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Diabetes mellitus has imposed a huge burden on modern society and is a serious threat to human health
globally. Obese people usually have a higher risk of developing T2DM, and this disease is often
diagnosed in older persons, accompanied by hypertension, hyperlipidemia, arteriosclerosis and other
diseases. In the early stages of T2DM, patients can have difficulties in identifying any symptoms or may
only suffer from slight fatigue and thirst with no obvious hyperglycemia. The early detection of this
disease may provide a means of preventing the development of this disease in a more timely way. The
metabolic profiling of small molecules provides a snapshot of physiological processes. By using
a metabolite profiling platform based on mass spectrometry coupled with pattern recognition analysis,
outstanding biomarkers that can be used for forecasting disease may be identified. In this study, we
attempted to investigate potential key metabolic pathways associated with T2DM and determine its
metabolic mechanism. Using multivariate statistical analysis, 33 marker metabolites associated with the
metabolism of lipids, amino acids, and carbohydrates were identified. Our experiment yielded substantial
new insights into serum metabolism in type 2 diabetes mellitus patients, and these metabolites will be
targets for future mechanistic research to help understand the clinical significance of these metabolic
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Introduction

Declining trends in morbidity and mortality from communi-
cable diseases have been witnessed in recent years, although
there has been a continuing increase in the occurrence of
chronic non-communicable diseases (NCDs), such as cardio-
vascular diseases (CVDs), diabetes, tumors, chronic obstructive
pulmonary disease (COPD) and chronic renal failure." Among
these, diabetes is a prevalent disease that could be regarded as
a serious threat to human health.” According to data from the
International Diabetes Federation (IDF),®> 370 million people
were affected by diabetes in 2011 and an estimated 550 million
people will be affected by it by 2030. Diabetes mellitus not only
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brings about physical and mental injury to patients who suffer
from it but also imposes heavy financial burdens on individuals
and countries. Research by the Chinese Diabetes Society (CDS)
indicates that diabetes mellitus, in particular type 2 diabetes
mellitus (T2DM), represents the most significant global cost
due to diabetes,* and diagnosis and preventative work should be
carried out. In the current medical situation, diabetes mellitus
is still a permanent disease. The Chinese guide for the
prevention of type 2 diabetes® suggests that there are three
stages in the treatment of T2DM: preventing the incidence of
T2DM, preventing complications in patients diagnosed with
T2DM and delaying progressive complications of T2DM, and
reducing the rates of disability and fatality due to T2DM.
Although the American Diabetes Association guide for the
diagnosis® of T2DM provides important details, additional
important diagnostic criteria could have been included. In
addition, the interpretation of potential mechanisms may
create new insights into the prophylaxis and treatment of
T2DM.

Metabolomics is a new study area that focuses on the rela-
tionship between genetic variations and environmental triggers
of diseases.” By this method, scientists can determine the
precise molecular mechanisms and pathophysiological
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pathways of diseases, which consequently helps in the early
diagnosis of many chronic diseases.>® Via metabolomics anal-
ysis, disturbances in levels of low-molecular-weight metabolites
such as sugars, amino acids, lipids, and nucleotides can be
identified, so that potential pathways, upstream enzymes,
proteins and targets that are potentially associated with
diseases can be reconstructed.” According to the theory of
metabolomics and gratifying progress in biomarker profiling in
Chinese populations,*** we designed a metabolomics research
study that included 64 T2DM patients and 70 healthy partici-
pants to determine the potential mechanism of T2DM and offer
new insights for formulating diagnostic criteria for T2DM.
During this experiment, high-definition mass spectrometry
coupled with multivariate analyses was used efficiently, and by
means of Ingenuity Pathway Analysis (IPA) new targets were
identified systematically.

Experimental work
Ethics statement

Written informed consent was obtained from all subjects. The
experimental protocol was reviewed and approved by the Ethical
Committee of Heilongjiang University of Chinese Medicine and
was conducted according to the principles expressed in the
Declaration of Helsinki.

Apparatus and reagents

An ACQUITY UPLC system and a SYNAPT-G2-Si high-definition
mass spectrometer from Waters (Milford, MA, USA) were used.
Acetonitrile (HPLC grade) was purchased from Merck (Darm-
stadt, Germany). Methanol for high-performance liquid chro-
matography was obtained from Fisher Scientific Corporation
(Loughborough, UK). Distilled water was purchased from Wat-
son's Food and Beverage Co., Ltd (Guangzhou, China). Formic
acid (HPLC grade, FA) was purchased from Aladdin Reagent
Co., Ltd (Shanghai, China). Leucine enkephalin was purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other reagents
were of analytical grade.

Subjects and sample collection

A total of 64 type 2 diabetes patients and 70 healthy participants
were enrolled from four different outpatient departments
between February 2014 and March 2015, with the informed
consent of each participant. The study candidates were all
diagnosed via their fasting blood glucose levels, and the
patients all had glucose levels that were higher than or equal to
7.0 mmol L™, which is the threshold in accordance with the
2015 criteria of the American Diabetes Association. All patients
underwent differential diagnoses to exclude disturbed or
abnormal glucose metabolism in patients due to cirrhosis,
chronic renal failure, stress status, acral hypertrophy, Cushing's
syndrome, and hyperthyroidism. Consenting patients and
healthy participants in this experiment were clinically diag-
nosed as having type 2 diabetes or not, and the ages of the
patients and healthy participants were matched with each other
between the ages of 35 and 80 years. Detailed information on
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the patients and healthy participants was uploaded to the
clinical trial management public platform, and partial infor-
mation on the type 2 diabetes patients is shown in Table S3.7 In
addition, all candidates strictly conformed to the inclusion and
exclusion criteria and were notified that during the week prior
to the experiment smoking, alcohol, fast foods containing
cheese and preservatives, fruit juice, coffee, tea, chocolate, cola
and other caffeinated foods or beverages were forbidden. The
exclusion criteria were that patients who had been diagnosed
with autoimmune diseases, cancer, infectious diseases, tuber-
culosis, AIDS, chronic active hepatitis, neuromuscular diseases,
and endocrine diseases would be excluded. After a light diet for
one week, 5 mL fasting blood samples were collected from the
cubital vein in the morning. The blood was allowed to stand for
30 minutes and then immediately centrifuged at 4000 rpm for
30 min at 4 °C. The supernatant was carefully aspirated and
then the liquid was transferred into a 1.5 mL centrifuge tube. In
order to minimize degradation, the serum supernatants were
stored at —80 °C before metabolomics analysis.

Preparation of serum samples and chromatography
conditions

Before UPLC/MS analysis, the serum samples were thawed at
room temperature, and every sample was prepared by standard
procedures and mixed vigorously to remove interference due to
macromolecular proteins in our serum samples. A mixture of
200 pL thawed serum and 800 puL methanol was centrifuged at
13 000 rpm for 15 min at 4 °C, and the supernatant (800 pL) was
transferred to a new 1.5 mL centrifuge tube and then evaporated
to dryness under vacuum in a SpeedVac concentrator at 37 °C.
Subsequently, each dried sample was thawed in 100 uL meth-
anol with vigorous vibration for 10 minutes, and 1 pL of the
supernatant was injected into the UPLC-MS system. In addition,
a pooled sample of all 134 samples was prepared as a QC sample
and was dissolved in the same way. The QC sample provided an
analyte containing all the samples that would be found during
the entire sample sequence and was tested at an average interval
of one QC test every 10 injections. Chromatographic separation
was undertaken on an ACQUITY UPLC BEH C18 column
(50 mm x 2.1 mm, 1.7 um, Waters Corporation, Milford, USA).
The column temperature was maintained at 50 °C and the flow
rate was 0.5 mL min~". The optimal mobile phase contained (A)
0.1% formic acid in acetonitrile and (B) 0.1% formic acid in
water, and a linear gradient elution program was performed as
follows: 0-0.5 min, 5-20% A; 0.5-2.5 min, 20-60% A; 2.5-4.0 min,
60-66% A; 4.0-5.0 min, 66% A; 5.0-7.5 min, 66-86% A; 7.5-
8.0 min, 86-99% A; 8.0-10.0 min, 99% A; 10.0-10.5 min, 99-5% A;
10.5-12.5 min, 5% A. After every sample injection, a needle wash
cycle was performed to make sure that the residues were removed
and to prepare for the next sample. In addition, the eluent was
transferred to the mass spectrometer directly without splitting.

Mass spectrometry

High-definition mass spectrometry was performed with a mass
spectrometer system equipped with an electrospray ion (ESI)
source, which was controlled by MassLynx software (v4.1,
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Waters Corporation, Milford, MA, USA). The optimal conditions
for analysis were as follows: the parameters were an ion voltage
of 3000 V in positive mode and 2500 V in negative mode. The ion
source temperature was set at 110 °C, the desolvation gas
temperature was 350 °C, the cone gas flow rate was 50 Lh ™' and
the desolvation gas flow rate was 1000 L h™". The data acqui-
sition rate was set at 0.2 s per scan, with a delay of 0.1 s between
scans. Data were collected in centroid mode from 50 to 1200 Da.
For accurate mass acquisition, a lock mass of leucine enkeph-
alin at a concentration of 4 ng uL ™" was used via a lock spray
interface at a flow rate of 10 pL. min " while both ion modes ([M
+ H]" = 556.2771, [M — H| = 554.2615) were monitored to
ensure accuracy during MS analysis.

Data processing and multivariate data analyses

The primary data files (formatted as .raw files) for serum
samples from T2DM patients and healthy participants were
uploaded onto Progenesis QI 1.0 software (Nonlinear Dynamics,
2014, version 1.0) for preprocessing. After peak detection, peak
normalization, and auto-alignment, the resulting data matrices
were imported into EZinfo 2.0 software for PCA. From these
analyses, the variable importance in projection was selected as
a standard for screening. For the analysis of the MS/MS frag-
ments, MassFragment™ application manager (Waters Corpo-
ration, Milford, MA, USA) was employed. All statistical analyses
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were performed using Student's ¢-test. Differences with a p-value
of 0.05 or less were considered to be significant. Assays were
performed in triplicate, and the results are expressed as the
mean £ SD.

Statistical analysis

All data were expressed as the mean + SD. Student's ¢-test in
SPSS 19.0 for Windows was used for statistical analysis of the
biochemical and metabolomics data. PCA was used to reveal
unknown trends in the T2DM group. Prediction set modules in
the OPLS-DA model were used to show details of unpredictable
conditions in patients. For all measurements, a value of p < 0.05
was considered to be statistically significant.

Results
Metabolic profiling analysis

The serum samples were extracted by the UPLC-MS system
using a reversed-phase column after careful preparation, and
we obtained metabolic profiles of the T2DM patients and
healthy participants. The .raw data were imported into the
Progenesis QI software, and then a serial workflow comprising
vector editing, ion intensity detection, and total ion chromato-
gram analysis was run to identify the molecular species present
in T2DM biomarkers. Peak selection and identification were
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Setup conditions
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(.9, control, drug A, etc), and then assign each of
your samples to the correct condition.
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Fig.1 General workflow used for data processing in this experiment. After the sample preparation and data acquisition, a workflow was run using

Progenesis Ql software to find potential ion peaks.
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then carried out after the general conditions were set up. The
alignment algorithm generated a 2D ion intensity map, which
consisted of approximately 11 068 ion peaks in positive ion
mode and 16 581 ion peaks in negative ion mode, according to
the normalized data. By importing the data into the Human
Metabolome Database (HMDB), we obtained the preliminary
results of the analysis, in which 9649 ions matched the detailed
information in HMDB in positive ion mode and 9874 ions did
so in negative ion mode. A sequential compound statistical
analysis was performed, and a .usp profile was obtained for the
next step of data processing (Fig. 1).

Multivariate statistical analysis and identification of potential
metabolites

Typically, the trajectory analysis of score plots from principal
component analysis (PCA) was performed by EZinfo 2.0 soft-
ware and, according to the results of PCA (Fig. 2A), we found
that the metabolic profiles in the different groups could be
separated clearly. The results of the corresponding VIP plot
based on serum profiling data showed a significant difference
in ions between the T2DM and healthy groups (Fig. 2B), and the
ions furthest from the origin were regarded as potential
biomarkers responsible for the differences between the T2DM
and healthy groups. We selected the biomarkers that met a VIP
threshold of 1.0 and had a value of p < 0.05 (Student's ¢-test) as
candidates for the next steps. After highly accurate scanning of
the MS and MS/MS signals and statistical screening, several
biomarkers were imported into MassFragment™ application

A
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manager; for example, the chemical structure and mass frag-
ment information of murocholic acid are illustrated in Fig. 2C.
Via careful screening against network databases such as Mass-
Bank, ChemSpider and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and using the earlier matched results from
the HMDB, 33 novel biomarkers were finally tentatively identi-
fied, namely, phosphatidylcholines (PCs), sphingomyelins
(SMs), lysolecithin phosphatidylcholines (LysoPCs), L-carnitine,
cytidine, beta-tyrosine, beta-leucine, cinnamic acid, sorbitol-6-
phosphate, 4-hydroxybenzaldehyde, acetyl-N-formyl-5-
methoxykynurenamine, r-3-phenyllactic acid, azelaic acid, gen-
tisate aldehyde, 2-phenylethanol glucuronide, taurodeoxycholic
acid, deoxycholic acid 3-glucuronide, sphingosine-1-phosphate,
cyclic inositol phosphate, 14,15-epoxy-5,8,11-eicosatrienoic
acid, palmitic acid, chenodeoxycholic acid, murocholic acid,
docosahexaenoic acid, cholesterol sulfate and 17a,21-dihy-
droxypregnenolone. A clustering heat map (Fig. 3A) illustrated
the differences in relative values between the T2DM patients
and healthy participants, and a correlation analysis (Fig. 3B)
provided a further understanding of the tentatively identified
biomarkers. To investigate the magnitudes of the changes in
the tentatively identified markers, the relative intensities of the
markers were compared between the two groups (Fig. 3C).

Pathway reconstruction

The tentatively identified biomarkers were further imported into
the MetaboAnalyst 3.0 website (http://www.metaboanalyst.ca/)
and the KEGG (http://www.kegg.jp/kegg/). We found that they
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were mainly involved in five classes of pathway, namely, lipid
metabolism, amino acid metabolism, nucleotide metabolism,
carbohydrate metabolism and bile acid metabolism (Fig. 4). An
overview of the pathway analysis is shown in Fig. 5A. With impact
indices of 0.1037, 0.0353, 0.0296, 0.0279 and 0.0223, the lipid
metabolism pathways glycerophospholipid metabolism, sphin-
golipid metabolism, fatty acid metabolism, and arachidonic acid
metabolism and the amino acid metabolism pathway tyrosine
metabolism were regarded as the main disordered pathways that
were suspected of triggering disordered metabolism in the case
of T2DM. In addition, according to the pathway database in the
KEGG, potential relationships that focus on the main disordered
pathways are reconstructed in Fig. 5B and C. The disordered
biomarkers present in these pathways may reflect relationships
between different biomarkers and pathways.

Prediction of potential targets in type 2 diabetes by IPA

To further analyze detailed functional changes in the T2DM
patients, Ingenuity Pathway Analysis (IPA) was utilized. The
analysis of the disease and functional changes (Table S1t)
revealed that upregulated differentially expressed metabolites
were mainly involved in the synthesis of reactive oxygen species,
apoptosis of tumor cell lines, concentration of lipids, synthesis

44190 | RSC Adv., 2017, 7, 44186-44198

of eicosanoids, and the generation and production of reactive
oxygen species, whereas downregulated differentially expressed
metabolites were mainly involved in the growth of epithelial
tissue, cellular homeostasis, cell proliferation of tumor cell
lines, synthesis of nucleotides and binding of DNA. According
to canonical pathway analysis, seven related pathways (Fig. 6A)
and two prediction networks (Fig. 6B and C) were identified.
The seven pathways comprised palmitate biosynthesis I,
L-carnitine biosynthesis, sphingosine and sphingosine-1-
phosphate metabolism, the mitochondrial r-carnitine shuttle
pathway, stearate biosynthesis I, PDGF signaling, and ceramide
signaling. Among these, sphingosine and sphingosine-1-
phosphate metabolism, r-carnitine biosynthesis, and palmi-
tate biosynthesis I were the three main pathways, with p-values
of 2.23, 2.20 and 2.04, respectively. According to the prediction
networks, we found that 14,15-epoxyeicosatrienoic acid, azelaic
acid, chenodeoxycholic acid, cytidine, palmitic acid,
sphingosine-1-phosphate, cholesterol sulfate, taurodeoxycholic
acid, and lysophosphatidylcholine were the main abnormal
biomarkers in the potential disease networks in T2DM patients.
Coincidentally, all these substances were abnormally upregu-
lated in patients with T2DM, and these biomarkers could be
regarded as predictive targets of T2DM.

This journal is © The Royal Society of Chemistry 2017
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Predictive biomarkers of T2DM provided by metabolomics
strategy

Some researchers have suggested that an increase in the area
under the receiver operating characteristic (ROC) curve should
be the main criterion for measuring the behavior of the key
factors associated with the risk of developing disease.” In our
experiment, we tentatively identified 33 biomarkers that were
highly correlated with T2DM and, by importing details of the
behavior of these biomarkers, which we found in our patients’
serum, into the MetaboAnalyst 3.0 website, a biomarker anal-
ysis was carried out. After a data integrity check and data
normalization, we obtained results of classical univariate ROC
curve analyses, and the AUC data of these curves are listed in
Table S2.1 The area under the ROC curve (AUC) is a summary
measure that essentially averages diagnostic accuracy. ROC
curves with values of AUC > 0.9 were obtained for several
possible biomarkers, and the respective AUC values were 1.000,
0.976, 0.988, 0.999, 0.982, 1.000, 0.937 and 0.958 (Fig. 7). The
ROC analysis showed the ability to discriminate T2DM patients
from healthy participants and helped distinguish more valuable
markers from tentatively identified markers.

Distinguishing diseases using biomarkers

To examine the suitability of our 33 tentatively identified
biomarkers, we utilized these biomarkers as a basis for

This journal is © The Royal Society of Chemistry 2017

grouping 50 samples, which we randomly selected from all 134
candidates using EZinfo 2.0 software. This was a single-blind
experiment, so we did not know whether the sample that we
selected was from a T2DM patient or a healthy person. As
a result, two clusters were obtained, in which 22 samples were
assigned to group 1 and 28 samples were assigned to group 2. By
mousing over each sample in a cluster, we obtained detailed
information on the sample and found that group 1 was the
cluster for T2DM patients and group 2 was the cluster for
healthy participants, and the healthy and T2DM groups were
sharply divided (Fig. 8). Using this method, we have prelimi-
narily confirmed the usefulness of the selected markers.

Discussion

Type 2 diabetes mellitus is considered to be a complex chronic
non-communicable disease that can lead to accelerating senility
and premature death. The key criterion for intervening in or
curing this disease may be an earlier specific diagnosis or the
establishment of evaluation indicators based on the general
state of this disease that could comprehensively reflect the
characteristic features of T2DM. Here, with the assistance of
advanced metabolomics technologies and the profiling of
biomarkers of referable diseases that has been carried out in
Chinese people,** we enrolled 64 T2DM patients and 70 healthy
participants, who were diagnosed by common criteria. Then, by

RSC Adv., 2017, 7, 44186-44198 | 44191
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the analysis of serum phenotypes in T2DM patients, we deter-
mined many metabolic biomarkers and disordered pathways,
which could be regarded as new routes for discovering potential
mechanisms of T2DM.

In patients with T2DM, this disease is often due to a defi-
ciency or dysfunction of insulin, and the abnormally expressed
hormone may correspondingly cause increases in blood sugar
to a high level. The excess sugar then leads to a variety of

44192 | RSC Adv., 2017, 7, 44186-44198

functional lesions, in particular in the eyes, kidneys, heart, and
blood vessels, nerve damage and chronic dysfunction.'>*®
Insulin is a protein hormone secreted by f cells in pancreatic
islets in response to stimulation by endogenous or exogenous
substances such as glucose, lactose, ribose, arginine, glucagon
and so on." As an externally secreted protein, it is synthesized
in ribosomes'® with subsequent processing in the endoplasmic
reticulum and Golgi apparatus. Communication between the

This journal is © The Royal Society of Chemistry 2017
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endoplasmic reticulum and Golgi apparatus is facilitated by
vesicular transport,” and the final exocytosis from the Golgi
apparatus to the extracellular environment also depends on
vesicle trafficking.”® A vesicle is a small structure within a cell,
which consists of fluid enclosed by a lipid bilayer.* Depending
on the structural origin of ketoacyl or isoprene groups, lipids
may be divided into eight categories: fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, saccharolipids, poly-
ketides, sterol lipids, and prenol lipids.** The functional roles of
lipids are diverse: they serve as regulatory agents in cell growth
and adhesion, participate in the biosynthesis of other biomol-
ecules, and serve to increase the enzymatic activities of
enzymes.> The amphiphilic nature of lipids enables them to act
as the bases of structures such as membranes and vesicles. The
arrangements of lipids and various proteins, which act as
receptors and channel pores in membranes, control the entry
and exit of other molecules and ions as part of the cell metab-
olism. Via our experiment, we concluded that lipid metabolism

This journal is © The Royal Society of Chemistry 2017

was a principal disordered pathway in our T2DM patients, and
recent studies have found that irregular lipid levels related to
diabetic dyslipidemia begin to develop prior to the clinical
onset of T2DM at a time when blood glucose concentrations are
still at a relatively normal level.>* We inferred that the devel-
opment of T2DM in our experiment was highly correlated with
disordered lipid metabolism in blood serum and that abnormal
vesicle trafficking may be the cause of the inadequate produc-
tion of insulin in T2DM patients, but the specific mechanism
remains to be further studied.

Amino acids are collectively defined as organic compounds
that contain amino and carboxyl groups. They are the basic
units of biological functional macromolecular proteins and the
fundamental substances that constitute proteins that are
needed for animal nutrition. Several surveys have suggested
that amino acids may play an important role in the tricarboxylic
acid cycle (TCA cycle).*?*® During our experiment, disordered
biomarkers were identified that were involved in amino acid

RSC Adv., 2017, 7, 44186-44198 | 44193
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Fig. 7 Evaluation of diagnostic efficacy using ROC curves for metabolites in serum differentially expressed in T2DM patients and healthy
participants, as detected by UPLC-MS (AUC > 0.9).

metabolism and the TCA cycle in various ways, and amino acid

of amino acids into participants in the TCA cycle, they are first

metabolism was considered to be another principal disordered broken down into a nitrogen-containing fraction and a non-

pathway in our T2DM patients. In the process of decomposition

44194 | RSC Adv., 2017, 7, 44186-44198

nitrogenous fraction. The nitrogen-containing fraction is
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05722a

Open Access Article. Published on 12 September 2017. Downloaded on 11/5/2025 6:08:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Positive mode

50 samples were randomly selected

2000 E from the total 134 samples.
[+
t I
1000 * \
4 \\ \
Primary ID = 23 {L.} g \+ + )\
Run = XYD-Health-serum-pos-028 \_/ A i + G |
t[2 Condition = Unknown 4 \ \ sTOU
[ ] Group = Group 2 s +7.+ e : 4t +++ “‘ i Gro P 2
Series= Group 2 ar + \ Jroup
t[1] = 1209.71 L | + : |
t[2] =-378.093 + " X Q"’J Primary ID = 54
i N \_/ Run = XYD-T2DM-serum-pos-011
-1000 1S ~—— Condition = Unknown
o Group = Group 1
o Series= Group 1
| t[1] = 1978.32
t[2] = 223.727
-2000 + i
-3000 -2000 -1000 0 1000 2000 3000
t[1]
B Negative mode
8000 50 samples were randomly selected
_ from the total 134 samples.
6000 Y =
/+ H
4000 / =+ + 0\
Primary ID = 61 &
2000 Run = XYD-T2DM-serum-neg-055 4+
t[2]0 Condition = Unknown 4 r
oL Group=Group2 + Group 1
Series= Group 2 + 4 i * Group 2
I t[1]P=-17263.1 / . _
-2000 t[2]0=-913.919 / | LUl ID= il
- - / Run = XYD-Health-serum-neg-019
p 3 / Condition = Unknown
-4000 N\ / Group =
- / p=Group1
S 4l Series= Group 1
-6000 - t[1] P= 11300.8
t[2] 0=-541.328
-30000 -20000 -10000 0 10000 20000 30000

t[1]P
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on the sample was presented. Group 1 is the T2DM group and group 2 is the healthy group.

eventually metabolized to urea and then eliminated into the
environment, and the non-nitrogenous fraction is finally
metabolized to form a-keto acids, which subsequently enter the
TCA cycle. Disordered amino acid metabolism may reflect
a disordered state of the TCA cycle, which is a physiological
phenomenon that plays a central role in the process of the
release of stored energy.”” Moreover, many surveys have sug-
gested that insulin also plays an important role in the process of
amino acid metabolism*® by promoting the assembly of
branched chain amino acids into muscle proteins,* inhibiting
the oxidation of branched chain amino acids in muscle cells,
decreasing the uptake of amino acids by the liver, and inhibit-
ing gluconeogenesis.** When the amount of insulin is insuffi-
cient, branched chain amino acids in muscle cells accelerate the
oxidation and decrease the uptake of branched chain amino

This journal is © The Royal Society of Chemistry 2017

acids in muscle tissues, which leads to a decrease in glucose
and protein tolerance in diabetes patients.** Diabetes mellitus
is a disease caused by the combined effects of the internal and
external environment, and abnormal metabolism of amino
acids can reflect disorders in the metabolism of glucose and
lipids to some extent. Our results, which regarded amino acid
metabolism and lipid metabolism as principal disordered
pathways in T2DM patients, also supported this theory. So far,
biomarkers such as lysolecithin phosphatidylcholines
(LysoPCs), sphingomyelin (SM), phosphatidylcholine (PC),
B-tyrosine, B-leucine, acetyl-N-formyl-5-methoxykynurenamine,
and 1-3-phenyllactic acid have continually been identified in
numerous metabolomics studies of T2DM.**** In our experi-
ment we confirmed the predictive function of these biomarkers
in 134 human subjects and identified other biomarkers that

RSC Adv., 2017, 7, 44186-44198 | 44195
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had not been reported in previous experiments related to
T2DM, namely, 4-hydroxybenzaldehyde and cyclic inositol
phosphate. 4-Hydroxybenzaldehyde is one of the three isomers
of hydroxybenzaldehyde and reacts with NAD" and H,O to
produce 4-hydroxybenzoate, NADH, and two protons. Under
catalysis by benzoylformate decarboxylase, it can be generated
as an intermediate in the aminobenzoate degradation pathway
and is connected to tryptophan metabolism in an indirect way.
Tryptophan is an essential amino acid needed in humans to
prevent illness or death and, according to research into
membrane proteins and model transmembrane peptides,*
residues of tryptophan also play special roles in “anchoring”
membrane proteins within the membrane. During our experi-
ment, we considered 4-hydroxybenzaldehyde to be a tentatively
identified biomarker that could forecast the development of
T2DM. During the ROC curve analyses in our experiment, the
AUC value of the corresponding ROC curve was 0.988. This solid
response reflects the ability of this marker to predict T2DM.
Cyclic inositol phosphate is a substrate for annexin A3, which is
a cellular protein and also a substrate for epidermal growth
factor receptor tyrosine kinase. Many studies have suggested
a subtle association between annexin and cancer.*® As
a membrane protein, it acts as an intermediary for signaling,
activates downstream signaling components, and acts as
a calcium transporter. The disordered state of cyclic inositol
phosphate may to a slight extent indicate a disturbance in cell
signaling activities or a dysfunction in calcium transport. Che-
nodeoxycholic acid and murocholic acid are both bile acid
metabolites that we found to be abnormally expressed in the
serum of T2DM patients during this metabolomics study. They
are predominantly found in the hepatoenteral circulation
system of mammals and can play an essential role in fat
metabolism.*”** Bile acids are major steroid acids that are
synthesized from cholesterol in the liver and are mostly excreted
into the small intestine, then reabsorbed in the terminal ileum
and finally returned to the liver.* Bile acids have a wide range of
pleiotropic effects, and disordered levels of bile acids indirectly
indicate dysfunction of the liver, which could cause serious
complications such as fatty liver, hepatomegaly, abnormal liver
function, and cirrhosis.**** A series of studies have also shown
that bile acid metabolism is altered in T2DM patients and,
conversely, that manipulation of the bile acid pool can improve
glycemic control in such patients.*>** 2-Phenylethanol glucu-
ronide and deoxycholic acid 3-glucuronide are natural human
metabolites of 2-phenylethanol and deoxycholic acid, which are
generated in the liver by UDP-glucuronyl transferase, and we
found them to be significantly upregulated in the T2DM
patients in this study. This disordered condition may have links
to liver dysfunction, and the liver is one of the most essential
organs in the body as it plays key roles in the metabolism of
carbohydrate, fat and protein and is also the main site of the
action and catabolism of insulin.**

In this experiment, we repeated the data collection and
processing stages three times and concluded that substances
that were consistently present were definite biomarkers. Other
biomarkers were also tentatively identified in the serum of
T2DM patients in contrast to that of healthy participants,

44196 | RSC Adv., 2017, 7, 44186-44198
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namely, r-carnitine, cytidine, cinnamic acid, sorbitol-6-
phosphate, azelaic acid, gentisate aldehyde, taurodeoxycholic
acid, and 17a,21-dihydroxypregnenolone. All these markers
could act as a reference for the clinical diagnosis or mechanistic
study of T2DM, and we tested their usability in a single-blind
study using EZinfo. Using our 33 biomarkers as a basis for
grouping 50 randomly selected samples, these were sharply
divided into clusters corresponding to T2DM patients and
healthy participants, which suggests that these biomarkers that
we selected could be used as diagnostic criteria in indistin-
guishable cases.

Conclusions

Diabetes mellitus is a metabolic disease with multiple compli-
cations such as diabetic retinopathy, diabetic chronic kidney
disease, diabetic neuropathy, hypertension, coronary athero-
sclerotic heart disease, cerebrovascular disease, and vascular
disease of the lower extremities. The earlier we diagnose its
incidence, the more effective is the treatment that we can apply.
Metabolic profiling of small molecules provides a snapshot of
physiological processes, and by using a metabolite profiling
platform based on mass spectrometry coupled with pattern
recognition analysis, a panel of 33 biomarkers involved in the
metabolism of lipids, carbohydrates, and amino acids were
tentatively identified in this study. Our experiment yielded
substantial new insights into serum metabolism in type 2 dia-
betes mellitus patients, and these metabolites will be targets for
future mechanistic research to help understand the clinical
significance of these metabolic abnormalities. Although the
precise mechanism of T2DM has not been clearly illustrated at
present, the future risk of diabetes was elevated to a greater
extent in subjects with such metabolic disorders.
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