
be depleted in plasma of individuals with ischemic heart dis-
ease (Fromentin et al., 2022), indicating that small intestinal 
decreases in these compounds may contribute to systemic 
depletion and metabolic derangements associated with diet-
induced obesity. While several of these metabolites impact 
host physiology, we hypothesize that this resulted from 
discrepancies in diet quality, as normal rodent chow diets 
have increased vitamin content compared to their purified 
fat-regulated counterparts (González-Blázquez et al., 2020). 
However, additional research using micronutrient equiva-
lent purified diets on the small intestinal metabolome would 
provide further insight into the role of the gut microbiome, 

Fig. 3   Hierarchal clustering analysis of top 50 differentially abundant 
metabolites of amino acid metabolism analyzed by one-way ANOVA 
(FDR-adjusted p < 0.05) with Tukey’s honest significant difference 
post-hoc test (Supplementary Table 6) in healthy chow (gray), obese 
HFD-fed (gold), and HFD + OFS (blue) rats presented as group aver-
age. Red indicates upregulation of metabolite and blue indicates 
downregulation of metabolite (average per group; see color key)
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micronutrients, and food-derived metabolites on the devel-
opment of obesity and metabolic disease.

Metabolites related to the gut microbiota were specifi-
cally upregulated with OFS supplementation compared to 
HFD-feeding alone. Of these, ectoine, a compatible solute 
produced by specific bacteria, reduces inflammation and 
protects gut barrier integrity in rats with experimental coli-
tis (Abdel-Aziz et al., 2013). Thus, differences in ectoine 
levels may contribute to intestinal inflammation and gut 
permeability that is aggravated by diet-induced obesity 
(Cani et al., 2008) and improved with OFS supplementation 
(Dehghan et al., 2016; Valcheva et al., 2019). Additionally 
in the current study, HFD-induced obese rats had decreased 
N-acetylglucosamine/N-acetylgalactosamine. As N-acetyl-
glucosamine is a component of the bacterial and fungal cell 
wall and plays a role in microbial and host cell signaling 
(Konopka, 2012), this metabolite may reflect altered small 
intestinal bacteria with HFD-feeding and should be investi-
gated further. One interesting finding was that obesity was 
associated with decreased LPS components in the small 
intestine. This finding contradicts previous data from our 
lab showing increased abundance of the gram-positive Allo-
baculum, Bifidobacterium, and Blautia in the small intestine 
of OFS supplemented HFD-fed rats compared to HFD-fed 
rats (unpublished data currently under review). Furthermore, 
circulating LPS levels have been implicated in development 
of metabolic endotoxemia which contributes to adiposity 
gain and glucose dysregulation. Hippurate is decreased in 
obese rats and increased with OFS supplementation. Hip-
purate is derived from microbial benzoate production that is 
positively associated with gut microbial richness and meta-
bolic health (Brial et al., 2021; Pallister et al., 2017), and 
therefore levels of this metabolite may reflect diet-induced 
microbiota modification. Administration of subcutaneous 
hippurate has also been shown to improve glucose tolerance 
and increase insulin secretion in HFD-fed mice (Brial et al., 
2021); however, the mechanism remains to be determined. 

Further, hippurate is produced in the liver and kidney by 
glycine conjugation of benzoic acid (Amsel & Levy, 1969). 
Despite this, we observe diet-induced changes in hippurate 
levels in the small intestine, indicating a possibility that 
unique bacterial species can produce hippurate. However, 
the impact of gut-derived hippurate versus endogenous pro-
duction remains to be determined. Taken together, these data 
indicate altered microbial metabolism of dietary compounds 
that likely reflects small intestinal microbiota alterations in 
obesity and prebiotic supplementation and may contribute to 
mucosal inflammation and host metabolic health. It should 
be noted that, while we expect major differences in xenobi-
otics between lean and obese rats given the differences in 
the dietary compositions, the only difference between the 
obese, HFD-fed rats and HFD + OFS rats is supplementation 
of OFS in the drinking water.

The gut microbiota greatly influences the composition 
of the enterohepatic bile acid pool via bile salt deconjuga-
tion and biotransformation of primary bile acids into sec-
ondary bile acids (Wahlström et al., 2016). In line with 
this, the present study uncovered that pathways involved 
in bile acid synthesis heavily contributed to the distinction 
of small intestinal metabolomes in obesity, prompting a 
further quantitative investigation of the enterohepatic bile 
acid pool. Total bile acids in the portal circulation were 
decreased in HFD-indued obesity, in contrast with previous 
studies showing that individuals with obesity and T2D have 
increased circulating bile acid levels (Vincent et al., 2013). 
However, portal vein bile acid levels more accurately reflect 
bile acid absorption than circulating plasma, and therefore 
this data suggests increased bile acid reabsorption, possi-
bly due to a decrease in conjugated bile acids (Hofmann, 
1963). Obesity was also associated with increased hepatic 
and small intestinal taurine-conjugated bile acids. Circulat-
ing taurine-conjugated bile acids are increased in individu-
als with T2D and positively correlated with fasting blood 
glucose, HbA1C, and HOMA-IR (Wewalka et al., 2014). 

Fig. 4   Metabolites related to the gut microbiota in obese HFD-fed 
and OFS supplemented rats identified by untargeted metabolomics. 
All metabolites were considered significantly different via one-way 

ANOVA of all groups (FDR-adjusted p < 0.05) with Tukey’s honest 
significant difference post-hoc test (Supplementary Table 3)
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Specifically, TCDCA, TCA, and TUDCA were elevated in 
the small intestine of obese rats compared to both chow and 
OFS supplemented rats, and both small intestinal TCDCA 
and TCA were positively associated with body fat percent-
age in all groups. TCDCA is an FXR agonist elevated with 
HFD-feeding (Zhang et al., 2020), which is dependent on the 

small intestinal microbiota and impairs small intestinal nutri-
ent sensing (Waise et al., 2021). Given that HFD-feeding 
also impairs nutrient sensing, elevation of TCDCA in HFD-
feeding may, at least partially, mediate this effect and war-
rants further investigation. Additionally, we found that HFD-
feeding was associated with increased hepatic expression of 

Fig. 5   Bile acid metabolites altered in obese HFD-fed and OFS sup-
plemented rats identified by untargeted metabolomics. All metabo-
lites were considered significantly different via one-way ANOVA of 

all groups (FDR-adjusted p < 0.05) with Tukey’s honest significant 
difference post-hoc test (Supplementary Table 7)
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SHP, a nuclear transcription factor that is upregulated with 
FXR activation. FXR influences glucose and energy metab-
olism, and whole body FXR-deficient mice are protected 
from diet-induced obesity (Prawitt et al., 2011), indicating 
that bile acid-mediated FXR agonism may contribute to the 

disruption of energy and glucose metabolism associated 
with HFD-induced obesity. Because we observed no differ-
ences in hepatic bile acid synthesis enzymes, we hypothesize 
that the alterations in bile acid levels between groups are not 
due to changes in synthesis, but rather changes in bile acid 

Fig. 6   Quantitative analysis of primary and secondary bile acids in 
enterohepatic circulation of healthy chow fed, HFD-induced obese, 
or HFD-fed rats with OFS supplementation. Total bile acids in the A 
small intestine, B portal vein, C liver, and D colon; glycine-, taurine-, 
and unconjugated bile acids in the E small intestine, F portal vein, G 
liver, and H colon; composition of the bile acid pool (individual bile 
acid species calculated as % of total bile acids) in the I small intes-

tine, J portal vein, K liver, and l colon, presented as fold-change from 
HFD; M simple linear regression of small intestinal bile acids signifi-
cantly correlated with % body fat (Supplementary Table 8). Data are 
presented as mean ± SEM. *p < 0.05 vs. HFD; **p < 0.01 vs. HFD; 
***p < 0.001 vs. HFD analyzed by one-way ANOVA with Tukey’s 
multiple comparisons post-hoc test
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conjugation and/or excretion. However, a more comprehen-
sive study investigating hepatic enzymatic activity and bile 
acid transport would help clarify this point. Taken together, 
these data suggest that bile acid metabolism is dysregulated 
in HFD-induced obesity and specific bile acid species likely 
contribute to the metabolic dysregulation associated with 
obesity. Further, bile acid alterations during obesity can be 
effectively reversed with OFS supplementation, implicating 
this metabolic pathway in the beneficial effects of OFS on 
energy and glucose homeostasis. Given that improvements 
in OFS are associated with reductions in food intake (Cani 
et al., 2005), it is possible this is due to changes in bile acid 
signaling that reduces overall caloric intake to decrease body 
weight and adiposity (Castellanos-Jankiewicz et al., 2021). 
For example, increased TGR5 signaling, and reduced intes-
tinal FXR signaling, increase GLP-1 release (Thomas et al., 
2009; Trabelsi et al., 2015), known to reduce food intake 
(Wachsmuth et al., 2022). Interestingly, OFS is associated 
with increased GLP-1 levels (Cani et al., 2005), therefore it 
is possible that altered intestinal bile acid signaling during 
OFS increases gut peptide release to promote satiation and 
satiety. This requires further investigation. Overall, HFD-
induced obesity results in broad changes in the small intes-
tinal metabolome, highlighting the potential importance of 
the interaction between the diet and small intestinal bacteria 
on host metabolism.
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