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Abstract

Evidence is mounting that chronic high-fructose diets (HFrD) can lead to met-
abolic abnormalities and cause a variety of diseases. However, the underlying
mechanism by which long-term high fructose intake influencing systemic me-
tabolism remains unclarified. This study, therefore, attempted to investigate
the impact of a high-fructose diet on metabolic profile. Four-week-old male
C57BL/6 mice were fed with 15% fructose solution as their only source of water
for 8 weeks. Afterward, gas chromatography-mass spectrometry (GC-MS) was
employed to investigate the comprehensive metabolic profile of serum, muscle,
liver, heart, white adipose, brain, and kidney tissues, and multivariate analy-
ses including principal component analysis (PCA) and orthogonal partial least
squared-discriminant analysis (OPLS-DA) were applied to screen for differential
metabolite expression between the HFrD and control groups. Furthermore, the
MetaboAnalyst 5.0 (http://www.metaboanalyst.ca) and Kyoto Encyclopedia of
Genes and Genomes database (KEGG; http://www.kegg.jp) were employed to
portray a detailed metabolic network. This study identified 62 metabolites related
to HFrD and 10 disturbed metabolic pathways. The results indicated that high
fructose intake mainly influenced amino acid metabolism and biosynthesis (gly-
cine, serine, and threonine metabolism; aspartate, and glutamate metabolism;
phenylalanine, tyrosine, and tryptophan biosynthesis, and arginine biosynthesis
pathways), glutathione metabolism, sphingolipid metabolism, and glyoxylate and
dicarboxylate metabolism in serum, whereas these pathways were suppressed in
the brain. Starch and sucrose metabolism in muscle was also disrupted. These
results elucidate the effects of long-term high fructose consumption on the meta-
bolic profiles of various tissues and provide new insight for the identification of
potential metabolic biomarkers and pathways disrupted by high fructose.
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1 | INTRODUCTION

In the past few decades, lifestyles and dietary patterns
have changed greatly with the improvements in quality of
life. As well as increases in calorie intake, major dietary
variations include the increased consumption of sugar in
sweetened beverages, candies, and desserts.”? The most
frequently used sweeteners include sucrose containing
50% fructose and high-fructose corn syrup containing up
to 55% fructose.! It has been reported that high fructose
consumption may be responsible for metabolic syndrome
(MetS)-associated disorders, including obesity, type 2 di-
abetes mellitus (T2DM), non-alcoholic fatty liver disease
(NAFLD), dyslipidemia, insulin resistance, and cardiomet-
abolic disorders.*”> Further investigation is needed to bet-
ter understand the mechanisms of high fructose-induced
metabolic disorders. However, current research on this
topic is mainly conducted at the serological level,*® and
the research on metabolomics is still limited. Therefore,
a metabolomics-based comprehensive evaluation of the
metabolic profiles induced by a HFrD is necessary.

Metabolomics is an important tool for systems bi-
ology research.’ It enables a global evaluation of me-
tabolites in biological samples and provides a valuable
approach for biomarker identification.'®'! The main
types of samples used for metabolomics studies are
urine, serum, saliva, liver, and heart.'*”'® Alterations in
metabolites and disrupted metabolic pathways facilitate
elucidating the mechanism of action of disease or treat-
ment. A previous study employed GC-MS metabolom-
ics to identify the underlying metabolites of stachyose
combined with tea polyphenols administrated as a treat-
ment for HFrD-induced NAFLD. The results suggested
that B-hydroxybutyric acid, elaidic acid, and oleic acid
were underlying metabolites of high fructose-induced
NAFLD; thus, this combination treatment represented
a promising strategy.'” Moreover, targeted metabolom-
ics analysis of serum samples from women consuming
a high-fructose diet revealed that high fructose intake
in healthy women might lead to metabolic alterations
in acylcarnitine and lysophosphatidylcholine via inter-
ruption of mitochondrial p-oxidation and lipid peroxi-
dation.' To the best of our knowledge, the majority of
metabolomics studies on the effects of HFrD have fo-
cused on the analysis of urine and serum samples.'**
Thus, a systemic metabolomic analysis of high-fructose-
influenced metabolic alterations is still lacking.

This study, therefore, attempted to systemically iden-
tify the metabolites affected by high-fructose intake and
elucidate the relevant metabolic pathways. A GC-MS ap-
proach was used to conduct a comprehensive metabolo-
mic analysis of serum and tissue samples (kidney, muscle,
heart, liver, brain, and white adipose) in a HFrD-induced
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mouse model. Metabolites were identified by multivariate
analyses, followed by metabolic pathway enrichment with
the MetaboAnalyst and KEGG database. The results may
contribute to a better understanding of the pathogenesis
of metabolic disease affected by high fructose.

2 | MATERIALS AND METHODS

High fructose was purchased from Jiangsu Synergy
Pharmaceutical & Biological Engineering Co. (Nanjing,
China). N,O-bis(trimethylsilyl)trifluoroacetamide (with
1% trimethylchlorosilane; v/v; Lot No. B-023) and hepta-
decanoic acid (as an internal standard, IS, purity 298%; Lot
No. H3500) were purchased from Sigma-Aldrich (Saint
Louis). O-methylhydroxylamine hydrochloride (purity:
98.0%; Lot No. 542171) was obtained from J&K Scientific
Ltd. (Beijing, China). Pyridine (Lot No. C10486013) was
obtained from Macklin Biochemical. (Shanghai, China).
Chromatographic-grade methanol was bought from
Thermo Fisher Scientific (Waltham, USA). Pure water
was obtained from Wahaha Company (Hangzhou, China).

2.1 | Animals

All experimental procedures were approved by the
Animal Ethics Committee of the First People's Hospital
of Jining (approval no. INMC2019DWRMO0079). Animal
experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Four-week-old male C57BL/6
mice (18-22g) were allowed to acclimatize in the animal
facility for a week prior to use. Mice were randomly as-
signed to either the control group (n = 7) or the HFrD
group (n = 7). Mice in the control group received standard
chow and water (n = 7), whereas those in the HFrD group
received standard chow and had free access to 15% fruc-
tose solution as their only source of water for 8 weeks as
previously reported.”’ Bodyweight, fasting blood glucose
levels, and cholesterol levels were recorded weekly.

2.2 | Sample collection

At the end of the experiments, blood samples were col-
lected from the ophthalmic venous plexus in 1.5-ml
Eppendorf tubes. After centrifugation at 4000rpm for
15min at 4°C, serum samples were obtained and stored
at —80°C until analysis. Mice were subsequently anes-
thetized by intraperitoneal injection of 1% sodium pento-
barbital (50 mg/kg). Immediately thereafter, heart, white
adipose, kidney, muscle, brain, and liver tissues were
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excised on ice. Samples were washed with phosphate-
buffered saline (pH 7.2) and stored in a —80°C refrigerator
for further experiments.

2.3 | Sample preparation for GC-MS

After thawing on ice, a 100-ul aliquot of serum was
mixed with 350pul of heptadecanoic acid (100 pg/ml
in methanol). Then, the samples were centrifuged at
14,000rpm for 15min at 4°C, and the supernatant liquid
was dried with liquid nitrogen at 37°C. Afterward, 80pl
of O-methylhydroxylamine hydrochloride (15mg/ml
in pyridine) was added to the dried extracts. Following
incubation at 70°C for 90min, a total of 100ul of N,O-
bis(trimethylsilyD)trifluoroacetamide containing 1% tri-
methylchlorosilane was added to each sample, followed
by incubation at 70°C for 60 min. A 0.22-um filter was ap-
plied for sample purification.

Tissue samples (50 mg each) were obtained, and 1 ml
of methanol was added to each sample for grinding on
ice. Afterward, 50ul of heptadecanoic acid (1 mg/ml in
methanol) was added to tissue homogenates in 1.5-ml
Eppendorf tubes. Homogenates were immediately cen-
trifuged at 14,000rpm for 15min at 4°C, and the super-
natant was dried with liquid nitrogen at 37°C, followed
by vortex-mixing with 80pl of O-methylhydroxylamine
hydrochloride (15mg/ml in pyridine). After incubation
at 70°C for 90min, samples were mixed with 100pl of
N,O-bis(trimethylsilyl)trifluoroacetamide (containing 1%
trimethylchlorosilane) at 70 °C for 60 min. A 0.22-um fil-
ter was applied for sample purification.

2.4 | GC-MS analyses

A 7000C mass spectrometer coupled with a 7890B GC
system (Agilent Technologies) was implemented for me-
tabolite analysis. A quality control (QC) was prepared
by pooling 10 pl of each sample. A 1-pl aliquot of each
sample was injected into the GC-MS with a split ratio of
50:1. The samples were separated in an HP-5MS fused
silica capillary column (30m X 0.25mm i.d., 0.25 pm film,
Agilent J&W Scientific). Helium gas was used as the car-
rier gas and the flow rate of helium was set to 2.5 ml/
min. The oven temperature programming used in the GC
separation began at 60°C for 1 min, before being elevated
to 300°C at 8°C/min and held for 5 min. The inlet tem-
perature was set to 280°C, the transfer line temperature
was 250°C, and the ion source temperature was 230°C.
The mass spectrometer was performed via electron ioni-
zation (EI) with a mass/charge full scan range of 50-800
(m/z), and the EI voltage was set to 70eV. Samples were

randomly analyzed to eliminate possible artifacts and
ensure the validity of the metabolomics data. The stabil-
ity of the instrument was evaluated after every seven test
samples. Representative GC-MS total ion chromatograms
(TICs) are displayed in Figure 1.

2.5 | Data processing and statistics

Raw GC-MS data were converted to the m/z data for-
mat using Agilent Mass Hunter Quantitative Analysis
Software (Agilent Technologies). Data preprocessing in-
cluded novel nonlinear retention time alignment, base-
line filtration and peak identification, matching, and
integration. An integrated data matrix composed of the
peak index (RT-m/z pair), sample name, and correspond-
ing peak area was generated. Subsequently, the peak area
was normalized using Microsoft Excel™ (Microsoft). The
sample names (observations) and normalized peak area
percentages were imported into SIMCA-P 14.0 (Umetrics)
and SPSS (Version 19.1, IBM) for statistical analyses.
Principal components analysis (PCA) and orthogonal par-
tial least squared-discriminant analysis (OPLS-DA) was
used to analyze the differences between the control and
HFrD groups. Two-tailed Student's ¢-tests were carried out
using SPSS.

2.6 | Differential metabolites
identification and metabolic
pathway analysis

For metabolite identification, metabolites were initially
identified by matching experimental spectra to an aug-
mented version of the FiehnLib GC/MS Metabolomics
Retention Time Locked (RTL) Library. Metabolites with
similarity >80% were considered to be structurally iden-
tified. Then the standard mass spectrum in the U.S.
National Institute of Standards and Technology (NIST) da-
tabase was applied to cross-validate the spectral matching
scores obtained using the Agilent library and to provide
identifications of unmatched metabolites. A compound
was considered as a potential differential metabolite if it
had variable importance in projection (VIP) value >1.0,
and a double-tailed Student's t-test P-value <0.05. “Fold-
change” was defined as the average mass response (area)
ratio between HFrD and control mice. The disrupted
metabolic pathways were investigated using the “path-
way analysis” function in MetaboAnalyst 5.0 (http://
www.metaboanalyst.ca), and the Kyoto Encyclopedia of
Genes and Genomes database (KEGG; http://www.kegg.
jp) was employed to portray a detailed metabolic network.
The pathways with original raw p <0.05 and impact value
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>0 were considered as significantly disturbed metabolic
pathways.

2.7 | Validation of metabolites

To validate the metabolite results, potential metabolite
markers including glycine, L-glutamic acid, and L-aspartic
acid in serum and brain were quantified using an automatic
amino acid analyzer. Briefly, 200 pl of serum and 400 pl of
8% s-sulfosalicylic acid (8 g sulfosalicylic acid dissolved
in 100ml pure water) were mixed in a 1.5-ml Eppendorf
tube. For tissue samples, 400 pl of 10% s-sulfosalicylic acid
(10 g sulfosalicylic acid dissolved in 100ml pure water)
was added to 50mg tissue in a 2-ml Eppendorf tube and
then grind with a high-speed tissue grinder. After being
centrifuged at 14,000 rpm for 15min at 4 °C, the superna-
tant was filtered through a 0.45-um membrane. The ex-
pression levels of glycine, L-glutamic acid and L-aspartic
acid were quantified by a Hitachi L-8900 automatic amino
acid analyzer (Hitachi High-Technologies).

3 | RESULTS
3.1 | Effects of HFrD on body weight,
fasting blood glucose, and cholesterol level

As shown in Figures 1 and 8 weeks of standard feeding
or HFrD induced slight increases in the body weights of
mice, with no differences observed between control and

HFrD mice. However, fasting blood glucose and choles-
terol levels were significantly elevated in HFrD mice com-
pared with the control mice (p <0.05).

3.2 | GC-MS chromatograms of samples
Figure 2 depicts the TICs of QC samples of serum and
tissues (heart, White adipose, kidney, muscle, brain, and
liver) based on GC-MS analyses. Changes in TICs be-
tween serum samples and the different tissue samples
were observed.

3.3 | Multivariate analysis of
metabolomic data

Principal component analysis (PCA) was used to distinguish
the metabolic profiles of HFrD mice, control mice, and QC
samples. The results of PCA revealed that there was a good
instrumental performance over the analysis sequence, and
there was a significant sample clustering between HFrD
and control mice (Figure 3). Then, the data from GC-MS
were analyzed using OPLS-DA. Ideal model parameters
have scores close to 1.0; the parameter scores for this study
are shown in Table S1. The results indicated that the model
could effectively distinguish between the two groups. A
ranking test was used to verify the validity of the model. The
intersection points of the blue regression line (Q*-point) and
the vertical axis (left) shown in Figure 4 were all negative,
indicating that the model and its predication are reliable.
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FIGURE 2 Representative GC-MS TICs of QC samples of (A) serum, (B) heart, (C) white adipose, (D) kidney, (E) muscle, (F) brain, and

(G) liver

3.4 | Identification of potential
metabolites

The VIP and P-values are the standard criteria for potential
metabolites. Metabolites with VIP>1 from the OPLS-DA
data represented potential metabolites related to meta-
bolic variations between the two groups; a Student's ¢-test
p<0.05 was considered a significant difference. A total of
62 metabolites were found to differ significantly between
the control and HFrD groups. Of these, 16 metabolites dif-
fered in serum, five differed in the heart, six differed in
the white adipose tissue, six differed in the muscle, seven
differed in the kidney, 15 differed in the brain, and seven
differed in the liver. Table S2 details the data elements
typically required for these categories. Fold change >1
indicated a trend of upregulation, whereas fold change
<1 represented a trend of down-regulation. In addition,
in order to evaluate the metabolic variations between the
two groups, a heatmap of metabolites was generated using
MetaboAnalyst 5.0. The heatmap revealed considerable
differences between HFrD and control mice (Figure 5).

3.5 | Analyses of metabolic pathways

To further analyze the metabolic pathways related to
the significantly different metabolites between the two
groups, the differential metabolites were imported into
Metaboanalyst 5.0 (http://www.metaboanalyst.ca). A
total of 10 metabolic pathways with significant differ-
ences were found (Raw p<0.05, Impact >0) (Table S3,
Figure 6). Besides, the KEGG database (http://www.kegg.
jp) was also implemented to portray a detailed metabolic
network (Figure 7). The results showed that various amino
acid biosynthesis or metabolism, glutathione metabolism,
sphingolipid metabolism, glyoxylate and dicarboxylate
metabolism, and starch and sucrose metabolism were im-
plicated in HFrD induced metabolic disturbances.

3.6 | Validation of metabolites

To validate the representative metabolites in Table S2,
the levels of glycine, L-glutamic acid, and L-aspartic
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FIGURE 3 Results of PCA analysis with QC samples. (A) Serum, (B) heart, (C) white adipose, (D) kidney, (E) muscle, (F) brain, and (G)

liver

acid in serum and brain were determined with a Hitachi
L-8900 automatic amino acid analyzer. As shown in
Figure 8, the levels of glycine, L-glutamic acid, and

L-aspartic acid were significantly upregulated in serum,
while these amino acids were apparently downregu-
lated in the brain compared with the control group.
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These results were in consistent with those from the
metabonomic analysis.

DISCUSSION

The consumption of high concentrations of fructose is a
major factor leading to MetS, which can lead to the de-
velopment of obesity, diabetes, and dyslipidemia. It can
also cause insulin resistance and disturb the functions of
tissues or organs.”** In the present study, 8 weeks of 15%
fructose intake induced significant differences in fasting
blood glucose and cholesterol between healthy control
and HFrD mice, without variation in body weight. The
results were consistent with those of Do, who dem-
onstrated that high fructose consumption resulted in
metabolic disorders in mice without a change in body
weight.? The present study represents the first systemic
investigation of potential HFrD-related biomarkers in
mouse tissues in vivo. We identified 16, 15, 5, 6, 7, 6,
and 7 significantly different metabolites in serum, brain,
heart, white adipose, kidney, muscle, and liver samples,
respectively.

Importantly, combined metabolic biomarkers and dis-
rupted pathways may provide new insights into the patho-
logical mechanisms of high fructose-induced disorders.
In the current study, we identified 10 disrupted pathways
between the two groups (Figure 7). Under conditions of
high fructose and increased maltose in starch and sucrose
metabolism, D-glucose may facilitate the activation of gly-
cine, serine, and threonine metabolism, before entering
the TCA cycle via acetyl-CoA. Previous studies have shown
that high fructose mainly affects lipid peroxidation, buta-
noate metabolism, and fatty acid biosynthesis and metab-
olism.'”*® Although the regulatory roles of amino acids as
important substrates involved in metabolic pathways have
been reported previously,” ™ the amino acid components
found by these studies were inconsistent. In the present
study, high fructose led to dramatic alterations in L-serine,
glycine, threonine, L-valine, L-aspartic acid, L-glutamic
acid, pyroglutamic acid, tyrosine, and L-phenylalanine,
suggesting that high fructose intake promoted changes in
amino acids components.

Branched-chain amino acids (BCAAs) are considered
as the essential amino acids and function as both direct
and indirect nutrient signals. Although BCAAs have been
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reported to improve metabolic health, elevated levels of
BCAAs including L-leucine, L-valine, and L-isoleucine
may be related to inflammation, stress, energy production,
and muscle metabolism. There is a close relationship be-
tween BCAAs and blood sugar levels. BCAAs have been
confirmed to up-regulate glucose transporters and activate
insulin secretion. Recent studies have shown that each
type of BCAA has different effects on glucose utilization
and that BCAAs may induce insulin resistance through
mTOR activation.” Increased concentrations of BCAAs
have been found in various states of insulin deficiency and
resistance, especially T2DM and obesity.”’ The pathogen-
esis of increased BCAAs in diabetes has some similarities
to that of short-term starvation and insulin deficiency. A

recent cross-sectional study demonstrated that elevated
level of L-valine was related to increased oxidative stress
and newly-diagnosed T2DM.”® In the present study, the
increased serum level of L-valine may have been involved
in high fructose-induced aberrant fasting blood sugar lev-
els and further metabolic disturbances.

Aspartic acid is a non-essential amino acid synthe-
sized by glutaminase with vitamin B6 as a cofactor.”® A
proteomic study reported that aspartic acid significantly
altered glycolysis and gluconeogenesis-related proteins
and induced changes in neurological trans-dopamine
function.® Recently, a higher serum level of aspartic
acid was shown to be associated with the risk of T2DM
progression in a Caucasian population.*® Moreover, a
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and phenylalanine, indicating that high fructose might
influence the amino acid composition.** It has been hy-
pothesized that the upregulation of aspartate metabolism

compelling study revealed that replacement of high-
dose sucrose with fructose in high-fat diets increased
plasma aspartic acid, cystine, glutamic acid, ornithine,
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levels of glycine, L-glutamic acid, and L-aspartic acid were downregulated in brain after high fructose intake

may be associated with high-fructose-induced metabolic
disorders. In this study, serum L-aspartic acid was sig-
nificantly up-regulated, whereas L-aspartic acid in the
brain was down-regulated, leading to a decrease of L-
alanine in the brain. Alterations of L-aspartic acid and
L-alanine were implicated in the disruption of the ala-
nine, aspartate, and glutamate metabolic pathway and
the aminoacyl-tRNA biosynthesis pathway.

Glutamic acid is crucial in metabolism and has been
reported to be closely related to insulin sensitivity and
insulin secretion in T2DM.3' Moreover, glutamic acid,
valine, proline, and isoleucine have been reported to be
upregulated in multiple metabolic disorders, such as
obese, T2D, and MetS compared with healthy control.>
Curtasu and colleagues confirmed that long-term con-
sumption of fructose and starch deficiency dramatically
provoked glutamic acid, tryptophan, phenylalanine, tyro-
sine, and glutamine from week 4 to week 20 treatment in
juvenile Gottingen minipigs.®* In this study, the level of
L-glutamic acid was elevated in serum but decreased in
brain tissue in the HFrD group compared with the control

group. Importantly, this study identified that L-glutamic
acid connected three interconnected pathways, indicat-
ing that high-fructose-induced metabolic disorders by
triggering the alanine, aspartate, and glutamate metabo-
lism, glutathione metabolism, and arginine biosynthesis
pathways. Furthermore, it was also observed that serum
pyroglutamic acid increased glutathione metabolism,
which might be related to the metabolic disorder induced
by high fructose. However, glutathione metabolism might
be inhibited in the brain owing to the downregulation of
L-glutamic acid and pyroglutamic in the brain.
L-phenylalanine, an essential amino acid for mam-
mals, is one of three aromatic amino acids. Aberrant L-
phenylalanine is associated with metabolic disturbances,
such as liver diseases.>>*® A large-scale study of Chinese
patients involving integrated biomarker profiling was
conducted in order to investigate diagnostic biomark-
ers of prediabetes and of the metabolome in T2DM.
Dysregulation of L-phenylalanine was associated with im-
paired fasting glucose and T2DM.*’ In this study, we found
a remarkable increase in serum level of L-phenylalanine
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but a downregulation of L-phenylalanine in the brain.
Further metabolic pathway analysis showed disturbance
of two pathways closely related to L-phenylalanine, whose
products finally entered the TCA cycle, inducing an im-
balance in the energy supply. These results indicate that
phenylalanine metabolism and phenylalanine, tyrosine,
and tryptophan biosynthesis pathways are synergisti-
cally responsible for the high-fructose-induced metabolic
disturbance.

Aminoacyl-tRNA synthases are conserved enzymes
with important roles in protein synthesis, coordinating
mRNA expression in response to amino acid utilization.*®
Glycine, serine, and threonine metabolism, alanine,
aspartate, and glutamate metabolism, phenylalanine
metabolism, phenylalanine, tyrosine, and tryptophan bio-
synthesis, and arginine biosynthesis were significantly
disrupted in serum and brain, which implied an interfer-
ence in protein syntheses in the HFrD group. Amino acid
metabolism is essential in the regulation of both energy
and protein metabolism. Therefore, the disturbance of
aminoacyl-tRNA biosynthesis suggested that amino acid
metabolism was provoked in serum, whereas it was sup-
pressed in the brains of HFrD mice. Besides, glyoxylate
and dicarboxylate metabolism are types of carbohydrate
metabolism and thus represent important energy sources.
Higher carbohydrate intake has been proven to be related
to an increased risk of incidence of MetS.* Thus, in this
study, up-regulated serum L-serine, glycine, L-glutamic
acid, and citric acid, while downregulated L-serine, gly-
cine, and L-glutamic acid in the brain was involved in the
glyoxylate and dicarboxylate metabolism disorder, which
was probably responsible for the energy metabolism
disruption.

Urea is a highly soluble organic compound that is
formed from ammonia produced via amino acid deami-
nation in the liver, accounting for about half of the total
urine solids.*’ Urea is formed in a cyclic pathway simply
called the urea cycle, in which, amino groups provided
by ammonia and L-aspartic acid are converted to urea.*!
Urea formation is critical to the mechanisms underlying
MetS. Synthesis of urea in the liver is the main way to
avoid ammonia toxicity.*> Previous research showed that
a HFrD significantly elevated serum level of urea, while
application of telmisartan or pioglitazone reduced serum
urea.*® In addition, it has been confirmed that 40% of fruc-
tose in drinking water provokes MetS, with higher levels
of serum urea, creatinine, and total bilirubin observed.**
This study showed that urea was significantly increased
in the HFrD group, indicating that the urea cycle was af-
fected by the high fructose intake, resulting in the disorder
of urea metabolism.

Moreover, studies have shown that uracil is an al-
losteric regulator and coenzyme in many important

biochemical reactions, and participates in a variety of
enzyme reactions.*” Uracil can be phosphorylated by var-
ious kinases to produce UMP, UDP, and UTP. UDP and
UTP regulate the activity of animal carbamoyl phosphate
synthase II, and uracil is also involved in the biosyn-
thesis of polysaccharides and the transport of aldose-
containing sugars.*® Therefore, the significant increases
in the serum level of uracil observed in this study sug-
gest that many biochemical reactions in the experimen-
tal group were triggered, possibly owing to metabolic
disorders, and increased cellular oxidative stress. These
results were inconsistent with those of previous stud-
ies, which showed decreases in serum concentration of
uracil in patients with both coronary artery disease and
MetS.*” The discrepancy may be due to different factors
leading to uracil metabolism; further research is needed
to explore these differences.

Future studies should combine comprehensive anal-
yses of the metabolism, gene expression, and protein
levels using multi-omics techniques to investigate the
mechanisms associated with HFrD-induced metabolic
disturbances. Further validation studies with larger inde-
pendent samples are necessary to validate these metabo-
lites as potential biomarkers.

In conclusion, we have performed a systemic study of
HFrD-induced metabolomic differences in mice. Our re-
sults indicated that high fructose mainly influenced starch
and sucrose metabolism in muscle, and provoked amino
acid metabolism and biosynthesis, glutathione metabo-
lism, sphingolipid metabolism, and glyoxylate and dicar-
boxylate metabolism in serum, whereas these pathways
were suppressed in the brain. Our data may provide new
insights for the identification of potential metabolic bio-
markers affected by high fructose.
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