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Background: Diabetes mellitus (DM) is a leading cause of preventable cardiovascular disease, but the
metabolic changes from prediabetes to diabetes have not been fully clarified. This study implemented
a metabolomics profiling platform to investigate the variations of metabolites and to elucidate their glo-
bal profiling from metabolic syndrome to DM. Methods: Male Sprague-Dawley rats (n = 44) were divided
into four groups. Three groups were separately fed with a normal diet, a high-fructose diet (HF), or a high-
fat (HL) diet while one group was treated with streptozotocin. The HF and HL diet were meant to induce
insulin resistance, obesity, and dyslipidemia, which known to induce DM. Results: The most significant
metabolic variations in the DM group’s urine samples were the reduced release of citric acid cycle inter-
mediates, the increase in acylcarnitines, and the decrease in urea excretion, all of which indicated energy
metabolism abnormalities and mitochondrial dysfunction. Overall, the metabolic analysis revealed tryp-
tophan metabolic pathway variations in the prediabetic phase, even though the mitochondrial function
remains unaffected. Conclusion: This study show that widespread methylations and impaired tryptophan
metabolism occur in metabolic syndrome and are then followed by a decline in citric acid cycle interme-
diates, indicating mitochondrial dysfunction in diabetes.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metabolic syndrome consists of a group of risk factors, and
patients with metabolic syndrome are twice as likely as healthy
individuals to develop cardiovascular diseases, and five times as
likely to develop type 2 diabetes (Eckel et al., 2005; Grundy,
2008). The risk factors that cause metabolic syndrome include
insulin resistance, dyslipidemia, obesity, and inflammation
(Grundy, 2012). Branched-chain amino acids and, to a lesser
extent, the aromatic amino acids phenylalanine and tyrosine were
linked to insulin resistance, whereas the gluconeogenic amino
acids alanine, glycine, or glutamine, as well as several other amino
acids (such as tryptophan, histidine, and arginine), were not. Much
remains unknown, however, about the interactions between the
various risk factors and the associated metabolic pathways, the
variations that occur as the disease progresses (not just amino
acids, but also lipid, carbohydrate metabolite, and pathway varia-
tions), and the suitability of metabolite profiles as biological indi-
cators (Bloomgarden, 2018). As an emerging platform technology
in the post-genomic era, metabolomics is aimed at studying the
global profiling and variations of low-molecular-weight metabo-
lites caused by pathophysiological stimuli and genetic variations
(Monteiro et al., 2013; Sas et al., 2015). In this study, we sought
to explore the early changes that occur in the progression from
metabolic syndrome to diabetes mellitus (DM) in rats and to fur-
ther clarify the underlying mechanisms of that transition through
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metabolomics and its applicable biomarkers (Huang et al., 2017;
Srinivasan et al., 2005).
2. Materials and methods

2.1. Animals and animal study

14-week-old male Sprague-Dawley (SD) rats (n = 44) were
obtained from BioLASCO Laboratory Animal Center, Taipei, Taiwan.
The animals were kept in an animal house at 22 ± 2 �C and
55 ± 10% relative humidity andmaintained under a 12:12-h light–dark
cycle. They were randomly divided into four groups. Three groups
were fed with normal rodent chow (control group, CT, n = 10), high
fructose diet (HF group, n = 10), and high fat diet (HL group, n = 10).
The fourth group was treated with streptozotocin (STZ, 65 mg/kg body
weight) to induce DM (DM group, n = 14). The diets of the HF and HL
groups were intended to induce the insulin resistance, obesity, and
dyslipidemia observed in human metabolic syndrome, while the con-
firmation of DM induction in the DM group was performed as previ-
ously described. The experimental protocols were approved by the
Institutional Animal Care and Use Committee of Chang Gung Univer-
sity, and basic standards of laboratory animal care were followed.

Starting when they were 16 weeks old, urine and plasma sam-
ples were collected from the CT, HF, HL, and DM groups (Fig. 1). The
urine samples were filtered through a 0.2 lm filter and stored at
�80 �C until they could be analyzed. The blood samples (100 ll)
were collected after the animals had fasted overnight. Plasma glu-
cose was determined using a glucose analyzer (Quik-Lab; Ames
Divison, Miles Laboratories, Elkhart, IN). Plasma triglyceride and
cholesterol were measured using the appropriate enzymatic diag-
nostic kits. Plasma insulin was measured by an enzyme immunoas-
say using 10-ll aliquots of plasma with a rat insulin ELISA kit
(Mercodia, Uppsala, Sweden).
2.2. Plasma and urine sample extraction

A fixed volume (400 ll) of acetonitrile (ACN) was added to
100 ll of plasma. The mixture was sonicated and centrifuged at
Fig. 1. Protocol of animal experiment. CT, rats fed with a control diet; HF, rats fed with a h
by a single intraperitoneal injection of streptozotocin (65 mg/kg BW) and fed with a co
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10,000 g for 25 min. The supernatant was collected into a separate
tube, and the pellets were re-extracted once with ACN. The resid-
ual pellets were re-extracted with an equivalent volume of 50%
aqueous methanol. The aqueous methanolic supernatant and two
ACN supernatants were pooled and dried in a nitrogen evaporator
and stored at �80 �C. The samples were then re-suspended in
100 ll of 95:5 water/ACN and centrifuged at 14,000 g for 5 min.
The clear supernatant was then collected for liquid chromatogra-
phy–mass spectrometry (LC-MS) analysis. Prior to analysis, urine
samples were diluted with distilled water to a creatinine content
of 20 lg/ml. The samples were then centrifuged at 14,000 g for
5 min, and the supernatants were collected for LC-MS analysis.
2.3. Liquid chromatography/time-of-flight mass spectrometry
(LC/TOF-MS) analysis

Liquid chromatographic separation was achieved on a
100 mm � 2.1 mm Acquity 1.7-lm C18 column (Waters Corp, Mil-
ford, MA) by using an HPLC system (1200 rapid resolution system;
Agilent Technologies, Santa Clara, CA). The column was maintained
at 40 �C with a flow rate of 0.25 ml/min. Samples were eluted from
the LC column with linear gradients of solvent A (2 mM ammo-
nium formate in water) and solvent B (100% ACN): 0–1 min: 0%
B; 1–9.6 min: 0–98% B; 9.6–15 min: 98% B; and 15–18 min 0% B.

Mass spectrometry was performed on an Agilent Q-TOFMS
(6510 Q-TOF MS; Agilent Technologies, Santa Clara, CA) operated
in electrospray positive-ion (ESI+) and electrospray negative-ion
(ESI�) modes. The scan range was from 50 to 1000 m/z. The capil-
lary and skimmer voltages were set at 4000 and 65 V, respectively;
the liquid nebulizer was set to 30 psig, and the nitrogen drying
gas was set at a flow rate of 10 l/min; and the drying gas temper-
ature was maintained at 350 �C. To maintain a constant mass
accuracy, purine ([M+H]+ = 121.050873), hexakis (1H,1H,3H-
tetrafluoropropoxy) phosphazine ([M+H]+ = 922.009798), or
purine ([ M – H ] � = 119.036320) and formate adduct ([M–H] �
= 966.000725) were used as internal reference ions. Data were
collected in the profile mode by using data acquisition software
(Agilent MassHunter Workstation).
igh-fructose diet; HL, rats fed with a high-lipid diet; DM, rats with diabetes induced
ntrol diet.
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2.4. Data processing

Information regarding the metabolites of interest was extracted
from the raw data by using the molecular feature extraction algo-
rithm (MassHunter, Agilent). In addition to time-aligned ion fea-
tures, the algorithm provided monoisotopic neutral mass,
retention time, and ion abundances. GeneSpring-MS was used to
analyze and visualize the pattern of MassHunter data matrices.
Principal component analysis (PCA) was used for clustering analy-
sis and correlation analysis (Fig. 2) (Dai et al., 2014). The relative
concentrations of metabolites were compared by ANOVA with
Tukey HSD correction. The same software was also used for multi-
variate data analysis and representation. Accurate masses of fea-
tures that were significantly different between the control and
test groups were searched using the METLIN, Human Metabolome
Database (HMDB), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases. The compound prediction was performed by the
Metabolite Database and Molecular Formula Generation software
(Agilent Technologies).
Fig. 2. The PCA plot of urine samples. (A) ESI positive mode (B) ESI negative mode. CT, ra
high-lipid diet; DM, rats with diabetes induced by a single intraperitoneal injection of s
(used as a quality control).
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2.5. Metabolite identification

For structural identification, we used the identical chromato-
graphic conditions that were employed in the profiling experiment
for the metabolite standards. Mass spectrometry using an Agilent
6510 Q-TOF MS was performed under the following conditions:
gas temperature, 350 �C; flow rate of drying gas, 10 l/min; nebu-
lizer pressure, 30 psig; capillary voltage, 4000 V; fragmentor volt-
age, 175 V; skimmer voltage, 65 V. MS and MS/MS spectra were
both collected at 1.0 spectrum per second, with a medium isolation
window of ~4 m/z. For MS/MS, the collision energy was set from 5
to 35 V. Several metabolites were further confirmed by an ion
mobility mass spectrometer (SYNAPT HDMS, Waters) under simi-
lar chromatographic conditions.
2.6. Statistical analysis

All the data are expressed as means ± SE. One-way ANOVA was
conducted for multiple-group comparisons, and a Tukey post-hoc
ts fed with a control diet; HF, rats fed with a high-fructose diet; HL, rats fed with a
treptozotocin (65 mg/kg BW) and fed with a control diet; QC, urine-mixed samples



Chun-Feng Huang, A. Chen, Siao-Yun Lin et al. Saudi Journal of Biological Sciences 28 (2021) 4762–4769
test was used to evaluate the significance of differences between
group means. In all of the analyses, p < 0.05 was considered
significant.

3. Results

3.1. Effects of high fructose and high fat diet in SD rats

The HF and HL groups were fed high-fructose feed and high-fat
feed over a period of 36 days. The water intake of the HF and HL
groups and 24-hour urine output of the HF group was significantly
lower than that of the CT group. The HF and HL groups recorded
significantly higher liver weights than the CT group. With respect
to the weight of adipose tissue, the HL group had a significantly
higher weight than the CT group.

As for the ratio of liver weight to body weight, the HF group had
a significantly higher ratio than the CT and HL group, while HL
group’s adipose weight to body weight was higher than the other
two groups (Table 1). Both the HF and HL group had higher total
cholesterol (TC) and triacylglycerol (TG) concentration than CT
group, with HF group’s TG concentration having much higher
levels than that of the HL group (Table 1).

With respect to liver function, the CT group’s glutamate
oxaloacetate transaminase (GOT) concentration was significantly
higher than that of the HF group. Contrary to our expectation, both
the HF and HL groups had lower concentrations of glutamate pyru-
vate transaminase (GPT) concentration than the CT group. How-
ever, the HF group still had a significantly higher concentration
than the HL group (Table 1).

3.2. Physiological and biochemical parameters of DM group

When the rats were 14 weeks old, the mean weight of the DM
group was significantly lower than that of the CT group even
though their daily food intake was higher. In addition, the DM
group’s 24-hour urine output was considerably higher than the
CT group’s and urinary creatinine concentration was lower.
(Table 1)

The DM group had lower weight of adipose tissue and ratio of
fat weight to body weight than the CT group. Moreover, the ratio
of liver weight to body weight for the DM group was higher than
the CT group (Table 1). For both TC and TG concentrations, the
Table 1
Physiological and biochemical parameters of experimental animals.

CT (n = 10)

Food intake (g/d) 24 ± 5
Water intake (g/d) 38 ± 8
Body weight (BW) (g)
Initial 460 ± 43
Final 492 ± 22

Liver (g) 14.93 ± 1.91
Fat pad (g) 5.95 ± 1.39
Liver/body weight (100 g/g) 3.04 ± 0.31
Fat pad/body weight (100 g/g) 1.22 ± 0.31
Urine
Volume (mL/day) 20 ± 7
Creatinine (mg/mL) 885 ± 283
Total creatinine (mg) 15.9 ± 2.3

Serum
Glucose (mg/dL) 246 ± 37
Total cholesterol (mg/dL) 71 ± 10
Triacylglycerol (mg/dL) 88 ± 27
Glutamate oxaloacetate transaminase (U/L) 104 ± 42
Glutamate pyruvate transaminase (U/L) 33 ± 16

*The 14-week-old male SD rats (n = 44) were randomly divided into four groups (CT,
streptozotocin (65 mg/kg BW) and fed with the control diet. HF, rats fed with a high-fruc
p < 0.05 compared with CT group; b, p < 0.05 compared with HF group; c, p < 0.05 com
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DM group recorded significantly higher levels compared to the
CT group.

3.3. Identification of target metabolites

Using the S-plot, points that were comparatively differentiated
were selected from both the top and bottom sections and com-
pared with the HMDB to identify metabolites matched by the mass
spectrometry with a mass value error of no more than 5 ppm.
Cross-comparison was then carried out using MarkerLynx XS to
identify any molecular formulas (Cai et al., 2009). Results from
the comparison of the HF and CT groups revealed 34 metabolites
that may be positively correlated to the CT group and 58 metabo-
lites that may be negatively correlated to the CT group.

The comparison of the HL and CT groups showed 42 metabolites
that may be positively correlated to the CT group and 55 metabo-
lites that may be negatively correlated to the CT group. Results
from the comparison of the DM and CT groups revealed 47 metabo-
lites that may be positively correlated to the CT group and 39
metabolites that may be negatively correlated to the CT group
(Table 2). All of the metabolites that were found were compared
with databases (HMDB and KEGG) to identify the metabolic path-
ways that underwent variations during disease progression.

3.4. Quantifying target metabolites in tryptophan metabolic pathways

Of the above metabolic pathway variations, tryptophan meta-
bolism was shown to have the highest levels of variation. With
respect to serotonin, melatonin, and 5-hydroxyindoleacetate, the
5-hydroxyindoleacetate concentration levels in the HF group were
significantly higher than those in the CT group. However, for the
second pathway, no significant changes were detected among the
HF, HL, and CT groups. The third pathway consists of metabolites
related to and generated by intestinal micro-organisms, such as
indoxyl and indoxyl sulfate; the results showed that the HF group’s
indoxyl sulfate concentration was significantly higher than the CT
group’s. For the fourth pathway, the changes in the HF and HL
groups exhibited a high level of consistency. For example, the HL
group’s kynurenine concentration (0.195 ± 0.107 ng/lg creatinine)
was significantly lower than the CT group’s (0.433 ± 0.127 ng/lg
creatinine) (p < 0.05). Meanwhile, the HF group’s anthranilate con-
centration (0.910 ± 0.312 ng/lg creatinine) was also significantly
HF (n = 10) HL (n = 10) DM (n = 14)

24 ± 4 23 ± 3 52 ± 14a,b,c

28 ± 5a 29 ± 8a 252 ± 102a,b,c

446 ± 52 451 ± 36 456 ± 42
514 ± 59 581 ± 42a,b 339 ± 41a,b,c

18.47 ± 4.23a 17.53 ± 1.66a 15.89 ± 2.74
7.76 ± 2.28 11.09 ± 3.05a,b 0.93 ± 0.91a,b,c

3.57 ± 0.30a 3.02 ± 0.44b 4.71 ± 0.24a,b,c

1.49 ± 0.30 1.90 ± 0.44a,b 0.20 ± 0.24a,b,c

13 ± 6a 16 ± 16 212 ± 55a,b,c

1143 ± 311 1456 ± 796 81 ± 17a,b,c

13.6 ± 2.4 14.1 ± 3.0 16.9 ± 3.9b

269 ± 40 256 ± 22 540 ± 79a,b,c

91 ± 20a 95 ± 21a 120 ± 44a,b,c

222 ± 92a 136 ± 32a,b 497 ± 373a,b,c

79 ± 14a 84 ± 17 480 ± 228a,b,c

16 ± 8a 11 ± 4a,b 213 ± 91a,b,c

DM, HF, and HL groups). CT, rats fed with a control diet. DM, rats injected with
tose diet. HL, rats fed with a high-lipid diet. **Data were presented as mean ± SD. a,
pared with HL group by one-way ANOVA with Tukey’s post-hoc test.



Table 2
Proposed disturbances of urine metabolome and metabolic pathways.

Pathway Metabolites tentatively identified HF HL DM

Tryptophan metabolism Tryptophan — — "
Indoxyl " " ;
Indoxyl sulfate " — ;
Tryptamine — — "
N-Methyltryptamine ; ; —
Indoleacetaldehyde ; ; —
Tryptophanol ; ; —
4,6-Dihydroxyquinoline ; ; —
Serotonin — — ;
N-Acetylserotonin ; ; —
6-Hydroxymelatonin ; ; —
5-Hydroxyindoleacetate " — —
Indolelactic acid/ 5-Methoxyindoleacetate ; ; —
Kynurenine ; ; —
Kynurenate — — —
Formylanthranilate " " ;
Anthranilate " " —
3-Hydroxyanthranilate ; ; —

Nicotinate and nicotinamide metabolism Nicotinamide — — ;
N1-Methylnicotinamide ; ; ;
Nicotinate ; ; "
Nicotinurate ; ; "
Trigonelline ; ; "

Histidine metabolism Oxoglutaric acid — — ;
Methylhistidine " — —
Methylimidazole acetaldehyde ; ; —
N-Acetylhistamine ; ; —

Glycine, serine, and threonine metabolism Sarcosine — — "
Glycine " " —
Glyoxylic acid " " —

Arginine and proline metabolism Sarcosine — — "
Creatinine " " ;
Urea — — ;
Glyoxylic acid " " —
L-Glutamine — " —

Taurine and hypotaurine metabolism L-Alanine — — "
Taurine — " ;
5-L-Glutamyl-taurine ; ; "
Oxoglutaric acid — — ;

Tyrosine metabolism Phenylacetylglycine " " —
3-Hydroxyphenylacetic acid ; ; —
Vanylglycol ; ; —
4-Hydroxyphenylacetaldehyde ; ; —
Tyrosol ; ; —

Lysine degradation D-1-Piperideine-2-carboxylic acid — — "
N6-Acetyl-L-lysine — " "

Valine, leucine, and isoleucine biosynthesis (BCAAs) & degradation L-Leucine / L-Isoleucine — — "
Phenylalanine metabolism N-Acetyl-L-phenylalanine — — "

2-Methylhippuric acid " " —
3-Hydroxyphenylacetic acid ; ; —
Phenylacetic acid ; ; —

Citric acid cycle Oxoglutaric acid — — ;
cis-Aconitic acid — — ;
Isocitric acid — — ;
Citric acid — — ;

Pyrimidine metabolism Methylcytosine " — ;
Urea — — ;
Thymidine " — —
L-Glutamine — " —

Purine metabolism Glyoxylic acid " " —
Adenosine 20 ,30-cyclic phosphate " " —
L-Glutamine — " —

Aminobenzoate metabolism 3-Hydroxyanthranilate ; ; —
Diethylphosphate — " —
4-Aminophenol ; ; —
Mandelic acid ; ; —
Aminobenzoic acid ; ; —
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higher than the CT group’s (0.487 ± 0.251 ng/lg creatinine)
(p < 0.05). In contrast, the 3-hydroxyanthranilate, N1-
methylnicotinamide, nicotinate, nicotinurate, and trigonelline con-
centration levels of the HF and HL groups were both significantly
lower than those of the CT group.
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As for tryptophan, it was significantly higher in the DM group
than the CT group (10.054 ± 3.609 versus 3.975 ± 1.227 ng/lg cre-
atinine) (p < 0.05). Moreover, for the first pathway, the DM group’s
serotonin concentration (0.255 ± 0.085 ng/lg creatinine) was sig-
nificantly lower than the CT group’s (0.362 ± 0.103 ng/lg crea-
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tinine) (p < 0.05). However, for the second pathway, the DM
group’s tryptamine concentration (0.254 ± 0.095 ng/lg creatinine)
was significantly higher than the CT group’s (0.103 ± 0.061 ng/lg
creatinine) (p < 0.05). As for the third pathway (related to intestinal
microbes), the DM group’s indoxyl sulfate concentration (31.528 ±
19.468 ng/lg creatinine) was significantly lower than the CT
group’s (105.947 ± 28.724 ng/lg creatinine) (p < 0.05). Lastly, in
the fourth pathway, the DM group’s nicotinamide and N1-
methylnicotinamide concentration levels (0.122 ± 0.228, 0.073 ± 0
026 ng/lg creatinine) were significantly lower than the CT group’s
(1.357 ± 0.782, 0.243 ± 0.079 ng/lg creatinine), while the DM
group’s nicotinate, nicotinurate, and trigonelline levels were signif-
icantly higher than the CT group’s. The correlations between the
urine metabolites of the tryptophan metabolism pathways in all
the groups are shown in Table S1.
4. Discussion

In this study, in order to induce metabolic syndrome, the HF
group were given high-fructose feed to increase the development
of two risks factors, insulin resistance and dyslipidemia. A rise in
the liver/body weight ratios, signs of fatty liver disease, an increase
in blood TG values, and a slight increase in TC values could be
observed in the HF group, but obesity was not observed. In this
liver, fructose is phosphorylated by fructokinase to fructose-1-
phosphate, which could bypass the glycogenolytic metabolic path-
way determined by phosphofructokinase-1 and finally break down
into dihydroxyacetone phosphate and glyceraldehyde. Glyceralde-
hyde will be phosphorylated into glyceraldehyde 3-phosphate,
which produces acyl CoA. Simultaneously, dihydroxyacetone phos-
phate further generates glycerol-3-phosphate, which synthesizes
with acyl CoA to form TG, thus leading to a rise in TG concentration
levels in the blood, and subsequently to a rise in free fatty acid con-
centration levels due to the influence of lipase (Gugliucci, 2017;
Alwahsh and Gebhardt, 2017; Ter Horst et al., 2016).

The HL group displayed clear signs of obesity, fatty liver, high TC
and high TG (although to a lesser extent than the HF group)
(Buettner et al., 2006; Marques et al., 2016; Buettner et al.,
2007). Consuming high-fat feed leads to fat accretion, as well as
an increase in the concentration of free fatty acids in the blood.
Moreover, fat will accumulate in the muscles and liver, resulting
in the generation of ectopic fat, which in turn causes the surround-
ing tissues to exhibit increased insulin resistance (Liu et al., 2016;
Gheibi et al., 2017).

The DM group rats were found to have the lightest weight, in
spite of their high food and water intake. Since STZ causes b cell
necrosis and disrupts insulin synthesis, it will induce high blood
sugar levels in rats (Islam and Loots du, 2009; Zou et al., 2017;
Gharibi et al., 2017). The DM rats exhibited high blood sugar, TG,
and cholesterol levels, as well as significantly higher concentra-
tions of serum GOT and GTP compared to the CT group- an indica-
tor of impaired liver function.

Urine samples contain small molecule metabolites (excreted
through terminal metabolic pathways), which can be studied as
biological indicators (Emwas et al., 2016; Emwas et al., 2015).
The urine samples from the HF and HL groups, being the groups
in which metabolic syndrome was simulated, showed partial over-
lapping and significant clustering of these metabolites compared to
the CT and DM groups, which indicated there were some common
metabolites causing the variances.

The present study found that the trends in the variations of the
metabolites in the HF and HL groups were not identical but were
consistent (Fig. 3). The tryptophan metabolic pathways are such
an example and they can be categorized into several parts. One
of these routes consists of tryptophan-based physiological amines
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such as serotonin, melatonin, and 5-hydroxyindoleacetate (Oh
et al., 2016; Palego et al., 2016; Bender, 1983). In the HF group, uri-
nary 5-hydroxyindoleacetate concentration levels increased signif-
icantly. Relatedly, recent studies have indicated that 5-
hydroxyindoleacetate rises in the plasma of those with metabolic
syndrome (Fukui et al., 2012). With regard to another pathway,
the release of urinary indoxyl was observed to have risen in both
the HF and HL groups, while indoxyl sulfate rose significantly
in the HF group only. Since indoxyl sulfate is a product of intestinal
microbial metabolism, it is speculated that high-fructose and high-
fat diets will result in comparatively abnormal gut microbiomes.
Previous studies have shown that indoxyl sulfate negatively affects
renal function (Barrios et al., 2015; Meijers and Evenepoel, 2011;
Nazzal et al., 2017). Moreover, methylhippuric acid and pheny-
lacetylglycine both rose in the HF and HL groups, results which
support the involvement of intestinal microbes in metabolic varia-
tions (Martin et al., 2012; Tjellstrom et al., 2005; Martin et al.,
2011). The upward trend of phenylacetylglycine in the HF and HL
groups may have been due to a rise in the phenylacetylglycine pre-
cursors produced by intestinal microbes, proving the link between
phenylacetylglycine and obesity (Pelantova et al., 2016). With
regard to the tryptophan metabolic pathways in the DM group,
the serotonin concentration in the groups decreased significantly.
Serotonin is a type of neurotransmitter that is primarily
used to manage one’s mood, appetite, and sleep behavior (Voigt
and Fink, 2015). Similarly, diabetes is often accompanied with
depression and sleep disorders, as there is a fall in serotonin
concentration.

In another pathway, the DM group’s indoxyl sulfate urine level
decreased significantly, which may have further increased its
serum levels and then caused a deterioration in renal function
(Atoh et al., 2009; Chung et al., 2019). The other pathway relates
to nicotinamide metabolism, which primarily produces coenzymes
like NAD+ and NADP+ that play a role in glycogenolysis, glucoamy-
lation, and the citric acid cycle (Huang et al., 2013). The results
showed that the terminal metabolites, nicotinate, nicotinurate,
and trigonelline, increased significantly in the DM group, which
implied that the intermediate products of this metabolic pathway
cannot be fully undertaken by pathways like glycogenolysis, glu-
coamylation, and the citric acid cycle. This may lead to deteriora-
tion of energy metabolism in these rats.

Another variation in the DM group worthy of investigating was
the variation in the citric acid cycle. The oxoglutaric acid, cis-
aconitic acid, isocitric acid, and citric acid levels in the urine sam-
ples of the group all showed a significant decline. These metabo-
lites are the intermediate products of the citric acid cycle,
indicating that there was a drop in metabolism and mitochondrial
function in the group. Previous studies have shown that hyper-
glycemia can cause mitochondrial dysfunction, inhibit the activi-
ties of pyruvate kinase, glucokinase, and phosphofructokinase,
and further promote the formation of gluconeogenesis (Blake and
Trounce, 2014; Bhatti et al., 2017; Seidman et al., 1967). The results
of our study support the conclusion that a reduction in mitochon-
drial function occurred in the DM group given the observation that
carnitine decreased while acetylcarnitine increased in the urine
samples of the group, indicating impairment of the citric acid cycle.
In brief, the products of b-oxidation during fatty acid oxidation
cannot be undertaken by the citric acid cycle, so they leave the
cells and enter the blood in the form of acylcarnitines, before
finally being excreted out the urine. Moreover, there is a reduction
in the excretion level of urea, the end product of the urea cycle,
which partially implies mitochondrial perturbation (Bonham
et al., 1999). Taken together, the comprehensive evidence leads
to the conclusion that a decline in mitochondrial utility is the most
prominent dysfunction in diabetes. Meanwhile, although the HF



Fig. 3. Metabolic disturbance of tryptophan-nicotinamide metabolism pathway. The identity of the metabolites was validated by tandemMS/MS. The level of each metabolite
is normalized by creatinine (ng/lg creatinine). CT, rats fed with a control diet; HF, rats fed with a high-fructose diet; HL, rats fed with a high-lipid diet; DM, rats with diabetes
induced by a single intraperitoneal injection of streptozotocin (65 mg/kg BW) and fed with a control diet *p < 0.05, **p < 0.01, ***p < 0.001 compared with CT group by one-
way ANOVA with Tukey’s post-hoc test.
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and HL rats were progressing toward diabetes, the analysis of their
metabolites did not indicate mitochondrial dysfunction.
5. Conclusions

Through the metabolomics approach, we clarified a range of
observations from mild metabolic defects in metabolic syndrome
to variations in multiple metabolic pathways in diabetes, indicat-
ing that the prediabetic phase is accompanied with tryptophan
metabolic pathway-based disparities and widespread methylation,
even as the mitochondrial function remains unaffected. However,
eventually, through lipid metabolism variations, the perturbation
of mitochondria with impairment of b-oxidation and the citric acid
cycle can be detected in the diabetic phase.
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