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Background: Obesity is a public health problem all over the world, and dietary habits are
considered one of the important reasons.

Methods: In this study, serum metabolites of mice fed a normal or high-fat diet (HFD) were
analyzed using UPLC-QTOF-MS.

Results: A significant increase in body weight was noted in HFD mice. The HFD and
control groups were significantly different from each other on OPLS-DA scores. The major
metabolites contributing to obesity were lipid metabolites (phosphatidylcholines, phosphati-
dylethanolamine, and lysophosphatidylcholines). In addition, this study revealed that glycer-
ophospholipid metabolism, a-linolenic acid metabolism, and linoleic acid metabolism were
related to obesity and obesity-associated diseases.

Conclusion: These results can be used to better understand obesity and assess its risk,
which will provide new ideas for treatment.
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Introduction
Obesity is a strong risk factor of other metabolic diseases, including insulin
resistance (IR), hypertension, fatty-liver disease, cardiovascular disease, and type
2 diabetes;' therefore, it is becoming the most important public health problem
across the world.” The causes of obesity are principally genetic and environmental
contributions to a deregulation of balance between regular energy intake and energy
expenditure.* ® Animal experiments have shown acute inflammation and IR after 3
days on a high-fat diet (HFD), and lipid overload and lipotoxicity in white adipose
tissue and muscle were observed at week 12.”® Much evidence has shown HFD-
induced obesity alters the structure of gut microbiota and increases the ratio of
Firmicutes to Bacteroidetes,” while the metabolic profile of liver, serum, urine are
changed by obesity.'” Therefore, HFD consumption may cause obesity and related
diseases, including glucose intolerance, fat deposition in diverse tissue, and gut
microbial dysbiosis.

Metabolomics is a comprehensive approach involving metabolites in systems

11

biology, = and has been widely applied in pathophysiological pathway investiga-
tions, biomarker identification, and therapeutic response monitoring.'*"* Studies
using LC-MS and GC-MS have identified metabolic characteristics associated with
obesity, including branched-chain amino acids, glycerol, lysophosphatidylcholines,
and glycerophosphocholines.'*™'” Metabolomics may provide new insights into the

molecular mechanisms of HFD-induced obesity, and identification of more
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metabolites related to obesity is necessary to further our
understanding of obesity metabolism. In this study, we
detected the metabolic profiling of serum from HFD-
induced obese mice using UPLC-QTOF-MS, and the
results were analyzed with Progenesis QI software and
the MetaboAnalyst 5.0 platform to find metabolites and
metabolic pathways that contribute to obesity, which will
help researchers understand obesity and related diseases
induced by HFD feeding, and give practicable therapeutic
advice.

Methods

Chemicals and Reagents

HPLC-grade acetonitrile was obtained from Thermo
Fisher Scientific (CAS A955-4, batch 135867). Formic
acid and sodium hydroxide was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ultrapure water was pro-
duced by a Milli-Q water-purification system (Millipore,
Bedford, MA, USA).

Animals and Experimental Design
Five-week-old male C57BL/6J mice were obtained
from Vital River Laboratories (Beijing, China). All
animals were acclimatized under laboratory conditions at
22°C and 50% relative humidity and a 12/12-hour light/
dark cycle for 1 week before experiments. After acclima-
tion, ten mice were fed a standard chow diet and ten
an HFD (D12492, 60% kcal, Research Diets, New
Brunswick, NJ, USA). Body weight was recorded weekly
for 10 weeks. At the end of the study, mice were anesthe-
tized with diethyl ether, blood sampled from the portal and
cava veins and centrifuged at 4,000 rpm for 15 minutes at
4°C, then sera were frozen at —80°C. After exsanguination,
mice were euthanized by cervical dislocation. Subcutaneous
adipose-tissue deposits, kidneys, and livers were precisely
dissected, weighed, and stored at —80°C for further analysis.
All animal experiments were approved by the Ethics
Committee of Beijing Shijitan Hospital, Capital Medical
University (permission sjtkyll-1x-2021%), and performed in
accordance with the Reporting of In Vivo Experiments
guidelines and European Union Directive 2010/63/EU for
animal experiments. All efforts were made to minimize
animal suffering.

Biochemical Analyses
Levels of serum glucose, serum insulin, triglycerides, and
total cholesterol were measured as previously described.*®

The homeostasis model assessment of IR (HOMA-IR)
formula used was HOMA-IR = serum glucose levels
(mmol/L) x insulin levels (mU/L)/22.5.

Sample Preparation

Serum samples were slowly dissolved at room tempera-
ture. Cold acetonitrile—methanol (4:1 v:v, 200 pL) was
added to 50 pL
Subsequently, serum samples were vortexed for 1 minute

sample to precipitate proteins.
after being on ice for 10 minutes. After centrifugation at
12,000 rpm for 20 minutes at 4°C, the supernatant was
obtained for UPLC-Q-TOF analysis.

HPLC-QTOF/MS Analysis

Chromatographic analysis was performed using UPLC
with an Acquity UPLC HSS T; C;g column
(2.1x100 mm, 1.7 pm). The mobile phase A consisted of
0.1% formic acid in H,O, and mobile phase B was 0.1%
formic acid in ACN. The gradient used was: 1% B, 0—
1 minute; 1%40% B, 1-4 minutes; 40%-60% B, 4-7
minutes; 60%-75% B, 7-12 minutes; 75%-99% B, 12—
14 minutes; 99% B, 14-16 minutes; 99%—-1% B, 16-18
minutes. The column temperature was 30°C, flow rate
0.4 mL/min, and volume of injection 2 pL for each run.
Metabolomic profiling analysis was performed on a Xevo
G2-XS Q-TOF mass system and the MassLynx V14.1
Milford, MA, USA).
parameter settings in the positive or negative modes were

workstation (Waters, Source-
as follows. The capillary voltage was set at 3 kV for
positive mode and 2.5 kV for negative mode, sampling-
cone voltage was set at 40 V, desolation-gas low rate was
maintained at 600 L/h with cone-gas flow rate of 50 L/h,
desolation temperature was set at 350°C for positive mode
and 500°C for negative mode, source temperature was
100°C, and the TOF/MS full-scan range was 50-1,000
Da. To ensure precise and stable scanning, leucine ence-
phalin (LE) was used as a lock-spray reference (m/z
556.2771 for positive mode and m/z 554.2615 for negative
mode).

Metabolomic Data Processing and
Metabolite Identification

The raw data were imported to Progenesis QI (Waters) for
processing. The converted files were calculated for generation
of alignment, peak picking, deconvolution, filter data, and
identifying compounds. For identification of potential biomar-
kers, several online databases, such as the HMDB (http://
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www.hmdb.ca) were selected for metabolite identification
based on exact mass measurement (mass error <10 ppm)
obtained from UPLC-QTOF/MS. Other parameter settings
were designed as defaults for data processing automatically.
Pareto-scaling data sets were analyzed using multivariate sta-
tistical analysis on the MetaboAnalyst 5.0 platform (https://

www.metaboanalyst.ca), including partial least square—discri-

mination analysis (PLS-DA), principal-component analysis
(PCA), pathway analysis, heat map for hierarchical clustering
analysis (HCA), and variable importance in projection (VIP)
among the relative levels of significant metabolites.

Results

Parameters of Obesity Induced by
High-Fat Diet in Mice

The body weight and the food accumulation of mice fed
a normal diet or HFD are shown in Figure 1A-C. In
comparison with the control group, body weight in HFD
had after 2
weeks (Figure 1A). By the end of treatment, significant

mice significantly increased
increases in LEE-index and kidney-index values were
noted in HFD mice (Figure 1B and D). However, there
was no significant difference in food intake of the two
IC and D).

Concerning glycolipid metabolism, mice fed the HFD

groups or liver-index values (Figure

showed significantly increased serum cholesterol, triacyl-
glycerides, and HOMA-IR (Figure 1E and F).

Analytical Assessment of Metabolomics
Total-ion chromatograms in positive- and negative-ion
modes are shown in Figure 2. One QC sample was
inserted after every ten samples. The relative SD (RSD)
of positive/negative ions in QC samples was calculated to
evaluate the method’s stability. As shown in Figure 3A and
B, although 42.93% and 30.67% of ions displayed an RSD
threshold of 10% in positive and negative models, and
79.66% and 81.57% of ions displayed an RSD threshold
of 30%, which indicated that the UPLC-qTOF-MS system
had relatively high reproducibility and stability.

Potential Serum Biomarkers Associated
with HFD-Induced Obesity in Mice

Data processing for the groups was conducted using
Progenesis QI software, and 1,862 and 2,495 ions were
detected in the positive and negative models, respectively.
OrthoPLS-DA models were constructed using these data
on the MetaboAnalyst 5.0 platform, and a clear separation
was observed between the control and HFD groups, which
indicated that the OrthoPLS-DA models were reliable
(Figure 4A and B). In the volcano plot, 153 ion features
in the positive model and 279 in the negative model met
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Figure | Characteristics of mice fed a normal or high-fat diet: (A) body weight; (B) LEE index; (C) food accumulation; (D) liver and kidney index; (E) TC and TGs; (F)
HOMA-IR. Data presented as means *+ SEM. Ten mice per group. Statistical analysis was performed using one-way ANOVA. *P<0.05; *¥P<0.01; ***P<0.001.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14

https:

4673

Dove:


http://www.hmdb.ca
https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
https://www.dovepress.com
https://www.dovepress.com

Bao et al

Dove

A

4-pos
2021030520 1: TOF MS ES+

- 1660 " Tic
oo, 768 5020 s.5207

786.5020

250 350 50 850 10150 12760 7al60 6700

14-pos
20210305-22 1: TOF MS ES+
o 1660 " Tic
768 6020 s.3507

1 TOF MS ES-
Tic

250 50 50 850 10760 12760 alco 6700

Figure 2 Total-ion chromatograms in positive-ion mode (A, C) and negative-ion mode (B, D) in serum samples of normal controls and high-fat diet mice.
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Figure 3 RSD distribution of ions in QC samples. (A) Positive model; (B) negative model.

the criteria of P<0.05 and fold changes >1.5. After filtering
out fragment and adduct ions, 134 of these metabolites
were identified as differential (Figure 5A and B). In
Figure 5C, wherein HCA of the sample (top of the heat

map) and the feature (left of the heat map) are displayed,
we can observe metabolite patterns in these two groups
were clearly clustered into two model types, which were
also in agreement with OPLS-DA results.
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Figure 4 PLS-DA score plots between the control group and HFD group in the positive (A) and negative (B) models; (C) VIP scores representing the most contributing

metabolites involved in separation between controls and HFD-induced group.

With the help of Progenesis QI and the HMDB
database, 35 metabolites were identified with VIP >1
(Figure 4C), and 22 metabolites, including LPCs
(LysoPC [20:1], LysoPC [20:4], LysoPC [20:3]), PC
(22:6/0:0), LysoPE (0:0/18:1 [11Z)),
were significantly lower in the HFD group, while the
other 13 metabolites, including PC (15:0/22:4 [7Z,

and

10Z, 13Z, and 16Z]) and PE (DiMe [11, 3]/DiMe
[13,5]), were significantly higher than the control
group. For pathway analysis, matched metabolic
pathways were displayed based on P-values and path-
way-impact values on hypergeometric tests and out-
degree centrality. There were five pathways with an

impact value >0.1 (Figure 6): glycerophospholipid
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Figure 5 Metabolic characteristics of serum in HFD mice. (A) Volcano plot of Con vs HFD groups in positive (A) and negative (B) models; (C) heat map of normalized
metabolites in serum samples. Columns represent the samples (Con and HFD groups), and rows represent the metabolites.

metabolism,

o-linolenic

acid

metabolism,

linoleic acid metabolism, sphingolipid metabolism,

and glycosylphosphatidylinositol-anchor biosynthesis,

among which glycosylphosphatidylinositol-anchor bio-

synthesis and sphingolipid metabolism had the most

hits: four and three, respectively.
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Discussion
Due to changes in lifestyles, such as high-fat/calorie diet
and lack of physical activity, obesity has become an
important threat to human health recently. We observed
short-term HFD treatment in mice led to weight gain and
dyslipidemia, and later IR was also observed. Meanwhile,
we investigated serum nontargeted metabolomics of HFD-
induced obese mice using UPLC-QTOF-MS, and their
metabolic profiling were compared with normal mice by
multivariate statistical analysis. One of the most differen-
tial identifiable markers was PC (15:0/22:4 [7Z, 10Z, 13Z,
and 16Z]). PC is the most component for hepatic very
low—density lipoprotein secretion, and in a physiological
state, it will transform to triglycerides. PE (DiMe [11, 3]/
DiMe [13, 5]) was also significantly higher in HFD mice,
related to energy intake and inflammatory. These findings
were in accord with data from lipidomic analyses of
healthy

individuals."®!'” On pathway analysis, it was found that

plasma  from overweight and  obese
glycerophospholipid metabolism changed significantly.
Glycerophospholipids are the most abundant phospholi-
pids and a source of physiologically active compounds
participating in the regulation of many cellular processes.

Linoleic acid and o-linolenic acid are polyunsaturated
fatty acids and associated with significantly lower diabetes
risk.”’ Conjugated linoleic acid has been considered to
have a good antiobesity effect.?’*? In our study, there
were significant differences in a-linolenic acid metabolism

and linoleic acid metabolism between the groups, and

combined with the results of differential metabolite analy-
sis, we found that linoleic acid was higher in the sera of
normal mice. Previous studies have shown sphingolipid
metabolism is involved in IR, which suggests inhibition of
ceramide synthesis could markedly improve glucose toler-
ance and prevent the onset of diabetes in obese mice.”
Hammerschmidt et al showed that ceramide (Cig4.9) can
inhibit B-oxidation reactions of mitochondria in liver and
brown adipose tissue and that MFF (mitochondrial fission
factor) and CerS6 specifically regulate fatty acid—induced
mitochondrial fragmentation, thereby improving high fat—
induced obesity.**

In conclusion, a nontargeted UPLC-qTOF-MS serum
metabolomic method was applied to investigate the meta-
bolic characteristics of obese mice. We observed many
important metabolites, mainly related to glycerophospho-
lipid metabolism, a-linolenic acid metabolism, and linoleic
acid metabolism. Our study will contribute to better under-
standing of the mechanism of obesity induced by an HFD.
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