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Abstract

Obesity is a major health concern that poses significant risks for many other diseases, including diabetes, cardiovascular
disease, and cancer. Prevalence of these diseases varies by biological sex. This study utilizes a mouse (C57BL/6J) model
of obesity to analyze liver and fecal metabolic profiles at various time points of dietary exposure: 5, 9, and 12 months
in control or high fat diet (HFD)-exposed mice. Our study discovered that the female HFD group has a more discern-
able perturbation and set of significant changes in metabolic profiles than the male HFD group. In the female mice, HFD
fecal metabolites including pyruvate, aspartate, and glutamate were lower than control diet-exposed mice after both 9th
and 12th month exposure time points, while lactate and alanine were significantly downregulated only at the 12th month.
Perturbations of liver metabolic profiles were observed in both male and female HFD groups, compared to controls at the
12th month. Overall, the female HFD group showed higher lactate and glutathione levels compared to controls, while the
male HFD group showed higher levels of glutamine and taurine compared to controls. These metabolite-based findings in
both fecal and liver samples for a diet-induced effect of obesity may help guide future pioneering discoveries relating to
the analysis and prevention of obesity in people, especially for females.

Keywords Metabolites - High fat diet - Liver - Fecal - Metabolomics - Mouse model - Preclinical model - Obesity -
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1 Introduction

Rates of adult obesity in the United States have worsened
and the national obesity rate has reached 40%. According to
the National Health and Nutrition Examination Survey, in
2022, 41.9% of adults and 20% of chilren aged 2—19 years
are obese in the United States. Obesity contributes to many
health issues, including diabetes, heart disease, stroke,
and some cancers (Adult Obesity Causes & Consequences
| Overweight & Obesity | CDC, 2021; Hales et al., 2015;
Piché et al., 2020). The healthcare cost of obesity and its
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related diseases has risen to 190.2 billion dollars in 2019
(Ramasamy et al., 2019).

Obesity is a complex disease contributed from genetic,
environmental, and lifestyle factors (Heianza & Qi, 2017,
Pataky et al., 2010). Diet is one of the most important modi-
fiable environmental factors that influence human health.
Western diets high in fat and calories have contributed to
the obesity epidemic in the United States (Jéquier, 2002;
Rakhra et al., 2020). Obesity is characterized by increased
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adipose tissue and body weight. Adipose tissue secretes a
wide range of hormones and cytokines that play important
roles in glucose and lipid metabolism. Many organs such
as the liver, muscle, and brain are negatively affected by
obesity, and their metabolism is also altered (Hajer et al.,
2008; Yang et al., 2018). Metabolites from various organs in
obese models are used to analyze the progression of obesity.
Therefore, understanding the metabolic changes caused by
obesity can help to elucidate important pathways relevant
for obesity and associated comorbidities.

Metabolomics is a powerful tool that has significantly
advanced in recent years and can be used to identify key
metabolites in metabolic pathways (Ivanisevic & Thomas,
2018). Metabolites are small chemicals that represent the
downstream products from genomic, transcriptomic, and
proteomic variability (Ivanisevic & Thomas, 2018; New-
gard, 2017). The study of metabolites and metabolic profiles
can illustrate potential mechanisms of diet-induced physi-
ological dysregulation, trace the pharmacological effects
of drug therapies, and provide a highly integrated profile
of biological status in cells, tissues, or organs (Newgard,
2017).

Metabolomic studies enable precise monitoring of
metabolites in obesity research by providing detailed char-
acterization of metabolites (Meiliana et al., 2021; Nich-
olson et al., 1999). Metabolomic profiling of high fat diet
(HFD) induced obese mice has identified alteration in key
metabolites, including glycolysis, tricarboxylic acid (TCA)
cycle, lipid metabolism, choline metabolism, amino acid
metabolism, and creatine metabolism (Broadfield et al.,
2021; Xie et al., 2012; Yang et al., 2021). Moreover, HFD
induced insulin-resistant rats are observed to downregulate
nicotinamide adenine dinucleotide hydride (NADH) levels
in nicotinate and nicotinamide metabolism, reduce taurine,
and alter glutathione (GSH) metabolism (Le et al., 2016).
Recent metabolomic studies in HFD mice show a strong
link between gut microbial composition and obesity, where
gut microbiota influence host hepatic lipid metabolism
(Aron-Wisnewsky et al., 2021; Cuevas-Sierra et al., 2019;
Druart et al., 2015). These studies have shown that, metabo-
lomics is a powerful tool to illustrate potential mechanisms
of nutrient metabolism in obesity and provide biomarkers
for obesity and associated diseases.

Biological sex plays an important role in energy metabo-
lism, adipose tissue storage, energy partitioning, and bal-
ance. Sex-specific regulation most likely influences the
development of obesity and response to pharmacological
intervention (Jacobs et al., 2019; Katz et al., 2013; Mauvais-
Jarvis, 2015). A study performed in Mexican adolescents
(n=352) showed sex-specific pathways associated with
changes in adiposity (e.g. BMI, fat percentage, body com-
position), and changes of muscle mass (Rodriguez-Carmona
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et al., 2022). A human study showed a sex-specific metab-
olomic analysis of male and female subjects with central
obesity. The differential expression in 94 out of 177 metab-
olites was observed and these metabolites include branch
chain amino acids (BCAAs), acetate, 3-hydroxybutyrate,
lysophosphatidylcholine (LPCs), and phosphatidylcho-
line (PCs) (Szymanska et al., 2012). Another human study
investigating serum metabolic profiles in obese and lean
subjects showed sex-specific changes in BCAAs, fatty acid,
tryptophan, and the metabolites in bile acid metabolism and
the TCA cycle(Xie et al., 2014). Among these metabolites,
BCAAs were differentially expressed in obese men, but not
in obese women (Xie et al., 2014). In the rodent models,
leptin deficient obese mice showed sex-specific metabolic
alterations. Taurine, glycine, citrate, and urea levels in urine
were significantly altered in obese female mice, while pyru-
vate and serum glucose were significantly altered in obese
male mice (Goémez-Zorita et al., 2019; Mayengbam et al.,
2019; Won et al., 2013). However, more comparisons of
sex-specific metabolomic profiles are needed to discover
the physiological mechanisms of sex-specific development
of obesity.

There are also limited studies observing sex-specific
metabolic changes through growth and development. Many
studies described above were done at a single time point.
Thus, there is a need for longitudinal metabolomic studies
to track the progression of obesity. This study investigates
the longitudinal sex-specific metabolic alterations in mice
exposed to long-term HFD. The results can identify bio-
markers at various stages of obesity, illustrate physiological
pathways, and provide pro-diagnostic strategies for obesity
intervention.

2 Materials and methods
2.1 Animals and diets

One-month-old male and female C57BL/6]J mice were
obtained from Jackson Laboratories and housed in individ-
ual cages in an animal facility maintained on a 12-hour light
(7 am-7 pm) /dark (7 pm-7 am) cycle, and the temperature
was kept at 24-26 °C. Mice were fed ad libitum for twelve
months with either a control or an HFD diet purchased
from Research Diets Inc. (New Brunswick, NJ, Catalog#
D12450H, Catalog#D12451 respectively ) (n=6-10 per sex
per dietary group). The control diet had a 10% kcal/g diet,
while HFD had a 45% kcal/g diet. The primary source of fat
in the food was lard. Food consumption and body weights
were measured weekly for all animals. Fecal samples were
collected at the Sth, 9th, and 12th months of dietary expo-
sure. All the animals were sacrificed at the end of the 12th
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month of dietary exposure. Liver samples were harvested
and snap-frozen in liquid nitrogen and stored at -80° C until
analysis. The animal protocol (#18—006) was approved
by the Institutional Animal Care and Use Committee at the
North Carolina Agricultural and Technical State University.

2.2 Fecal sample preparation

Dry, frozen fecal samples (6—10 per sex per dietary expo-
sure group per time point) were extracted using water with
a previously established method (Gratton et al., 2016). A
phosphate buffer of D20 was added to the extracted sam-
ples, and the final samples contained 10% of D20 with
0.1 M phosphate buffer (pH 7.4) and 0.5 mM trimethylsi-
lyl propanoic acid (TSP). The samples were transferred to
5 mm NMR tubes after being centrifuged for further nuclear
magnetic resonance (NMR) acquisition.

2.3 Liver tissue sample preparation

Liver tissues were slowly thawed and 100 mg of tissue used
for metabolomic analysis. Liver tissue was extracted by
using a two-step method including, the homogenization of
tissue in cold 2.5:1 methanol-water solvent followed by the
addition of ice-cold chloroform and water solvent (Wu et
al., 2008). After centrifugation, the upper polar phase was
dried and reconstituted in a phosphate buffer. The reconsti-
tuted tissue extracts were transferred to 5 mm NMR tubes
for further NMR analysis.

2.4 NMR analysis

A Bruker Ascend 400 MHz high-resolution NMR with a
sample Xpress autosampler was applied in this study and all

Table 1 Physiological data

Male Mice Female Mice
Control HFD (n=9) Control HFD (n=9)
(n=9) (n=8)

body weight (g)

5th 30.87+3.55 41.39+6.94%*% 2430+2.69 29.45+8.21*
month
9th 42.6+3.23
month

12th  45.25+4.03 53.64+5.27** 31.88+3.67 4522+3.67**
month

53.25+£2.81** 29.53+4.39 37.03+4.39*

weekly average diet consumption (g)

5th 21.10+1.33 20.74+2.51 18.85+1.57 17.76 +£3.0
month
9th 23.55+1.67 23.27+2.29 19.79+1.79 18.75+2.36
month
12th  26.48+2.08 25.72+4.54 22.05+1.40 23.49+2.80
month

Data expressed as mean+SD **p <0.01, *p<0.05 as compared with
control

the experiments were carried out using ICON-NMR soft-
ware (Bruker Biospin) and controlled by ICON-NMR. A 1D
NOESY experiment with water suppression (noesygpprld)
was carried out with 32k increments, and 64 transients. All
the spectra were carefully phased and calibrated to TSP in
Bruker Topspin 4.06 (Bruker Biospin). The metabolites
identification was carried out using Chenomx 8.6 (Che-
nomx Inc).

2.5 Metabolic pathway analysis

The metabolic pathway analysis was carried out using the
KEGG database and MetaboAnalyst 4.0.

2.6 Data analysis

The NMR spectra were obtained using Amix 4.0 (Bruker
BioSpin) and the NMR spectra were bucketed using a pre-
viously reported automatic method (Wang et al., 2020). The
processed data were normalized to the total peak intensity.
Metabolite identification was carried out using Chenomx 8.6
(Chenomx Inc). The Principal Component Analysis (PCA)
was carried out using PLS toolbox (Eigenvector Research).
Metabolic pathway analysis, the global test, and the random
forest study were carried out using MetaboAnalyst 4.0.

Key metabolites were analyzed using repeated measures
three-way ANOVA (factors: gender, treatment, and time)
followed by Sidak’s multiple comparisons. The analysis
used GraphPad Prism software version 9.0.0 for Windows
(GraphPad Software, San Diego, CA). A p-value less than
0.05 (p<0.05) was considered statistically significant.

3 Results

As shown in Table 1, HFD fed male and female mice gained
significantly more weight compared to their control groups
at all the time points. However, the diet consumption of
HFD fed mice in both the male and female groups was simi-
lar to their respective control groups.

3.1 Fecal samples at the 5" month

NMR profiling of the fecal samples during the 5th month of
dietary exposure was conducted to investigate early signs of
metabolic perturbations in male and female mice (Table 2).
Clues of metabolic changes were first observed in the female
HFD group compared to the female control group; in contrast,
the male groups showed fewer alterations in metabolites at this
time point. Metabolites such as lactate, 3-methyl-2-oxovaler-
ate, and taurine were significantly altered, while the total bile
acid and propionate exhibited an increasing trend in the female
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Table 2 The fecal metabolites analyzed 5th month on male and female samples. The fold change (FC) was calculated using HFD vs. Control. False

discovery rate (FDR) is expressed as a q value

Male Female

Metabolites p value FDR FC (HFD/Control) p value FDR FC (HFD/
@ (@ Control)

2-Oxoglutarate 2.84E-01 4.97E-01 1.74 1.20E-01 5.60E-01 0.86
2-Oxoisocaproate 8.31E-01 5.13E-01 1.02 8.04E-01 1.06E +00 1.02
3-Methyl-2-oxovalerate 7.25E-01 5.25E-01 1.06 2.88E-02 6.05E-01 1.69
Acetate 2.98E-01 4.47E-01 1.39 5.89E-01 1.03E+00 1.12
Acetoin 6.03E-01 5.07E-01 0.97 9.65E-01 1.04E+00 1
Adenine 4.87E-02 5.11E-01 0.79 1.48E-01 5.65E-01 0.85
Alanine 1.86E-01 7.81E-01 0.82 6.14E-01 1.03E+00 1.03
Asparagine 3.74E-01 491E-01 1.07 6.22E-01 9.68E-01 0.93
Aspartate 4.66E-01 4.89E-01 1.36 9.65E-02 5.07E-01 0.74
Butyrate 7.07E-01 5.30E-01 1.04 9.37E-01 1.06E +00 0.99
Cholate 2.35E-01 4.94E-01 0.88 2.68E-01 7.50E-01 1.12
Choline 1.36E-01 9.52E-01 1.19 4.50E-01 9.00E-01 1.07
Ethanol 9.37E-01 4.92E-01 1.01 3.53E-02 4.94E-01 1.3
Ethanolamine 2.70E-01 5.15E-01 1.16 8.21E-01 1.04E +00 0.93
Formate 9.97E-01 4.99E-01 1.00 1.52E-01 5.32E-01 0.57
Fumarate 2.19E-01 5.11E-01 1.74 8.04E-01 1.09E +00 1.13
Glucose 8.11E-01 5.16E-01 1.03 7.58E-01 1.06E +00 0.9
Glutamate 4.70E-01 4.70E-01 0.94 6.36E-01 9.54E-01 1.04
Glutamine 7.27E-01 5.09E-01 0.98 7.13E-01 1.03E+00 1.02
Glycine 3.78E-01 441E-01 0.80 3.54E-01 7.83E-01 0.92
Hypoxanthine 3.09E-02 6.49E-01 0.80 1.47E-01 6.17E-01 0.84
Isoleucine 5.37E-01 5.13E-01 0.94 1.83E-01 5.91E-01 1.19
Lactate 8.34E-01 5.00E-01 0.99 4.01E-02 3.37E-01 0.82
Lysine 3.60E-01 5.04E-01 1.27 3.21E-01 7.49E-01 1.07
Methionine 9.32E-01 5.02E-01 0.99 6.18E-01 9.98E-01 1.03
N,N-Dimethylformamide 1.86E-01 6.51E-01 0.42 2.44E-02 1.02E+00 0.55
Phenylalanine 7.62E-01 5.16E-01 1.03 9.69E-01 1.02E+00 1
Proline 9.64E-01 4.94E-01 1.00 4.07E-01 8.55E-01 0.89
Propionate 9.30E-01 5.14E-01 0.99 7.91E-02 5.54E-01 1.27
Pyruvate 6.57E-01 5.31E-01 1.04 9.88E-01 9.88E-01 1
Sarcosine 8.96E-01 5.23E-01 1.01 2.94E-01 7.72E-01 1.09
Serine 3.75E-01 4.63E-01 0.88 1.91E-01 5.73E-01 0.84
Succinate 5.88E-01 5.15E-01 1.15 4.55E-01 8.31E-01 0.88
Sucrose 2.04E-01 6.12E-01 1.59 9.59E-01 1.06E + 00 1.03
Tartrate 7.88E-01 5.17E-01 1.09 3.17E-01 7.83E-01 0.77
Taurine 5.60E-01 5.11E-01 1.24 3.77E-02 3.96E-01 0.46
total bile acid 9.06E-01 5.14E-01 1.03 7.95E-02 4.77E-01 1.59
Typtophan 2.92E-01 4.72E-01 1.10 9.88E-01 1.01E+00 1
Tyrosine 4.10E-01 4.53E-01 1.08 9.01E-01 1.08E+00 0.99
Uracil 7.06E-01 5.49E-01 1.05 8.52E-01 1.05E+00 0.96
Valine 2.06E-01 5.41E-01 0.87 4.51E-01 8.61E-01 1.05
Xanthine 1.62E-01 8.51E-01 0.85 9.34E-01 1.09E + 00 0.99+AA2:G45

HFD group compared to the female control group (p<0.05).
In the male HFD group, hypoxanthine and adenine were
decreased compared to control male mice (p <0.05). PCA was
carried out to visualize the differences between the exposure
groups and sexes. However, the PCA plot did not show a dis-
tinct separation between both dietary treatment groups and

sexes (Fig. 1).
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3.2 Fecal samples in the 9th month

The combinational metabolites distributions in the PCA score
plot (Fig. 2A) indicated a much weaker difference between
dietary exposure groups in male mice. The male HFD group,
in comparison to the control group, showed a significant
increase in isoleucine, 3-methyl-2-oxovalerate, and total bile
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Fig. 1 PCA studies on the fecal
samples collected in the Sth
month. A, the PCA score plot of
the male samples for control vs.
the HFD. B, the PCA score plot
of the female samples for control
vs. the HFD
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Fig.2 PCA score plots on the
fecal samples. A, the 9th -month
male samples (Control vs. the
HFD). B, the 9th -month female
samples (Control vs. the HFD).
C, the 12th -month male samples
(Control vs. the HFD). D, the
12th -month female samples
(Control vs. the HFD)
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acid, in contrast to a decrease in succinate (Table 3, p <0.05).
The glucose concentration was significantly decreased, which
was not shown in the female group (p <0.05). The metabolites
at the 9th month of dietary exposure showed high perturba-
tion in the female groups. Fecal metabolites such as cholate,
glycocholate, isoleucine, 3-methyl-2-oxovalerate, and total
bile acids were significantly increased, while acetate, gluta-
mate, hypoxanthine, pyruvate, propionate, and succinate were
significantly decreased in the female HFD group compared to
the female control group (Table 3, p<0.05). The metabolite
separation between control and HFD fed female mice was also
supported by the PCA score plot (Fig. 2B).

3.3 Fecal samples at the 12th month
For the male groups, serine, threonine, and tryptophan were

significantly downregulated (Table 3, p <0.05). The PCA score
plot showed a similar mixed distribution between control and

0.2

HFD male mice as the 9th -month data (Fig. 2C). The female
HFD group still showed high perturbation with cholate, isoleu-
cine, total bile acid, and valine significantly increased, while
alanine, glutamate, hypoxanthine, lactate, 2-oxoglutarate,
2-oxoisocaproate, and pyruvate were significantly decreased
(Table 3, p<0.05). The changes of cholate, glutamate, iso-
leucine, pyruvate, and total bile acid were consistent with the
9th month. The PCA score plot showed a distinct separation
between the control and the HFD female mice with slight over-
lap (Fig. 2D).

We used three-way ANOVA to examine the effect of diet,
sex, and time on key metabolites. Results showed that the main
effect of time is significant for total bile (p=0.0001), glutamate
(p=0.0382), glutamine (p=0.0034), glycine (p=0.0148),
methionine (p=0.0053), and glucose (p=0.0192) (Fig. 3). In
the female group, there is a significant difference between total
bile levels in the control and HFD groups at both 9 months
(p<0.001) and 12th month (p<0.05) (Fig. 3A). ANOVA

@ Springer



B. Wang et al.

97 Page 6 of 15

Sl 10-991°C 20-998°9 760 10-999°L 10-950°S v0'1 10-9+1°6 10-92L'8 48! 10-9£0°8 10-9€6' suLmep,
01’1 10-900°L 10-478°€ 96°0 10-92C'8 10-416'9 €60 10-90L'8 10-921°L 18°0 10-9vT'L 10-9+1°C ojene],
01T 10-959°L 10-4L8¥ 19°¢ 1041 10-9€S°1 19°0 10-9¥€'8 10-40T°L YT 10-42¢H'9 1049+ osorong
¥8°0 10-9¥0°C 20-996'9 $8°0 10-90S 20-902°6 L0 20-90T'L 20-908°1 18°0 10-990°t 20-969°¢ ajeuIdOdNg
¥6°0 10-970°L 10-991° ¥ 98°0 10-9£6'Y 20-9vTT LLO 10-981°¢ 10-40€'1 06°0 10-9+9°'8 10-9¥1°¢ auLIdg
860 00+4I101 10-d¥L'8 96°0 10-98S°L 10-498°S OB 10-498°8 10-4S0°L 860 10-49T°6 10-92+°8 aursoores
89°0 10-99L°C €0-4LT9 €L0 10-98T 10-9L0°1 €9°0 T0-dEEE €0-46T°S 96°0 10-366'8 10-9ST°L areAnikg
09°0 10-901°C 20-417°9 €60 10-9€0°'8 10-499°S 780 20-986'8 20-dSt'T Y0l 10-92T'8 10-95S°€ ajeuordoig
760 10-9LS°8 10-929°9 L60 10-929°'6 10-996'8 660 [10-dE€°6 10-d€€°6 68°0 10-981°8 10-491°¢ aurjoid
97’1 10-9L8°C 10-d11°1 780 10-99C°S 10-9SLT L60 10-986°'8 10-98L°8 L0 10-9£9°'8 10-9L9°9 sutue[ejAusyq
18°0 10-95€°€ 10-409°'1 8L°0 10-9T1°S 20-9p1°8 8L0 10-9¢h'€ 10-9€9°1 68°0 10-98T'8 10-956°€ sprweuLoyAyowIg-N‘N
860 10-418°6 10-95T'8 $6°0 10-989°L 10-99L°S L80 10-H08'T 20-9SS°9 660 10-46%°6 10-9LT°6 SUIUOIIN
660 00+4d00°1 10-9L8'S 6L0 10-926°€ 10-9L0°1 16°0 10-9bL°S 10-92$°€ S6°0 10-4€9°8 10-9L¥°9 suIsK]
89°0 20-908°9 €0-dEL'L LLO 10-4S€ 10-98L°1 11 10-92L'8 10-4¥5°9 LOT 10-4£9°8 10-480°9 ajejoe]
1$°1 20-d11°8 €0-HLE L 8I°1 10-dSS Y 10-dL1°T 8S°1 T0-99LT €0-d1S°C 40! 10-d1€°€ T0-99L°€ QULONS[OS]
SLO T0-dLY9 2001 18°0 10-d¥t'9 20-9S8°S 95°0 20-995°T €0-d16'C ¥8°0 10-9St'L 10-9LET suryiuexod£y
Y01 10-921°6 10-99%°L 101 10-908°6 10-98$°6 780 10-469°t 10-99$°C 660 10-dt€°6 10-9+€°6 SUIPHSIH
8T'1 10-980°S 10-9¥S°T 80°1 10-921°8 10-4¥9°9 88°1 €0-dET'L v0-929'1 101 10-465°6 10-951°6 31B[0YD0IK[D
001 10-9L6°6 10-9L6°6 9I'1 10-48t'S 10-9vT°€ ¥6°0 10-H0L'L 10-909°S 96°0 10-46L°8 10-96€°9 SuA1D
90°1 10-921°8 10-92L°S L60 10-9#€'8 10-40T°L 01 10-964°'8 10-dp1°L SO'1 10-908°L 10-999°C surwein[n
88°0 20-995°6 20-96€°T 68°0 10-90LY 10-9€0°C Lo 20-991°9 20-90%°1 20T 10-98€°6 10-91€°8 ajeweIN[D
16°0 10-901°8 10-9¥€°S 88°0 10-9£€°S 10-9LT°€ 88°0 10-9ST'S 10-901°¢ 8L°0 10-99T°C T0-aS’1 3s0on]H
€5°0 10-905°€ 109181 ¥8°0 10-99T'8 10-92€°L S1°0 10-9€0°¢ 10-91€°1 69°0 10-401°8 10-989°€ Srerewng
96°0 10-90L°6 10-9+0°6 L9'1 10-98T 70-92L6 80°1 10-98€'8 10-429°L €L0 10-92L°9 10-989°1 91eULIOg
vl 10-969'8 10-425°9 Se'l 10-90L°S 10-9vT°€ 080 10-9ES°T 20-40T'S $8°0 10-9€T°€ 0-dIvy surue[ouByyg
90°1 10-961°8 10-9SL9 S0'1 10-68°L 10-d¥L'S €r'l 10-90€°S 10-410°€ (A 10-910°9 10-9€T°1 [ouepg
98°0 10-9€2°C 20-901°8 $6°0 10-9£€°8 10-9£9°9 88°0 10-9¥6'9 10-9€L Y 06°0 10-9¥6°L 10-9$T°€ aurjoy)
LET 10-970°1 €0-480°L 80°1 10-91L°9 10-9LT Sl €0-d+0°6 PO-dIT Y 96°0 10-929°L 10-920°S a1e[oy)
¥8°0 10-90€°€ 10-95€°1 SI'1 10-996°€ 10-95€°T L80 10-9¢8 ¥ 10-92S°T 20°1 10-4L0°6 10-95+°8 aeIking
L0 10-490°1 20-9T6'1 $8°0 10-9¥T'S 10-498°C 09°0 10-965'1 70-990°S 990 10-40L°€ 70-968°S ajeredsy
760 10-9$1°8 10-995°S ¥8°0 10-9$€Y 10-989°1 €0'1 10-9€8°'8 10-4€7°8 160 10-991°8 10-9St ouieredsy
6L0 20-d8L°9 €0-AYT'6 vLO 10-dLL'E 10-90T°1 18°0 10-906' 10-9S+'T L60 10-901°6 10-998°L sutue[y
60'1 10-9S€°L 10-d1S¥ SO'1 10-9L9°L 10-9€T°S 8I'1 209179 T0-9LTT SO'1 10-901°8 10-9$0'y u10100Yy
6L0 10-980°9 10-981°¢ L60 10-9SL°6 10-498°8 S50 20-9S6°C €0-920'v 40! 10-998°L 10-900°S 918100y
80°1 10-92T'8 10-986°S 101 10-999°6 10-42T°6 €1 20-av1°T €0-49¢'1 171 10-921°9 T0-96€°1 0)eIo[BAOXO-Z-TAYRIN-€
SLO 10-911°1 20-4£0°€ ¥8°0 10-996°€ 10-9L1°1 v6°0 10-94¥9°'8 10-489°9 760 10-92€'8 10-9€LY 91e01deo0SI0X0-T
9.0 10-99¢°1 €0-HLO'L 6L0 10-dSLY 20-9£9°'8 180 10-98L'T 70-998°9 201 10-9v€°6 10-4S8°L ajeIeIN0xQ-7

od (b) ¥ad onfea d od (b) ya4 anea d od (b) ya4 anfea g od (b) ya4 anfea 4 SON[OQEIRN

J[eurd | JleN J[eurd { J[eN
quow iz IUOW 6

anfea b se passardxo

St () 2rer K10A00SIp 9s[e] ‘[onuo)) ‘sa (JIH Sursn pajenofed sem (D,]) oSueyo pjoj oy ‘sojdwes o[ewaj pue S[eW Yj0oq UO [HUOW Y7 | PUB YIUOW U6 J& pIzZA[eue SI[OQRISA [899,] € d|qel

pringer

As



High fat diet reveals sex-specific fecal and liver metabolic alterations in C57BL/6J obese mice

Page 7 of 15 97

Table 3 (continued)

12th month

Male

9th month

Male

Female

Female

1.01
1.81

1.00
0.

9.87E-01
1.01E-01

8.97E-01
2.06E-02
9.85E-01
9.58E-01

0.85

5.85E-01
4.55E-01
4.27E-01

1.33E-02
2.07E-01

0.89

6.99E-01
5.48E-02
7.59E-01
8.37E-01
6.89E-01
2.95E-01
1.37E-01

4.45E-01

0.85
1.33
0.91
0.95
0.46
1.03
0.82

6.82E-01
3.28E-01
7.88E-01
9.23E-01

1.86E-01
1.49E-02
4.12E-01
7.55E-01
5.06E-01
4.78E-01
1.06E-01

Threonine

1.35
0.73
0.68
2.01

1.88
0.90
0.93
0.51
1.24
0.67

9.96E-03
5.35E-01
7.42E-01

total bile acid
Tryptophan

1.01E+00

2.91E-02
6.27E-02
2.51E-01
9.74E-01

99

1.00E+00
6.85E-01
9.86E-02
3.41E-01

5.52E-01
5.02E-01
9.74E-01
5.34E-01

Tyrosine

242
1.28
0.85

3.89E-01
2.24E-02
1.55E-01

4.54E-01

7.42E-01

Uracil

1.00
0.81

1.34E-01
4.04E-02

8.09E-01
5.83E-01

Valine

7.28E-02

Xanthine

results also exhibited the significant main effect of sex on
lactate (p=0.0121), alanine (p=0.0394), valine (p<0.0001),
cholate (p<0.0001), total bile (p=0.0030) and hypoxanthine
(p=0.0019) (Fig. 4A). The interaction of time and sex was
significant for glutamate and taurine (p<0.05). A significant
difference in total bile levels was observed in the 9th month
male and female HFD group (Fig. 4E). Similarly, a significant
difference was also observed between male and female control
groups for valine and cholate (p <0.001); however, this differ-
ence disappeared in HFD groups (Fig. 4C, D).

3.4 Liver metabolites at the 12th month

In the liver extracts, 33 metabolites were detected (Table 4),
and both the male and female groups showed significant pertur-
bation in many metabolites. The PCA score plots showed that
both the male (Fig. 5A) and the female groups (Fig. 5B) had a
clear difference between the control and the HFD groups with
a slight overlap. The male group showed significant increase in
glutamine, glutamate, methionine, pyruvate, and taurine after
HFD (p<0.01, Table 4). The female group showed a similar
significant increase in metabolites, including acetate, azelate,
choline, glutamate, glutathione, lactate, methionine, and pyru-
vate (p<0.05, Table 4). Within these metabolites, only gluta-
mate, methionine, and pyruvate are common for both male and
female HFD mice. Many metabolites had a low level of signifi-
cant changes, so a pathway analysis was carried out on all the
altered fecal and liver metabolites.

3.5 Metabolic pathway analysis

The fecal metabolites in female mice showed significant altera-
tions in glycine, serine, and threonine metabolism at the 9th
month of dietary exposure, while the alanine, aspartate, and
glutamate metabolic pathways showed significant changes at
the 12th month (p<0.05). All these metabolic pathways in
the male mice remained unaltered at all-time points (Fig. 6A,
C). D-glutamine and D-glutamate pathways were signifi-
cantly altered at the 9th month and 12th month time points in
female mice (p <0.05). However, similar perturbation was not
observed in male mice (Fig. 6B, D).

Liver metabolic pathway analysis, both male and female
hepatic metabolites showed an increase of D-glutamine,
D-glutamate, and glutathione metabolisms after HFD treat-
ment. Furthermore, the male HFD group was also observed
with altered glutathione, hypotaurine, and taurine metabo-
lisms. A random forest analysis of the important metabolites
for the male group was further carried out; glutamine, gluta-
mate, methionine, pyruvate and taurine were found as the most
important metabolites (Fig. 7A, B, C). In the female HFD
group, glycine, pyruvate, serine, and threonine metabolism
pathways were major contributors of metabolic dysfunction,
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while azelate, choline, and glutamate were found as important
metabolites (Fig. 7D, E, F). In summary, both male and female
mice had significant hepatic metabolic perturbation, but only
the female groups showed significant fecal metabolic changes,
which points towards a sex-specific metabolic response to the
HFD exposure.

4 Discussion
The present study investigates the longitudinal sex-specific
alterations in fecal metabolites and endpoint liver metabo-

lites in HFD exposed C57BL/6J mice. A recent study by
Hubbard and colleagues found that a prolonged HFD diet

@ Springer

worsens sexually dimorphic obesity (Hubbard et al., 2019).
The goal is to compare the sex difference in metabolites and
identify specific biomarkers for each sex in both fecal and
liver samples in obese mice.

From fecal metabolomic analysis, several biomarkers,
such as BCAAs, short-chain fatty acids (SCFAs), and glu-
tamate, were shown significant changes impacted by HFD.
First, a s one of the important BCAAs, isoleucine, and its first
degradation product 3-methyl-2-oxovalerate were observed
to be significantly elevated across all time points (5th, 9th,
and 12th months) in the female HFD group compared to
its control group. Isoleucine plays an important role in the
growth, protein and fatty acid metabolism, immunity, and
regulation of key signaling pathways like mTOR (Zhang et
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al., 2017). Amino acid levels in the body are tightly regu-
lated, and very little is being excreted through the urine or
feces. Therefore, elevated fecal isoleucine excretion in our
study may indicate increased peripheral isoleucine in the
host due to decreased amino acid catabolism or increased
gut bacterial metabolism in the female HFD group. Recent
studies have shown a strong correlation of BCAA levels with
insulin resistance and blood glucose levels in obese human
individuals in comparison to non-obese individuals(Allam-
Ndoul et al., 2015; Lynch & Adams, 2014; White et al.,
2021). Thus, increased fecal BCAA levels can be used as an
effective biomarker for identifying early metabolic altera-
tion associated with obesity in females.

Fecal SCFAs, such as acetate and propionate, were
reduced significantly in 9th month female HFD fecal

Months of Exposure

samples compared to its control. The gut bacteria produce
SCFAs via fermentation of undigested dietary starch and
fibers. SCFAs supplementation is considered a strategy
to reduce weight, as it plays an important role in appetite
regulation, lipid and glucose metabolism, and integrity of
the gastrointestinal barrier. Moreover, propionate regulates
lipolysis and lipogenesis rate in fat cells (Kimura et al.,
2014). Decreased acetate and propionate indicate a decline
in SCFA production by gut bacteria in female mice, which
exacerbate the pathophysiology of obesity (Kimura et al.,
2013).

Bile acid plays an important role in fat digestion, absorp-
tion. It serves as a signaling molecule keeping up a homeo-
static state (Agellon, 2002; Zeng et al., 2019). Bile acid
cholate is synthesized in the liver and is conjugated before
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Table 4 The liver metabolites analyzed 12th month on male and female samples. The fold change (FC) was calculated using HFD vs. Control.
False discovery rate (FDR) is expressed as a q value

Male Female

Metabolites p value FDR (q) FC p value FDR (q) FC
3-Hydroxybutyrate 3.63E-01 5.21E-01 1.15 2.04E-01 3.54E-01 1.16
Acetate 2.15E-01 3.94E-01 1.22 5.01E-02 2.07E-01 1.33
Alanine 4.53E-01 5.54E-01 1.08 1.95E-01 3.79E-01 1.15
Aspartate 3.69E-01 5.07E-01 2.05 6.15E-02 2.03E-01 3.11
Azelate 8.43E-02 3.48E-01 1.18 1.45E-02 9.57E-02 1.21
Choline 7.51E-02 3.54E-01 1.63 4.35E-04 1.44E-02 1.30
Creatine 1.63E-01 3.59E-01 1.34 6.52E-02 1.96E-01 1.21
Creatinine 2.41E-01 4.19E-01 1.47 2.37E-01 3.56E-01 1.10
Fumarate 3.00E-01 4.95E-01 1.76 6.69E-01 7.61E-01 1.29
Glucose 8.80E-01 9.37E-01 0.99 9.77E-01 9.77E-01 1.00
Glutamate 5.68E-03 4.69E-02 1.78 1.20E-02 9.90E-02 1.21
Glutamine 3.89E-04 1.28E-02 1.64 6.97E-02 1.92E-01 1.17
Glutathione 1.02E-01 3.37E-01 1.18 2.34E-02 1.29E-01 1.24
Glycine 9.37E-02 3.44E-01 1.12 1.45E-01 3.19E-01 1.07
Histidine 5.10E-01 6.01E-01 0.81 1.30E-01 3.30E-01 0.60
IMP 1.95E-01 3.79E-01 0.49 2.02E-01 3.70E-01 0.08
Inosine 3.58E-01 5.37E-01 1.15 2.18E-01 3.43E-01 1.09
Isoleucine 9.92E-01 9.92E-01 1.00 5.34E-01 6.29E-01 1.08
Lactate 9.57E-01 9.87E-01 1.00 9.06E-03 9.97E-02 1.18
Leucine 1.50E-01 3.54E-01 1.23 1.46E-01 3.01E-01 1.13
Lysine 1.72E-01 3.55E-01 1.25 3.06E-01 4.21E-01 1.09
Malonate 1.18E-01 3.25E-01 1.68 1.38E-01 3.25E-01 1.25
Maltose 1.16E-01 3.48E-01 0.89 2.17E-01 3.58E-01 0.92
Methionine 1.05E-03 1.16E-02 1.38 3.39E-02 1.60E-01 1.19
Nicotinurate 3.47E-01 5.45E-01 0.72 4.22E-01 5.36E-01 0.89
Phenylalanine 8.16E-01 8.98E-01 0.92 2.84E-01 4.07E-01 0.71
Propylene glycol 3.69E-01 4.87E-01 0.81 6.81E-01 7.49E-01 1.09
Pyruvate 7.41E-03 4.89E-02 1.53 4.03E-03 6.65E-02 1.21
Sarcosine 4.06E-01 5.15E-01 1.66 8.21E-01 8.47E-01 1.04
Succinate 7.07E-02 3.89E-01 1.48 4.07E-01 5.37E-01 1.19
Taurine 3.96E-04 6.53E-03 1.33 5.17E-01 6.32E-01 1.03
Tyrosine 7.30E-01 8.31E-01 1.09 7.92E-01 8.43E-01 1.04
Valine 1.45E-01 3.68E-01 1.23 5.57E-02 2.04E-01 1.14
Fig.5 The PCA score plots on o wrcme 1] sk n ' & Female Contral ]
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secreting into the small intestine. About 95% of bile acid little bile acids are lost in the feces (Chiang, 2013; Lin et al.,

secreted into the small intestine is reabsorbed and recircu-  2019a). However, long-term consumption of HFD increased
lated through enterohepatic circulation. The leftover portion  the secretion of bile acid and its secondary products. A study
is passed on to the distal intestine, which is further trans-  done only in male rats showed increased bile acids secretion

formed into secondary metabolites by gut microbes. Thus,  and fats absorption in the development of hepatic steatosis
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(Hori et al., 2020). Non-alcoholic steatohepatitis (NASH)
patients consuming high fat diet showed increased serum
and urine bile metabolites in NASH patients compared to
healthy individuals (Ferslew et al., 2015). Our study showed
significantly increased levels of total bile acid, cholate, and
glycocholate in both the 9th and 12th month of female
HFD fecal samples compare to its control, but not in male
HFD mice. Furthermore, the impact of HFD on bile acid
catabolism is apparently sex-specific demonstrated by our
study. All these findings imply that chronic HFD consump-
tion is evident to hamper the bile acid metabolism, and the
elevated bile acids secretion may further lead to intestinal
hyperpermeability (Murakami et al., 2016; Yoshitsugu et
al., 2019, 2020). The HFD induced altered bile acid level
maybe also due to increased gut microbial communities,
which are essential to convert conjugated bile acids into
secondary metabolites (Lin et al., 2019b).

Glutamate is an important marker in both fecal and liver
metabolites. It plays an important role in maintaining intes-
tinal integrity, synthesis of glutathione, enteric bacterial
nitrogen metabolism, and brain health (Mazzoli & Pessione,
2016; Newsholme et al., 2003). A cross-sectional study
showed lower fecal glutamate levels in obese individuals
(sex unspecified) compared to lean subjects (Palomo-Buit-
rago et al., 2019). Intestinal glutamate is interchangeable
with glutamine, which fuels enterocytes (Burrin & Reeds,
1997). In our study, the female HFD group showed signifi-
cantly lower levels of glutamate in the 9th and 12th month’s
fecal samples. The reduced fecal glutamate level in HFD
female group may be due to the increased intestinal absorp-
tion and liver utilization of glutamate (Blachier et al., 2009;
Yang et al., 2016; Windmueller & Spaeth, 1975). Moreover,
glutamate is also used as substrate by enteric anaerobic bac-
teria to produce acetate and butyrate (Lombardi & Dicks,
2022; Mardinoglu et al., 2015). Our study showed a trend
of decreased acetate and butyrate in both male and female
HFD mice compared to their controls (p> 0.05). Our find-
ing in general is supported by the fact that obese individuals
have reduced glutamate fermenting enteric bacterial abun-
dance (Liu et al., 2017). Therefore, reduced fecal excretion
especially in female HFD group is due to increased intesti-
nal glutamate catabolism and altered bacterial fermentation
of glutamate.

In contrast with decreased fecal glutamate level, both
the male and female HFD liver extracts showed significant
increase of glutamine and glutamate levels compare to their
controls. Liver is central in nitrogen metabolism where
glutamine is catabolized to produce glutamate and ammo-
nia. Glutamate further enters TCA cycle and act as a sub-
strate for gluconeogenesis (Newsholme et al., 2003), while
ammonia generated detoxified through urea cycle. The long-
term HFD exposure leads to increased level of glutamine
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synthetase in the liver of male C57BL/6 mice (Soontorn-
niyomkij et al., 2016). It also leads to fatty liver, which fur-
ther reduces liver ammonia detoxification capacity (Green
& Hodson, 2014). In such circumstances, hepatotoxicity is
avoided through alternative metabolomics pathway. This
pathway synthesize glutamine through glutamate while uti-
lizing the ammonia (Soontornniyomkij et al., 2016; Varani
et al., 2022). Increased liver glutamine and glutamate levels
in both male and female HFD groups resonates the effect of
chronic HFD feeding on liver detoxification capacity and
adaptation to the alternative glutamine synthesis(Ruiz et al.,
1991). Furthermore, glutamate is a precursor for glutathione
which is an important antioxidant. Elevated levels of gluta-
thione found in female HFD liver samples only indicates
more active defensive mechanism was used to overcome
liver dysfunction in female HFD group (Ghosh et al., 2011;
Yu et al., 1999).

In conclusion, this study implemented a systematic com-
parison of metabolites between sexes using HFD exposed
C57BL/6J mice. In our study, female HFD mice exhibited
less HFD induced weight gain compared to male mice over
time but also a more discernable perturbation and more
robust changes in metabolites. Results from our study of
obesity-related changes over time may be overall signifi-
cant in establishing early fecal and liver biomarkers as they
may be first discerned and for their sex-specific character-
istics. Future studies will investigate the sex-specific gut
microbial composition and gut-liver axis of key metabo-
lites with larger sample size, preferably n>15, as well as
include basic chemistry data such as plasma cholesterol or
triglyceride levels to help link the phenotypes with the key
metabolites. Such information will likely provide additional
insight on molecular mechanisms of HFD-induced specific
responses.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s11306-
023-02059-x.

Author contributions BW and VJ performed metabolomics ex-
periments and data analysis. BW, VJ, and JH wrote the manuscripts.
AO, EC, and AC carried out mice husbandry and physiological ex-
periments. SHH and AMD revised the manuscript. JH, BW, and AMD
designed the experiments and provided general project guidance for
students. JLG revised the manuscript and supported the graduate stu-
dent AO to conduct the research.

Funding This study was supported by the 2021 North Carolina Ag-
riculture and Technical State University NCTracs Interdisciplinary
Team Award (JH, AMD, BW, SHH), the National Center for Advanc-
ing Translational Sciences, National Institutes of Health, through
Grant KL2TR002490 (AMD), and the National Science Foundation
through Grant 2245530 (BW).

Data availability The raw data supporting the conclusions of this arti-
cle will be made available by the authors without undue reservation.


https://doi.org/10.1007/s11306-023-02059-x
https://doi.org/10.1007/s11306-023-02059-x

High fat diet reveals sex-specific fecal and liver metabolic alterations in C57BL/6J obese mice

Page 13 of 15 97

Declarations

Competing interests The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest. All authors have
read the version and approved it to be published.

References

Adult Obesity Causes & Consequences | Overweight & Obesity | CDC.
(2021). https://www.cdc.gov/obesity/adult/causes.html.

Agellon, L. B. (2002). Chapter 16 Metabolism and function of bile
acids. In New Comprehensive Biochemistry (Vol. 36, pp. 433—
448). Elsevier. https://doi.org/10.1016/S0167-7306(02)36018-6.

Allam-Ndoul, B., Guénard, F., Garneau, V., Barbier, O., Pérusse, L.,
& Vohl, M. C. (2015). Associations between branched chain
amino acid levels, obesity and cardiometabolic Complications.
Integrative Obesity and Diabetes, 1(6), 157-162. https://doi.
org/10.15761/10D.1000134.

Aron-Wisnewsky, J., Warmbrunn, M. V., Nieuwdorp, M., & Clément,
K. (2021). Metabolism and metabolic disorders and the Micro-
biome: The intestinal microbiota Associated with obesity, lipid
metabolism, and Metabolic Health—Pathophysiology and thera-
peutic strategies. Gastroenterology, 160(2), 573-599. https://doi.
org/10.1053/J.GASTR0.2020.10.057.

Blachier, F., Boutry, C., Bos, C., & Tomé¢, D. (2009). Metabolism and
functions of 1-glutamate in the epithelial cells of the small and
large intestines. The American Journal of Clinical Nutrition,
90(3), 814S—8218S. https://doi.org/10.3945/AJCN.2009.27462S.

Broadfield, L. A., Duarte, J. A. G., Schmieder, R., Broekaert, D.,
Veys, K., Planque, M., Vriens, K., Karasawa, Y., Napolitano, F.,
Fujita, S., Fujii, M., Eto, M., Holvoet, B., Vangoitsenhoven, R.,
Fernandez-Garcia, J., Van Elsen, J., Dehairs, J., Zeng, J., Dooley,
J., & Fendt, S. M. (2021). Fat induces glucose metabolism in non-
transformed liver cells and promotes liver tumorigenesis. Cancer
Research, 81(8), 1988-2001. https://doi.org/10.1158/0008-5472.
CAN-20-1954/673641/AM/FAT-INDUCES-GLUCOSE-
METABOLISM-IN-NON-TRANSFORMED.

Burrin, D. G., & Reeds, P. J. (1997). Alternative fuels in the gastroin-
testinal tract. Current Opinion in Gastroenterology, 13(2), 165—
170. https://doi.org/10.1097/00001574-199703000-00015.

Chiang, J. Y. L. (2013). Bile acid metabolism and signaling. Compre-
hensive Physiology, 3(3), 1191. https://doi.org/10.1002/CPHY.
C120023.

Cuevas-Sierra, A., Ramos-Lopez, O., Riezu-Boj, J. 1., Milagro, F. L.,
& Martinez, J. A. (2019). Diet, Gut Microbiota, and obesity:
Links with Host Genetics and epigenetics and potential applica-
tions. Advances in Nutrition, 10(suppl_1), S17-S30. https://doi.
org/10.1093/ADVANCES/NMY078.

Druart, C., Bindels, L. B., Schmaltz, R., Neyrinck, A. M., Cani, P. D.,
Walter, J., Ramer-Tait, A. E., & Delzenne, N. M. (2015). Ability
of the gut microbiota to produce PUFA-derived bacterial metabo-
lites: Proof of concept in germ-free versus conventionalized mice.
Molecular Nutrition and Food Research, 59(8), 1603—1613.
https://doi.org/10.1002/mnfr.201500014.

Ferslew, B. C., Xie, G., Johnston, C. K., Su, M., Stewart, P. W., Jia, W.,
Brouwer, K. L. R., & Barritt, S. (2015). Altered bile acid metabo-
lome in patients with nonalcoholic steatohepatitis. Digestive Dis-
eases and Sciences, 60(11), 3318-3328. https://doi.org/10.1007/
$10620-015-3776-8

Ghosh, S., Sulistyoningrum, D. C., Glier, M. B., Verchere, C. B., &
Devlin, A. M. (2011). Altered glutathione homeostasis in heart
augments cardiac lipotoxicity associated with diet-induced

obesity in mice. The Journal of Biological Chemistry, 286(49),
42483-42493. https://doi.org/10.1074/jbc.M111.304592.

Gomez-Zorita, S., Aguirre, L., Milton-Laskibar, I., Fernandez-
Quintela, A., Trepiana, J., Kajarabille, N., Mosqueda-Solis, A.,
Gonzalez, M., & Portillo, M. P. (2019). Relationship between
changes in Microbiota and Liver Steatosis Induced by High-Fat
Feeding—A review of Rodent models. Nutrients 2019, 11(9),
2156. https://doi.org/10.3390/NU11092156. /1.

Gratton, J., Phetcharaburanin, J., Mullish, B. H., Williams, H. R. T.,
Thursz, M., Nicholson, J. K., Holmes, E., Marchesi, J. R., & Li,
J. V. (2016). Optimized Sample Handling Strategy for metabolic
profiling of human feces. Analytical Chemistry, 88(9), 4661—
4668. https://doi.org/10.1021/acs.analchem.5b04159.

Green, C. J., & Hodson, L. (2014). The influence of Dietary Fat on
Liver Fat Accumulation. Nutrients, 6, 5018-5033. https://doi.
0rg/10.3390/mu6115018.

Hajer, G. R., Van Haeften, T. W., & Visseren, F. L. J. (2008). Adi-
pose tissue dysfunction in obesity, Diabetes, and vascular Dis-
eases. European Heart Journal (Vol, 29, 2959-2971. https://doi.
org/10.1093/eurheartj/ehn387. Oxford Academic.

Hales, C. M., Carroll, M. D., Fryar, C. D., & Ogden, C. L. (2015).
Prevalence of Obesity Among Adults and Youth: United States,
2015-2016 Key findings Data from the National Health and
Nutrition Examination Survey. https://www.cdc.gov/nchs/data/
databriefs/db288_table.pdf#1.

Heianza, Y., & Qi, L. (2017). Gene-diet interaction and precision nutri-
tion in obesity. International Journal of Molecular Sciences (Vol,
18(4), https://doi.org/10.3390/ijms18040787. MDPI AG.

Hori, S., Abe, T., Lee, D. G., Fukiya, S., Yokota, A., Aso, N., Shi-
rouchi, B., Sato, M., & Ishizuka, S. (2020). Association between
120-hydroxylated bile acids and hepatic steatosis in rats fed a
high-fat diet. Journal of Nutritional Biochemistry, 83. https://doi.
org/10.1016/j.jnutbio.2020.108412.

Hubbard, K., Shome, A., Sun, B, Pontré, B., McGregor, A., & Mount-
joy, K. G. (2019). Chronic high-fat diet exacerbates sexually
dimorphic Pomctm1/tm1 mouse obesity. Endocrinology, 160(5),
1081-1096.

Ivanisevic, J., & Thomas, A. (2018). Metabolomics as a tool to under-
stand pathophysiological processes. Methods in Molecular Biol-
ogy, 1730, 3-28. https://doi.org/10.1007/978-1-4939-7592-1_1/
COVER/.

Jacobs, S. A. H., Gart, E., Vreeken, D., Franx, B. A. A., Wekking, L.,
Verweij, V. G. M., Worms, N., Schoemaker, M. H., Gross, G.,
Morrison, M. C., Kleemann, R., Arnoldussen, I. A. C., & Kiliaan,
A. J. (2019). Sex-specific differences in Fat Storage, Develop-
ment of non-alcoholic fatty Liver Disease and Brain structure
in Juvenile HFD-Induced obese Ldlr-/-.Leiden Mice. Nutrients
2019, 11(8), 1861. https://doi.org/10.3390/NU11081861. /1.

Jéquier, E. (2002). Pathways to obesity. International Journal of Obe-
sity, 26, S12—S17. https://doi.org/10.1038/sj.1j0.0802123.

Katz, P. P, Yazdany, J., Trupin, L., Schmajuk, G., Margaretten, M.,
Barton, J., Criswell, L. A., & Yelin, E. H. (2013). Sex differences
in assessment of obesity in rheumatoid arthritis. Arthritis Care
& Research, 65(1), 62-70. https://doi.org/10.1002/ACR.21810.

Kimura, 1., Inoue, D., Hirano, K., & Tsujimoto, G. (2014). The SCFA
receptor GPR43 and energy metabolism. Frontiers in Endocri-
nology, 5(JUN), 85. https://doi.org/10.3389/fendo.2014.00085.

Kimura, 1., Ozawa, K., Inoue, D., Imamura, T., Kimura, K., Maeda, T.,
Terasawa, K., Kashihara, D., Hirano, K., Tani, T., Takahashi, T.,
Miyauchi, S., Shioi, G., Inoue, H., & Tsujimoto, G. (2013). The
gut microbiota suppresses insulin-mediated fat accumulation via
the short-chain fatty acid receptor GPR43. Nature Communica-
tions, 4(1), 1829. https://doi.org/10.1038/ncomms2852.

Le, L., Jiang, B., Wan, W., Zhai, W., Xu, L., Hu, K., & Xiao, P. (2016).
Metabolomics reveals the protective of Dihydromyricetin on

@ Springer


https://doi.org/10.1074/jbc.M111.304592
https://doi.org/10.3390/NU11092156
https://doi.org/10.1021/acs.analchem.5b04159
https://doi.org/10.3390/nu6115018
https://doi.org/10.3390/nu6115018
https://doi.org/10.1093/eurheartj/ehn387
https://doi.org/10.1093/eurheartj/ehn387
https://www.cdc.gov/nchs/data/databriefs/db288_table.pdf#1
https://www.cdc.gov/nchs/data/databriefs/db288_table.pdf#1
https://doi.org/10.3390/ijms18040787
https://doi.org/10.1016/j.jnutbio.2020.108412
https://doi.org/10.1016/j.jnutbio.2020.108412
https://doi.org/10.1007/978-1-4939-7592-1_1/COVER/
https://doi.org/10.1007/978-1-4939-7592-1_1/COVER/
https://doi.org/10.3390/NU11081861
https://doi.org/10.1038/sj.ijo.0802123
https://doi.org/10.1002/ACR.21810
https://doi.org/10.3389/fendo.2014.00085
https://doi.org/10.1038/ncomms2852
https://www.cdc.gov/obesity/adult/causes.html
https://doi.org/10.1016/S0167-7306(02)36018-6
https://doi.org/10.15761/IOD.1000134
https://doi.org/10.15761/IOD.1000134
https://doi.org/10.1053/J.GASTRO.2020.10.057
https://doi.org/10.1053/J.GASTRO.2020.10.057
https://doi.org/10.3945/AJCN.2009.27462S
https://doi.org/10.1158/0008-5472.CAN-20-1954/673641/AM/FAT-INDUCES-GLUCOSE-METABOLISM-IN-NON-TRANSFORMED
https://doi.org/10.1158/0008-5472.CAN-20-1954/673641/AM/FAT-INDUCES-GLUCOSE-METABOLISM-IN-NON-TRANSFORMED
https://doi.org/10.1158/0008-5472.CAN-20-1954/673641/AM/FAT-INDUCES-GLUCOSE-METABOLISM-IN-NON-TRANSFORMED
https://doi.org/10.1097/00001574-199703000-00015
https://doi.org/10.1002/CPHY.C120023
https://doi.org/10.1002/CPHY.C120023
https://doi.org/10.1093/ADVANCES/NMY078
https://doi.org/10.1093/ADVANCES/NMY078
https://doi.org/10.1002/mnfr.201500014
https://doi.org/10.1007/s10620-015-3776-8
https://doi.org/10.1007/s10620-015-3776-8

97 Page 14 of 15

B. Wang et al.

glucose homeostasis by enhancing insulin sensitivity. Scientific
Reports, 6(1), 1-11. https://doi.org/10.1038/srep36184.

Lin, H., An, Y., Tang, H., & Wang, Y. (2019a). Alterations of bile acids
and gut microbiota in obesity Induced by High Fat Diet in Rat
Model. Journal of Agricultural and Food Chemistry, 67(13),
3624-3632. https://doi.org/10.1021/acs.jafc.9b00249.

Lin, H., An, Y., Tang, H., & Wang, Y. (2019b). Alterations of bile acids
and gut microbiota in obesity Induced by High Fat Diet in Rat
Model. Journal of Agricultural and Food Chemistry, 67(13),
3624-3632. https://doi.org/10.1021/ACS.JAFC.9B00249/
ASSET/IMAGES/LARGE/JF-2019-00249E 0006.JPEG.

Liu, R, Hong, J., Xu, X., Feng, Q., Zhang, D., Gu, Y., Shi, J., Zhao,
S., Liu, W., Wang, X., Xia, H., Liu, Z., Cui, B, Liang, P., Xi, L.,
Jin, J., Ying, X., Wang, X., Zhao, X., & Wang, W. (2017). Gut
microbiome and serum metabolome alterations in obesity and
after weight-loss intervention. Nature Medicine, 23(7), 859-868.
https://doi.org/10.1038/NM.4358.

Lombardi, C., & Dicks, L. M. T. (2022). Gut Bacteria and Neurotrans-
mitters. Microorganisms 2022, Vol. 10, Page 1838, 10(9), 1838.
https://doi.org/10.3390/MICROORGANISMS10091838.

Lynch, C. J., & Adams, S. H. (2014). Branched-chain amino acids
in metabolic signalling and insulin resistance. Nature Reviews
Endocrinology, 10(12), 723-736. https://doi.org/10.1038/
nrendo.2014.171.

Mardinoglu, A., Shoaie, S., Bergentall, M., Ghaffari, P., Zhang, C.,
Larsson, E., Bickhed, F., & Nielsen, J. (2015). The gut micro-
biota modulates host amino acid and glutathione metabolism
in mice. Molecular Systems Biology, 11(10), 834. https://doi.
org/10.15252/MSB.20156487.

Mauvais-Jarvis, F. (2015). Sex differences in metabolic homeosta-
sis, Diabetes, and obesity. Biology of Sex Differences, 6(1), 1-9.
https://doi.org/10.1186/s13293-015-0033-y.

Mayengbam, S., Mickiewicz, B., Trottier, S. K., Mu, C., Wright, D.
C., Reimer, R. A., Vogel, H. J., & Shearer, J. (2019). Distinct
gut microbiota and serum metabolites in response to weight loss
Induced by either dairy or Exercise in a rodent model of obesity.
Journal of Proteome Research, 18(11), 3867-3875. https://doi.
org/10.1021/acs.jproteome.9b00304.

Mazzoli, R., & Pessione, E. (2016). The Neuro-endocrinological role of
Microbial Glutamate and GABA Signaling. Frontiers in Microbi-
ology, 7(NOV), 1934. https://doi.org/10.3389/fmicb.2016.01934.

Meiliana, A., Dewi, N. M., & Wijaya, A. (2021). Metabolomics: An
Emerging Tool for Precision Medicine. The Indonesian Bio-
medical Journal, 13(1), 1-18. https://doi.org/10.18585/INABIJ.
V1311.1309.

Murakami, Y., Tanabe, S., & Suzuki, T. (2016). High-fat Diet-induced
intestinal hyperpermeability is Associated with increased bile
acids in the large intestine of mice. Journal of Food Science,
81(1), H216-H222. https://doi.org/10.1111/1750-3841.13166.

Newgard, C. B. (2017). Metabolomics and metabolic Diseases:
Where do we stand? Cell Metabolism, 25(1), 43-56. https://doi.
org/10.1016/J.CMET.2016.09.018.

Newsholme, P., Lima, M. M. R., Procopio, J., Pithon-Curi, T. C., Doi,
S. Q., Bazotte, R. B., & Curi, R. (2003). Glutamine and gluta-
mate as vital metabolites. Brazilian Journal of Medical and
Biological Research, 36(2), 153-163. https://doi.org/10.1590/
S0100-879X2003000200002.

Nicholson, J. K., Lindon, J. C., & Holmes, E. (1999). Metabonom-
ics: Understanding the metabolic responses of living systems
to pathophysiological stimuli via multivariate statistical analy-
sis of biological NMR spectroscopic data. Xenobiotica (Vol.
29, pp. 1181-1189). Taylor and Francis Ltd. 1lhttps:/doi.
org/10.1080/004982599238047.

Palomo-Buitrago, M. E., Sabater-Masdeu, M., Moreno-Navarrete,
J. M., Caballano-Infantes, E., Arnoriaga-Rodriguez, M., Coll,
C., Ramid, L., Palomino-Schétzlein, M., Gutiérrez-Carcedo, P.,

@ Springer

Pérez-Brocal, V., Simd, R., Moya, A., Ricart, W., Herance, J. R.,
& Fernandez-Real, J. M. (2019). Glutamate interactions with obe-
sity, insulin resistance, cognition and gut microbiota composition.
Acta Diabetologica, 56(5), 569-579. https://doi.org/10.1007/
$00592-019-01313-w.

Pataky, Z., Bobbioni-Harsch, E., & Golay, A. (2010). Obesity:
A complex growing challenge. In Experimental and Clini-
cal Endocrinology and Diabetes (Vol. 118, Issue 7, pp. 427—
433). MVS Medizinverlage Stuttgart. https://doi.org/10.105
5/s-0029-1233448.

Piché, M. E., Tchernof, A., & Després, J. P. (2020). Obesity phenotypes,
Diabetes, and Cardiovascular Diseases. Circulation Research,
1477-1500. https://doi.org/10.1161/CIRCRESAHA.120.316101.

Rakhra, V., Galappaththy, L., Bulchandani, S., & Cabandugama, P. K.
(2020). Obesity and the Western diet: how We Got here. Missouri
Medicine, 117:6(November/December), 536-538.

Ramasamy, A., Laliberté, F., Aktavoukian, S. A., Lejeune, D., Der-
Sarkissian, M., Cavanaugh, C., Smolarz, B. G., Ganguly, R., &
Duh, M. S. (2019). Direct and indirect cost of obesity among
the privately insured in the United States: A focus on the impact
by type of industry. Journal of Occupational and Environ-
mental Medicine, 61(11), 877-886. https://doi.org/10.1097/
JOM.0000000000001693.

Rodriguez-Carmona, Y., Meijer, J. L., Zhou, Y., Jansen, E. C., Perng,
W., Banker, M., Song, P. X. K., T¢llez-Rojo, M. M., Cantoral,
A., & Peterson, K. E. (2022). Metabolomics reveals sex-specific
pathways associated with changes in adiposity and muscle mass
in a cohort of Mexican adolescents. Pediatric Obesity, 17(6),
¢12887. https://doi.org/10.1111/1JPO.12887.

Ruiz, B., Felipe, A., Casado, J., & Pastor-Anglada, M. (1991). Amino
acid uptake by liver of genetically obese Zucker rats. Biochemical
Journal, 280(2), 367-372. https://doi.org/10.1042/BJ2800367.

Soontornniyomkij, V., Kesby, J. P., Soontornniyomkij, B., Kim, J. J.,
Kisseleva, T., Achim, C. L., Semenova, S., & Jeste, D. V. (2016).
Age and High-Fat Diet effects on glutamine synthetase immuno-
reactivity in Liver and Hippocampus and Recognition Memory in
mice. Current Aging Science, 9(4), 301-309. https://doi.org/10.2
174/1874609809666160413113311.

Szymanska, E., Bouwman, J., Strassburg, K., Vervoort, J., Kangas, A.
J., Soininen, P., Ala-Korpela, M., Westerhuis, J., Van Duynhoven,
J. P. M., Mela, D. J., MacDonald, 1. A., Vreeken, R. J., Smilde,
A. K., & Jacobs, D. M. (2012). Gender-dependent associations of
metabolite profiles and body fat distribution in a healthy popu-
lation with central obesity: Towards metabolomics diagnostics.
OMICS a Journal of Integrative Biology, 16(12), 652—667.
https://doi.org/10.1089/0MI1.2012.0062/ASSET/IMAGES/
LARGE/FIGURE4.JPEG.

Varani, J., McClintock, S. D., Knibbs, R. N., Harber, 1., Zeidan, D.,
Jawad-Makki, M. A. H., & Aslam, M. N. (2022). Liver protein
expression in NASH mice on a high-Fat Diet: Response to multi-
mineral intervention. Frontiers in Nutrition, 0, 862. https://doi.
org/10.3389/FNUT.2022.859292.

Wang, B., Maldonado-Devincci, A. M., & Jiang, L. (2020). Evaluating
line-broadening factors on a reference spectrum as a bucketing
method for NMR based metabolomics. Analytical Biochemistry,
606, 113872. https://doi.org/10.1016/j.ab.2020.113872.

White, P. J., McGarrah, R. W., Herman, M. A., Bain, J. R., Shah, S.
H., & Newgard, C. B. (2021). Insulin action, type 2 diabetes,
and branched-chain amino acids: A two-way street. In Molecular
Metabolism (Vol. 52). Elsevier GmbH. https://doi.org/10.1016/].
molmet.2021.101261.

Windmueller, H. G., & Spaeth, A. E. (1975). Intestinal metabolism
of glutamine and glutamate from the lumen as compared to glu-
tamine from blood. Archives of Biochemistry and Biophysics,
171(2),662—672. https://doi.org/10.1016/0003-9861(75)90078-8.


https://doi.org/10.1007/s00592-019-01313-w
https://doi.org/10.1007/s00592-019-01313-w
https://doi.org/10.1055/s-0029-1233448
https://doi.org/10.1055/s-0029-1233448
https://doi.org/10.1161/CIRCRESAHA.120.316101
https://doi.org/10.1097/JOM.0000000000001693
https://doi.org/10.1097/JOM.0000000000001693
https://doi.org/10.1111/IJPO.12887
https://doi.org/10.1042/BJ2800367
https://doi.org/10.2174/1874609809666160413113311
https://doi.org/10.2174/1874609809666160413113311
https://doi.org/10.1089/OMI.2012.0062/ASSET/IMAGES/LARGE/FIGURE4.JPEG
https://doi.org/10.1089/OMI.2012.0062/ASSET/IMAGES/LARGE/FIGURE4.JPEG
https://doi.org/10.3389/FNUT.2022.859292
https://doi.org/10.3389/FNUT.2022.859292
https://doi.org/10.1016/j.ab.2020.113872
https://doi.org/10.1016/j.molmet.2021.101261
https://doi.org/10.1016/j.molmet.2021.101261
https://doi.org/10.1016/0003-9861(75)90078-8
https://doi.org/10.1038/srep36184
https://doi.org/10.1021/acs.jafc.9b00249
https://doi.org/10.1021/ACS.JAFC.9B00249/ASSET/IMAGES/LARGE/JF-2019-00249E_0006.JPEG
https://doi.org/10.1021/ACS.JAFC.9B00249/ASSET/IMAGES/LARGE/JF-2019-00249E_0006.JPEG
https://doi.org/10.1038/NM.4358
https://doi.org/10.3390/MICROORGANISMS10091838
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.15252/MSB.20156487
https://doi.org/10.15252/MSB.20156487
https://doi.org/10.1186/s13293-015-0033-y
https://doi.org/10.1021/acs.jproteome.9b00304
https://doi.org/10.1021/acs.jproteome.9b00304
https://doi.org/10.3389/fmicb.2016.01934
https://doi.org/10.18585/INABJ.V13I1.1309
https://doi.org/10.18585/INABJ.V13I1.1309
https://doi.org/10.1111/1750-3841.13166
https://doi.org/10.1016/J.CMET.2016.09.018
https://doi.org/10.1016/J.CMET.2016.09.018
https://doi.org/10.1590/S0100-879X2003000200002
https://doi.org/10.1590/S0100-879X2003000200002
https://doi.org/10.1080/004982599238047
https://doi.org/10.1080/004982599238047

High fat diet reveals sex-specific fecal and liver metabolic alterations in C57BL/6J obese mice

Page 15 of 15 97

Won, E. Y., Yoon, M. K., Kim, S. W., Jung, Y., Bae, H. W,, Lee, D.,
Park, S. G., Lee, C. H., Hwang, G. S., & Chi, S. W. (2013). Gen-
der-specific metabolomic profiling of obesity in Leptin-Deficient
ob/ob mice by 1H NMR spectroscopy. Plos One, 8(10), €75998.
https://doi.org/10.1371/journal.pone.0075998.

Wu, H., Southam, A. D., Hines, A., & Viant, M. R. (2008). High-
throughput tissue extraction protocol for NMR- and MS-based
metabolomics. Analytical Biochemistry, 372(2), 204-212. https://
doi.org/10.1016/j.ab.2007.10.002.

Xie, B., Waters, M. J., & Schirra, H. J. (2012). Investigating poten-
tial mechanisms of obesity by metabolomics. Journal of
Biomedicine & Biotechnology, 2012, 805683. https://doi.
org/10.1155/2012/805683.

Xie, G., Ma, X., Zhao, A., Wang, C., Zhang, Y., Nieman, D., Nich-
olson, J. K., Jia, W., Bao, Y., & Jia, W. (2014). The metabolite
profiles of the obese Population are gender-dependent. Journal of
Proteome Research, 13(9), 4062—4073. https://doi.org/10.1021/
pr500434s.

Yang, H., Wang, X., Xiong, X., & Yin, Y. (2016). Energy metabolism in
intestinal epithelial cells during maturation along the crypt-villus
axis. Scientific Reports, 6. https://doi.org/10.1038/SREP31917.

Yang, Q., Vijayakumar, A., & Kahn, B. B. (2018). Metabolites as
regulators of insulin sensitivity and metabolism. Nature Reviews
Molecular Cell Biology 2018 19:10, 19(10), 654—672. https://doi.
org/10.1038/s41580-018-0044-8.

Yang, X., Dong, B., An, L., Zhang, Q., Chen, Y., Wang, H., & Song, Z.
(2021). Ginsenoside Rb1 ameliorates Glycemic Disorder in Mice
With High Fat Diet-Induced Obesity via Regulating Gut Micro-
biota and Amino Acid Metabolism. Frontiers in Pharmacology,
12. https://doi.org/10.3389/fphar.2021.756491.

Yoshitsugu, R., Kikuchi, K., Hori, S., Iwaya, H., Hagio, M., Shi-
mizu, H., Hira, T., & Ishizuka, S. (2020). Correlation between

120-hydroxylated bile acids and insulin secretion during glu-
cose tolerance tests in rats fed a high-fat and high-sucrose diet.
Lipids in Health and Disease, 19(1), https://doi.org/10.1186/
$12944-020-1193-2.

Yoshitsugu, R., Kikuchi, K., Iwaya, H., Fujii, N., Hori, S., Lee, D.
G., & Ishizuka, S. (2019). Alteration of bile acid metabolism by
a high-Fat Diet is Associated with plasma transaminase activi-
ties and glucose intolerance in rats. Journal of Nutritional Sci-
ence and Vitaminology, 65(1), 45-51. https://doi.org/10.3177/
INSV.65.45.

Yu, J. C, Jiang, Z. M., & Li, D. M. (1999). Glutamine: A precursor of
glutathione and its effect on liver. World Journal of Gastroenter-
ology, 5(2), 143. https://doi.org/10.3748/WJG.V5.12.143.

Zeng, H., Umar, S., Rust, B., Lazarova, D., & Bordonaro, M. (2019).
Secondary bile acids and short chain fatty acids in the Colon: A
focus on colonic microbiome, cell proliferation, inflammation,
and Cancer. International Journal of Molecular Sciences 2019,
20(5), 1214. https://doi.org/10.3390/1JMS20051214. 20.

Zhang, S., Zeng, X., Ren, M., Mao, X., & Qiao, S. (2017). Novel meta-
bolic and physiological functions of branched chain amino acids:
A review. Journal of Animal Science and Biotechnology, 2017
8:1(1), 1-12. https://doi.org/10.1186/S40104-016-0139-Z. 8.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1186/s12944-020-1193-2
https://doi.org/10.1186/s12944-020-1193-2
https://doi.org/10.3177/JNSV.65.45
https://doi.org/10.3177/JNSV.65.45
https://doi.org/10.3748/WJG.V5.I2.143
https://doi.org/10.3390/IJMS20051214
https://doi.org/10.1186/S40104-016-0139-Z
https://doi.org/10.1371/journal.pone.0075998
https://doi.org/10.1016/j.ab.2007.10.002
https://doi.org/10.1016/j.ab.2007.10.002
https://doi.org/10.1155/2012/805683
https://doi.org/10.1155/2012/805683
https://doi.org/10.1021/pr500434s
https://doi.org/10.1021/pr500434s
https://doi.org/10.1038/SREP31917
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.3389/fphar.2021.756491

	﻿High fat diet reveals sex-specific fecal and liver metabolic alterations in C57BL/6J obese mice
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Animals and diets
	﻿2.2﻿ ﻿Fecal sample preparation
	﻿2.3﻿ ﻿Liver tissue sample preparation
	﻿2.4﻿ ﻿NMR analysis
	﻿2.5﻿ ﻿Metabolic pathway analysis
	﻿2.6﻿ ﻿Data analysis

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Fecal samples at the 5﻿th﻿ month
	﻿3.2﻿ ﻿Fecal samples in the 9th month
	﻿3.3﻿ ﻿Fecal samples at the 12th month
	﻿3.4﻿ ﻿Liver metabolites at the 12th month
	﻿3.5﻿ ﻿Metabolic pathway analysis

	﻿4﻿ ﻿Discussion
	﻿References


