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Type 2 diabetes mellitus (T2DM) is a metabolic disorder that severely affects human health, but the pathogenesis of the disease
remains unknown. The high-fat/high-sucrose diets combined with streptozotocin- (STZ-) induced nonhuman primate animal
model of diabetes are a valuable research source of T2DM. Here, we present a study of a STZ rhesus macaque model of T2DM
that utilizes quantitative iTRAQ-based proteomic method. We compared the protein profiles in the liver of STZ-treated
macaques as well as age-matched healthy controls. We identified 171 proteins differentially expressed in the STZ-treated groups,
about 70 of which were documented as diabetes-related gene in previous studies. Pathway analyses indicated that the biological
functions of differentially expressed proteins were related to glycolysis/gluconeogenesis, fatty acid metabolism, complements,
and coagulation cascades. Expression change in tryptophan metabolism pathway was also found in this study which may be
associations with diabetes. This study is the first to explore genome-wide protein expression in hepatic tissue of diabetes
macaque model using HPLC-Q-TOF/MS technology. In addition to providing potential T2DM biomarkers, this quantitative
proteomic study may also shed insights regarding the molecular pathogenesis of T2DM.

1. Introduction

Type 2 diabetes mellitus (T2DM) is well known as a complex
multifactorial chronic metabolic disease that is characterized
by a lack of adequate insulin or insulin resistance, resulting in
hyperglycemia [1, 2]. Patients with type 2 diabetes have
elevated risks of many complications such as nephropathy
and cardiovascular disease [3]. The incidence of T2DM is
increasing at an alarming rate worldwide. However, the
mechanisms that trigger the development of type 2 diabetes
mellitus remain largely unknown.

Animal models have played a critical role in the explora-
tion of disease pathophysiology and target identification and
in the evaluation of prevention and treatment in vivo. To
investigate the molecular and pathological mechanisms of
T2DM, intraperitoneal injection of streptozotocin (STZ)
rodent animal models was established [4]. These animals
showed similar pathological features to T2DM, such as

insulin resistance and relative insulin deficiency. Therefore,
the STZ rodent models are useful animal models for the
investigation of T2DM. In contrast to previous studies in
rodent models [5–8], we used STZ administered to macaques
via a slow intoxication protocol to produce a gradual devel-
opment of liver lesions mimicking the typical, chronic evolu-
tion of T2DM in humans. The rhesus macaques have several
advantages for the investigation of T2DM diseases for its
genetic, morphological, physiological, and behavioral simi-
larities to humans. Rhesus macaques in T2DM induced by
the high-fat/high-sucrose diets combined with streptozoto-
cin (STZ) in our previous study are a highly reproducible
and human disease-similar model [9].

The alteration of proteins is one of the important factor
that contributes to the underlying mechanism of many dis-
eases including diabetes. Proteomic studies may be helpful
to the study of the pathogenic mechanisms of T2DM and
to improve current therapies [10–12]. The liver is a center
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of substrate and energy metabolism. It plays diverse biologi-
cal roles and impacts other systems of the body which is
closely linked to the pathogenesis of insulin resistance and
T2DM [13, 14], but the limited availability of this tissue has
been a major barrier to explore its biology. In the present
study, we focus on hepatic changes in protein and gene
expression associated with STZ-induced monkey T2DM
using proteomic and quantitative real-time polymerase chain
reaction (qRT-PCR) assay. The proteomic profile of hepatic
tissue most closely reflects alterations in response to environ-
mental stimulation and offers a novel insight into the pathol-
ogy of T2DM. The discovery of proteins that are specifically
altered in the T2DM liver would help us further understand
the pathogenesis of T2DM.

2. Materials and Methods

2.1. Ethics Statement and Experimental Animals. The com-
plete details of the entire study design and procedures
involved were in accordance with the Declaration of
Helsinki. Female rhesus macaques aged 6–8 years were from
the Medical Primate Research Center of Institute of Medical
Biology Chinese Academy of Medical Sciences. All animal
works were approved by the Yunnan Province Experimental
Animal Management Association and the Experimental
Animal Ethics Committee of the Institute of Medical Biology
Chinese Academy of Medical Sciences which based on the 3R
principle (reduction, replacement, and refinement).

Rhesus macaques were housed in individual indoor
cages under a 12 h light/dark cycle at constant temperature
(24± 2°C). Control monkeys were provided with the basic
conventional nutrients. The diet of the T2DM monkeys
contained not only the basic nutrients but also with high-
fat and high-sucrose diet. High-fat/high-sucrose-induced
diet includes the conventional feed to offer the basic nutri-
ents and a large dose of sucrose, animal oil, and cholesterin
to assure the energy and cholesterin overload to benefit the
T2DM induction. The details of the 2 diets were displayed
in our previous study [9]. In the T2DM group, monkeys
were fed with high-fat and high-sucrose diet for 6 months,
and when hyperlipidemia and hyperinsulinemia symptom
appeared, monkeys were injected with STZ at a dosage
administration of 35mg per kg of body weight by intraperito-
neal injection. The clinical features of T2DM appeared after
one week injection and can be sustained for a long time.
Two T2DM monkeys and two control monkeys were used
for proteomic assay; four T2DM monkeys and four control
monkeys were used for real-time quantitative PCR validation.

2.2. The Assay of Glucose Tolerance Test (GTT) and Insulin
Tolerance Test (ITT). All monkeys were injected with steril-
ized 50% glucose solution via intraperitoneal injection at a
dosage administration of 2 g per kg of body weight after fast-
ing 16h. For the level of blood glucose, insulin was detected
at 0, 15, 30, 60, 90, and 120min. In addition, recombined
human insulin (Tonghuabao Co., China) was injected into
the animal at the dose of 0.75 IU/kg body weight after fasting
16 h and the changing of blood glucose was monitored,
respectively, at 0, 15, 30, 60, 90, and 120min to survey insulin

resistance. The animal was injected with 10% glucose solu-
tion immediately to avoid shock death once it emerged
symptoms of low blood sugar during the test process.

2.3. Histopathological Evaluation. The main tissues such as
pancreas, liver, and kidneys were fixed by 10% formalin
neutral buffer solution. After fixation, tissues were paraffin-
embedded after dehydration and cut into slices, then stained
with HE staining kit (Genmed Scientifics Inc., USA) and then
used haematoxylin (Genmed Scientifics Inc., USA) as a
counterstaining, using the microscope to observe and analyze
the lesions in all the tissue mountings.

2.4. Protein Preparation. Liver samples from surgery were
washed in phosphate-buffered saline (PBS) solution to
remove blood clots and stored in a−80°C refrigerator. Frozen
liver tissues were slowly thawed in ice for the next step, and
the same area from liver tissues were minced with scissors
into small pieces, collected in test tubes with protein lysis
buffer supplemented with 2mM PMSF, 65mM DTT, and
protease inhibitor, and homogenized until there were no
tissue pieces. The supernatant was transferred to a new tube
and centrifuged at 20,000g for 15min at 4°C. Total protein
concentration was determined using a BCA protein assay.
Bovine serum albumin (BSA) was used as a standard.

2.5. iTRAQ Labeling. One hundred micrograms of proteins
from each sample was reduced, alkylated, and digested with
trypsin (Promega). The digested peptides were then dried
and reconstituted in 50μL 0.5M triethyl ammonium bicar-
bonate (TEAB). Digested peptide samples were labeled using
the iTRAQ kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s protocol. The iTRAQ tags
were as follows: healthy control 1-iTRAQ 114; healthy control
2-iTRAQ 115; T2DM 1-iTRAQ 116; and T2DM 2-iTRAQ
117. The labeled samples were finally combined into one
samplemixture and dried with a rotary vacuum concentrator.

2.6. LC-MS/MS Experiments. Peptides were desalted using
Zip tip C18 (Millipore, ZTC18S096, USA), concentrated by
vacuum centrifuge, and stored at −20°C until further use.
iTRAQ labeling was quenched by the addition of 1M ammo-
nium bicarbonate. Reversed-phase separation was performed
on a Dionex U3000 HPLC (Dionex, Sunnyvale, CA).
Durashell-C18 reverse phase column (Agela, DC952505-0)
was used to purify and concentrate the labeled peptides
according to the manufacturer’s protocol. LC-MS/MS exper-
iments were performed using a Bruker micrOTOF-Q III
mass spectrometer (Bruker Daltonik GmbH, Leipzig,
Germany) equipped with a nanospray source and Agilent
1100 high-performance liquid chromatography system
(Agilent Technologies, Livermore, CA). The samples were
acquired in positive and high-sensitivity mode using electro-
spray ionization (ESI) method. Peptide sequences were iden-
tified from MS/MS fragmentation spectra using the Mascot
search engine (Matrix Science, UK). The matched peptides
that were considered as potential candidates had the highest
Mascot score (≥65) and a peptide sequence coverage of 20
percent of the matched peptide.
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The original data were then analyzed using Perseus soft-
ware (version 1.3.0.4). Proteins whose levels differed by ≥1.2
or ≤0.8 times compared with the controls were used to define
differential protein expression.

2.7. Pathway Analysis. Functional annotation clustering of
selected genes was performed using the DAVID Bioinformat-
ics Resources database. The differential expression proteins
identified in the hepatic tissue were used as “background”
for GO enrichment of significantly (t-test p value < 0.05)
expressed proteins. Gene enrichment (enrichment p value)
of each pathway was analyzed, and the pathways with
p < 0 01 were listed and considered significantly different.

2.8. Validation of Differentially Expressed Proteins by
Quantitative Real-Time PCR. The proteomic data were vali-
dated utilizing SYBR Green-based real-time quantitative
PCR (qPCR) performed in 96-well plates on CFX96 real-
time PCR detection system (Bio-Rad, Hercules, CA). The
liver total RNA samples from the rhesus monkey were
analyzed. Proteins with high fold change (≥2.0 or ≤0.5) in
T2DM monkeys were selected for validation. Actin was used
as a reference gene because it was the most stably expressed
gene from T2DM. 500ng of total RNA from each sample
was retrotranscribed to cDNA (Eastep® RT Master Mix
(5x) Kits, LS2054, Promega, USA). qPCR was run on Eastep
qPCR Master Mix (2x) (LS2068, Promega, USA) according
to the manufacturer’s recommendations. All of the genes
were performed in triplicates. Primers were seen in Table 1.
The comparative Ct (2−ΔΔCt) method was used to quantify
expression of genes, and fold change (FC) was used to
present data.

2.9. Statistics Analysis. All statistics were performed
using the GraphPad Prism software (GraphPad). Stu-
dent’s t-test was used in this article. A value of p < 0 05 was
considered significant.

3. Results

3.1. Results of GTT and ITT. The results of glucose tolerance
test (GTT) showed that the release of blood glucose in the
T2DM group was at a higher level and the blood glucose
value of 2-hour post meal was apparently greater than
11.1mmol/L, and the AUC (area under the ROC curve)
analysis indicated that the GTT change curve was extremely
significantly different from the control group (p < 0 001)
(Figure 1(a)). The results of the insulin tolerance test
(ITT) showed that the release of blood glucose in the
T2DM group was at a higher level after intraperitoneal
injection of recombinant human insulin, and AUC analysis
indicated that the ITT change curve was extremely signifi-
cantly different between the T2DM group and the control
group (p < 0 001) (Figure 1(b)).

3.2. Results of Histopathology. The results of HE staining in
some tissues showed that the pancreatic islet cells were absent
in the T2DM rhesus macaques, and the islet atrophy was
observed (Figures 2(a) and 2(b)). Liver tissues showed fat
vacuoles, and hepatic cell fatty degeneration was obvious
(Figures 2(c) and 2(d)). The renal tissue has interstitial
chronic inflammatory cell infiltration. The histopathological
features of T2DM were found in all tissues. However, no
obvious abnormal lesions were found in the normal control
group (Figures 2(e) and 2(f)).

3.3. Analysis of Differentially Expressed Proteins. Mass
spectrometry-based proteomics was applied to samples of
the liver in mice with STZ-treated monkeys. The results have
shown that 813 proteins are identified. We identified 171
proteins differentially expressed in the STZ-treated groups
(Table S1, supplementary data), about 70 of which were doc-
umented as diabetes-related gene in previous studies. Sixteen
proteins of them whose levels differed by ≥2.0 or ≤0.5 times
compared with the control were shown in Table 2.

Table 1: Primers were used for quantitative PCR validation in this study.

Gene Forward primer Reverse primer

ADH4 AGTTCGCATTCAGATCATTGCT CTGGCCCAATACTTTCCACAA

GCK CCTGGGTGGCACCAACTTCAG TAGTCGAAGAGCATCTCAGCA

CELF6 AGTTTGGTGATGCGGAACTCA CATTGCCTGAATAGCAGTCTG

ANXA3 TCAGCCCATCAGTGGATGCTG CTGTGCATTTGACCTCTCAGT

CTSD ATTCAGGGCGAGTACATGATCC CGACACCTTGAGCGTGTAG

TNC TCCCAGTGTTCGGTGGATCT TTGATGCGATGTGTGAACACA

COL6A3 CTGTTCCTCTTTGACGGCTCA CCTTGACATCATCGCTGTACTGA

KRT1 AGTGCTTATATGACCAAGGTGG ATGCTGTCCAGGTCGAGACT

FGA TGTCGAGGGTCATGCAGTAG CAAGTTGCTTCTGCTGATCTTCA

FGG AGACACGGTGCAAATCCATGA GCCCGCTCTGTTTAGCTCC

LDHA ATGGCAACTCTCAAGGATCAGC CCAACCCCAACAACTGTAATCT

NNMT TGGTGACCTATGTGTGTGATCT CCCTGGCTTCAGTAGGCTG

FABP4 ACTGGGTCAGGAATTTGACG CTGGTGGAAGTGACGCCTT

CRP GTCACAGTAGCTCCAGTACACA AAAGCTCCCACCGAAGGAATC
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3.4. Real-Time Quantitative PCR Validation. Sixteen proteins
with high fold change (≥2.0 or ≤0.5) were selected for valida-
tion. Among those proteins, MPO and CA1 failed qPCR
detection for technical reasons, so those two genes were
removed from further analysis. Fourteen differentially
expressed proteins were validated by qPCR (Figure 3). The
data supported a strong consistency between the qPCR result
and proteomic data. Primers used in this article are shown
in Table 1.

3.5. Pathway Analysis. DAVID web service was used for
functional annotation. The results of the bioinformatic anal-
ysis are shown in Table 3. As shown in Table 3, most of the
proteins are associated with the glycolysis/gluconeogenesis,

fatty acid metabolism, complements and coagulation cas-
cades, and so on.

4. Discussion

Many researches have reported that the main characters of
the animal models of T2DM are high blood glucose and
high-insulin hematic disease [15]. However, small experi-
mental animals fail to simulate the traditional and complete
clinical features of the patients who suffer T2DM [16]. It is
hard to build a model that emerges simultaneously all
features of obesity complicated with hyperlipidemia, insulin
resistance, mild high blood glucose, and high-insulin hematic
disease. Thus, designing a reasonable high-fat/high-sucrose
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Figure 1: The changing level of blood glucose revealed by GTT and ITT. (a) The results of the glucose tolerance test (GTT) showed that the
release of blood glucose in the T2DM group was at a higher level and the blood glucose value of 2-hour post meal was apparently greater than
11.1mmol/L, and the AUC (area under ROC curve) analysis indicated that the GTT change curve was extremely significantly different from
the control group. (b) The results of the insulin tolerance test (ITT) showed that the release of blood glucose in the T2DM group was at a
higher level after intraperitoneal injection of recombinant human insulin, and AUC analysis indicated that the ITT change curve was
extremely significantly different between the T2DM group and the control group. ∗∗∗p < 0 001. Error bars indicate SD. Control (n = 6);
T2DM (n = 6).
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diet and the dose of the STZ seems to be more important
[17, 18]. Rhesus macaques as advanced nonhuman primates
share high homology and similarity in genetic, physiological,
and biochemical aspects with human and can simulate the
occurrence and development of human disease [19]. In our
previous study, we have explored the experimental condition
of high-fat/high-sucrose diet in combination with the low
dose of the STZ to induce T2DM [9]. The results showed that
the monkeys fed with high sugar and high fat for 6 months
began to appear hyperlipidemia and hyperinsulinemia, but
their fasting glucose was within the normal range
(<6.8mmol/L). Even if the monkeys are fed with high sugar
and high fat for one year, their fasting glucose was still at a
normal level. The monkeys were injected with STZ at a
dosage administration of 35mg/kg of body weight as soon
as hyperlipidemia and hyperinsulinemia symptom appeared.
The monkeys showed clinical features of T2DM after one
week injection, and those features can be sustained for a long
time. We have also made some research on T1DM monkeys

(the data were not shown in this study). In the T1DM group,
monkeys were intravenously injected with STZ at dosage
administration of 50mg/kg of body weight for 1 to 3 times
or intraperitoneal injection at dosage administration of
100mg/kg body weight for 1 to 3 times. The clinical features
of T1DM appeared after one week injection, but the monkeys
cannot survive for a long time, insulin need to be injected to
sustain life. In this study, we built the rhesus macaque model
of T2DM successfully. The rhesus macaque models we have
built could simulate the clinical manifestations and patholog-
ical features of the T2DM in humans through comprehensive
analysis and evaluation [9]. Analysis and assessment of the
rhesus macaque T2DM models from the clinical features
and parts of histopathologic features show that the results
match basically the diagnostic criteria of the human T2DM.
Both insulin tolerance test and insulin resistance test suggest
that the monkeys in T2DM group possess key clinical
features with human T2DM patients. The histopathological
lesion was found in pancreas islet and hepatic tissue. Steatosis

(a) (b)

(c) (d)

(e) (f)

Figure 2: Histopathological detection of the pancreas, liver, and kidneys stained with HE. The results of HE staining in some tissues showed
that the pancreatic islet cells were absent in the T2DM rhesus macaques, and the islet atrophy was observed. (a) Normal pancreatic tissue.
(b) Diabetic pancreatic tissue. Liver tissues showed fat vacuoles, and hepatic cell fatty degeneration was obvious. (c) Normal liver tissue.
(d) Diabetes liver tissue. The renal tissue has interstitial chronic inflammatory cell infiltration. The histopathological features of T2DM were
found in all tissues. However, no obvious abnormal lesions were found in the normal control group. (e) Normal kidney tissue. (f) Diabetes
kidney tissue.
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Table 2: Differentially expressed proteins in T2DM macaques that were selected using a cutoff point of fold change≥ 2 or ≤0.5.

Gene name Description Accession number Fold change

ADH4 Alcohol dehydrogenase 4 F7GMI7 0.45

GCK Glucokinase F6PLG6 0.50

MPO Myeloperoxidase F7BAA9 2.00

CELF6 CUGBP Elav-like family member 6 F7GCB0 2.00

ANXA3 Annexin (fragment) F6Z8Y2 2.00

CTSD Cathepsin D preproprotein F7H7Y3 2.05

TNC Tenascin C F7ECK5 2.06

CA1 Carbonic anhydrase 1 F7CLQ5 2.09

COL6A3 Collagen alpha-3(VI) chain isoform 4 I2CWG4 2.17

KRT1 Keratin 1 F7B777 2.17

FGA Fibrinogen alpha chain F6UZ60 2.22

FGG Fibrinogen gamma F6UYY8 2.39

LDHA L-lactate dehydrogenase H9ES85 2.43

NNMT Nicotinamide N-methyltransferase F7ERX8 2.48

FABP4 Adipocyte-type fatty acid-binding protein F7GLY0 3.00

CRP C-reactive protein F7DHQ1 3.47
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Figure 3: Quantitative PCR validation of proteomic data. Fourteen differentially expressed proteins were validated by qPCR. The Student’s
t-test was used to determine p values (∗p < 0 05, ∗∗p < 0 01). Error bars indicate SD. Control (n = 4); T2DM (n = 4).

Table 3: The enriched terms (or function) of differential expression genes.

Category Term Count p value

KEGG_PATHWAY hsa00010: glycolysis/gluconeogenesis 10 3.940E−05
KEGG_PATHWAY hsa00071: fatty acid metabolism 8 1.070E−04
KEGG_PATHWAY hsa04610: complement and coagulation cascades 9 6.610E−04
KEGG_PATHWAY hsa00380: tryptophan metabolism 7 8.060E−04
KEGG_PATHWAY hsa00680: methane metabolism 3 1.109E−02
KEGG_PATHWAY hsa04614: renin-angiotensin system 4 1.130E−02
KEGG_PATHWAY hsa00620: pyruvate metabolism 5 2.559E−02
KEGG_PATHWAY hsa00280: valine, leucine, and isoleucine degradation 5 3.488E−02
KEGG_PATHWAY hsa00520: amino sugar and nucleotide sugar metabolism 5 3.488E−02
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was found severely in the liver cells in the T2DM group,
which is a risk factor in the development of T2DM [20–22].
The results indicate that the monkeys in the T2DM model
group not only have similar characters with humans in the
physiological responses but also possess basically clinical
diagnosis feature of human T2DM.

Hepatic tissue plays an important role in T2DM [23, 24].
It is characterized by impaired suppression of hepatic
gluconeogenesis and glucose output by insulin, which plays
a crucial role in the pathogenesis of hyperglycemia and
glucose intolerance [25, 26]. But the molecular mechanisms
of the liver in T2DM are still unclear. In the present study,
we integrate high-resolution, high mass accuracy mass
spectrometry and proteomic technologies for an unbiased
discovery and verification of hepatic tissue-specific proteomic
changes in nonhuman primate animal model of diabetes. 174
liver tissue proteins with functional relevance to T2DM were
found to be significantly differentially expressed compared
to control. We found that these proteins are mainly involved
in glycolysis/gluconeogenesis, fatty acid metabolism, comple-
ments and coagulation cascades, and so on. It indicates that
our T2DM monkeys are very similar to human diabetes as
these pathways have previously been reported associations
with diabetes. These pathways have been linked to T2DM
pathogenesis and could serve as protein biomarkers. In
addition, the other pathway may offer new insight into the
pathogenesis of T2DM, such as tryptophan metabolism path-
way. It is commonly accepted that T2DM is associated with
altered metabolic status [27, 28]. Some metabolites such as
aromatic amino acid metabolite are closely correlated to
diabetes [28, 29]. Tryptophan metabolism within different
tissues is associated with numerous physiological functions.
The liver regulates tryptophan homeostasis through degrad-
ing tryptophan in excess. Tryptophan plays a crucial role in
the regulation of growth and feed intake, mood and behavior,
and immune responses [30]. It is reported that tryptophan
metabolism in the plasma is associated with the development
of T2DM [31, 32]. Our results have shown that tryptophan
metabolism pathway in hepatic tissue is also closely related
to the occurrence of the T2DM which may help us knowing
about the pathogenesis of T2DM further.

Some differentially expressed proteins with high fold
change were selected in this study to discuss as previous stud-
ies have shown associations of T2DM, such as GCK, CRP,
CAT, FABP4, MPO, and LDHA. The GCK gene encodes
glucokinase, which catalyzes the first step in most glucose
metabolism pathways, to maintain glucose homeostasis in
the beta-cells of the pancreas [33]. Previous work has
indicated that GCK activity is decreased in type 2 diabetes
[34, 35]. Consistent with prior reports, we find that the
expression of GCK in T2DM liver in our study is also
decreased. It indicates that defective hepatic GCK is sufficient
to impair glycogen synthesis and increased gluconeogenesis
was established in previous studies [36–38]. Previous study
have report that GCK is regulated by posttranslational and
transcriptional mechanisms in diabetes [39]. Epigenetic
modification of the GCK gene was also shown to influence
the onset of diabetes [40]. Overall, these data suggest that
progressive worsening of type 2 diabetes is significantly

associated with suppression of GCK. C-reactive protein
(CRP) is an acute phase protein that is found in blood plasma
and secreted by the liver or adipose tissue, and its level rises
in response to inflammation. The primary biological function
of CRP is recruiting the complement system and macro-
phages to mediate the elimination of pathogens and the host
necrotic cells [41, 42]. CRP protein is significantly increased
in the presence of infection and inflammation. The activation
of inflammatory could stimulate an increase in insulin resis-
tance [43]. It has been reported that CRP could increase the
risk of diabetes [44, 45]. Catalase (CAT) is an enzyme that
converts hydrogen peroxide to water and molecular oxygen.
This enzyme is located within cells in peroxisomes and is
most abundant in erythrocytes, hepatocytes, and nephrons
[46]. Ozkul et al. reported that the plasma level of CAT was
lower in T2DM patients with neuropathy [47]. CAT and
SOD activities were significantly decreased in T2DM com-
pared with the control subjects [48]. Fatty acid-binding
protein 4 (FABP4) is abundantly expressed in adipocytes
and plays important roles in adipocyte differentiation and
lipidmetabolism [49].Multiple studies have been showed that
FABP4 functions in the free fatty acid transport, regulating
whole body insulin sensitivity [50, 51]. A higher serumFABP4
level was found in T2DM [52]. It was also higher in the liver
tissue of T2DM than in the control group [53]. Myeloperoxi-
dase (MPO) participates in developing of inflammation [54].
There has been a study about MPO expressed higher in
T2DM [55]. There is evidence that oxidative stress plays an
important role in the etiology and progression of diabetes
[55]. Obesity and type 2 diabetes are known to be associated
with increased inflammation. Lactic acid dehydrogenase
(LDHA) encoding enzymes involved in pyruvate metabolism.
Pyruvate metabolism was shown to be implicated in diabetes.
In general, glycolytic pathway was shown to be dysregulated
in diabetes. Islets of individuals with diabetes display an
increase in the expression of LDHA when compared to
controls [56]. LHDA showed crucial importance as overex-
pression of LDHA in insulin-secreting β-cells affects glucose-
induced insulin secretion. Islets of individuals with diabetes
also display an increase in the expression of LDHA [57].

In conclusion, those selected proteins in our study are
quite consistent with earlier studies, thereby supporting the
role they play in the molecular pathogenesis of T2DM.

The differentially expressed proteins and pathways in our
study suggested that fundamental metabolic, insulin signal-
ing and hepatic tissue inflammation in the liver may be
involved in the course of T2DM pathogenesis. In summary,
our approach successfully identified a protein profile in
nonhuman primates that can help us further understand the
pathogenesis of T2DM.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

Kaili Ma and Shuaiyao Lu conceived the idea and designed
the experiment. Tingfu Du and Shuaiyao Lu performed the

7Journal of Diabetes Research



main experiments, analyzed the data, and cowrote the main
manuscript. Qinfang Jiang and Yun Li participated in this
work. Kaili Ma and Shuaiyao Lu revised the manuscript. All
authors reviewed the manuscript. Tingfu Du and Shuaiyao
Lu have contributed equally to this work.

Acknowledgments

The authors thank their study participants for their time
and effort. The authors also thank Zhigang Wang for
helping them to analyze their data. This work was sup-
ported by the National Natural Science Foundation of
China (nos. 81571254, 81301073, and 81570749), the Joint
Funds of the National Natural Science Foundation of
China (no. U1402221), the National Science and Technology
Major Project of the Ministry of Science and Technology of
China (no. 2016ZX08011007-003), the Yunnan Natural Sci-
ence Foundation (nos. 2013FZ132, 2014FB191, 2016FA032,
and 2013FB089), the Fundamental Research Funds for the
Central Universities (nos. 2015PT310002, 33320140191,
3332016116, and 2016ZX310179-1), the CAMS Innovation
Fund for Medical Sciences (nos. 2016-I2M-2-001 and 2016-
I2M-1-004), the Foundation for the Institute of Pathogen
Biology (no. 2015IPB201), the Foundation for the Institute
of Medical Biology (nos. IMB2013YB01, 2014IMB01ZD,
and 33320140083), the Special Funds for High-Level Health
and Family Planning Technical Personnel training of Yunnan
Province (nos. D-201608 and D-201653), and the Talents
Project of Yunnan Province (no. 2017HB068).

Supplementary Materials

Table S1: Profile of differentially expressed proteins.
(Supplementary Materials)

References

[1] A. Al-Awar, K. Kupai, M. Veszelka et al., “Experimental diabe-
tes mellitus in different animal models,” Journal of Diabetes
Research, vol. 2016, Article ID 9051426, 12 pages, 2016.

[2] O. R. Temneanu, L. M. Trandafir, and M. R. Purcarea, “Type 2
diabetes mellitus in children and adolescents: a relatively new
clinical problemwithin pediatric practice,” Journal of Medicine
and Life, vol. 9, no. 3, pp. 235–239, 2016.

[3] T. P. Solomon, S. N. Sistrun, R. K. Krishnan et al., “Exercise
and diet enhance fat oxidation and reduce insulin resistance
in older obese adults,” Journal of Applied Physiology, vol. 104,
no. 5, pp. 1313–1319, 2008.

[4] N. A. Calcutt, M. E. Cooper, T. S. Kern, and A. M. Schmidt,
“Therapies for hyperglycaemia-induced diabetic complica-
tions: from animal models to clinical trials,” Nature Reviews
Drug Discovery, vol. 8, no. 5, pp. 417–430, 2009.

[5] A. A. Korish, “The antidiabetic action of camel milk in exper-
imental type 2 diabetes mellitus: an overview on the changes in
incretin hormones, insulin resistance, and inflammatory cyto-
kines,” Hormone and Metabolic Research, vol. 46, no. 6,
pp. 404–411, 2014.

[6] K. Dong, H. Ni, M. Wu, Z. Tang, M. Halim, and D. Shi, “ROS-
mediated glucose metabolic reprogram induces insulin

resistance in type 2 diabetes,” Biochemical and Biophysical
Research Communications, vol. 476, no. 4, pp. 204–211, 2016.

[7] C. C. Sestile, J. C. Maraschin, M. P. Rangel, R. K. Cuman, and
E. A. Audi, “Antidepressant-like effect of insulin in
streptozotocin-induced type 2 diabetes mellitus rats,” Basic &
Clinical Pharmacology & Toxicology, vol. 119, no. 3, pp. 243–
248, 2016.

[8] J. Dong, H. Xu, H. Xu et al., “Nesfatin-1 stimulates fatty-acid
oxidation by activating AMP-activated protein kinase in
STZ-induced type 2 diabetic mice,” PLoS One, vol. 8, no. 12,
article e83397, 2013.

[9] S. Y. Lu, S. D. Qi, Y. Zhao et al., “Type 2 diabetes mellitus non-
genetic rhesus monkey model induced by high fat and high
sucrose diet,” Experimental and Clinical Endocrinology &
Diabetes, vol. 123, no. 1, pp. 19–26, 2015.

[10] E. Lopez-Villar, G. A. Martos-Moreno, J. A. Chowen,
S. Okada, J. J. Kopchick, and J. Argente, “A proteomic
approach to obesity and type 2 diabetes,” Journal of Cellular
and Molecular Medicine, vol. 19, no. 7, pp. 1455–1470,
2015.

[11] Y. Ma, C. Yang, Y. Tao, H. Zhou, and Y. Wang, “Recent
technological developments in proteomics shed new light on
translational research on diabetic microangiopathy,” The FEBS
Journal, vol. 280, no. 22, pp. 5668–5681, 2013.

[12] M. Murri, M. Insenser, M. Luque, F. J. Tinahones, and H. F.
Escobar-Morreale, “Proteomic analysis of adipose tissue:
informing diabetes research,” Expert Review of Proteomics,
vol. 11, no. 4, pp. 491–502, 2014.

[13] K. Oh, D. Lee, W. Kim, B. S. Han, S. C. Lee, and K. H. Bae,
“Metabolic adaptation in obesity and type II diabetes: myo-
kines, adipokines and hepatokines,” International Journal of
Molecular Sciences, vol. 18, no. 1, p. 8, 2017.

[14] N. Stefan and H. U. Haring, “The role of hepatokines in
metabolism,” Nature Reviews Endocrinology, vol. 9, no. 3,
pp. 144–152, 2013.

[15] E. Bartoli, G. P. Fra, and S. G. Carnevale, “The oral glucose
tolerance test (OGTT) revisited,” European Journal of Internal
Medicine, vol. 22, no. 1, pp. 8–12, 2011.

[16] E. H. Leiter, “Selecting the “right” mouse model for metabolic
syndrome and type 2 diabetes research,”Methods in Molecular
Biology, vol. 560, pp. 1–17, 2009.

[17] D. S. Paul, F. S. Walton, R. J. Saunders, and M. Styblo, “Char-
acterization of the impaired glucose homeostasis produced in
C57BL/6 mice by chronic exposure to arsenic and high-fat
diet,” Environmental Health Perspectives, vol. 119, no. 8,
pp. 1104–1109, 2011.

[18] T. Priego, J. Sanchez, P. Oliver, A. Palou, and C. Pico, “Sex-
dependent changes of hypothalamic neuropeptides in
response to a prolonged high-fat diet,” Genes & Nutrition,
vol. 2, no. 1, pp. 127-128, 2007.

[19] L. D. Pound, P. Kievit, and K. L. Grove, “The nonhuman
primate as a model for type 2 diabetes,” Current Opinion in
Endocrinology, Diabetes, and Obesity, vol. 21, no. 2, pp. 89–
94, 2014.

[20] C. Loureiro, A. Martinez-Aguayo, C. Campino, C. Carvajal,
C. Fardella, and H. García, “Hepatic steatosis as diabetes type
2 predictor,” Nutrición Hospitalaria, vol. 29, no. 2, pp. 350–
358, 2014.

[21] Y. P. Zhou and V. E. Grill, “Long-term exposure of rat pancre-
atic islets to fatty acids inhibits glucose-induced insulin secre-
tion and biosynthesis through a glucose fatty acid cycle,” The

8 Journal of Diabetes Research

http://downloads.hindawi.com/journals/jdr/2017/3601708.f1.xlsx


Journal of Clinical Investigation, vol. 93, no. 2, pp. 870–876,
1994.

[22] J. J. Milburn, H. Hirose, Y. H. Lee et al., “Pancreatic β-cells in
obesity. Evidence for induction of functional, morphologic,
and metabolic abnormalities by increased long chain fatty
acids,” The Journal of Biological Chemistry, vol. 270, no. 3,
pp. 1295–1299, 1995.

[23] A. Kotronen, L. Juurinen, M. Tiikkainen, S. Vehkavaara, and
H. Yki-Jarvinen, “Increased liver fat, impaired insulin clear-
ance, and hepatic and adipose tissue insulin resistance in type
2 diabetes,” Gastroenterology, vol. 135, no. 1, pp. 122–130,
2008.

[24] A. Gastaldelli, K. Cusi, M. Pettiti et al., “Relationship between
hepatic/visceral fat and hepatic insulin resistance in nondia-
betic and type 2 diabetic subjects,” Gastroenterology, vol. 133,
no. 2, pp. 496–506, 2007.

[25] I. A. Leclercq, S. M. A. Da, B. Schroyen, N. Van Hul, and
A. Geerts, “Insulin resistance in hepatocytes and sinusoidal
liver cells: mechanisms and consequences,” Journal of Hepatol-
ogy, vol. 47, no. 1, pp. 142–156, 2007.

[26] H. Han, C. Hu, L. Wang et al., “Duodenal-jejunal bypass
surgery suppresses hepatic de novo lipogenesis and alleviates
liver fat accumulation in a diabetic rat model,”Obesity Surgery,
vol. 24, no. 12, pp. 2152–2160, 2014.

[27] J. R. Bain, R. D. Stevens, B. R. Wenner, O. Ilkayeva, D. M.
Muoio, and C. B. Newgard, “Metabolomics applied to diabetes
research: moving from information to knowledge,” Diabetes,
vol. 58, no. 11, pp. 2429–2443, 2009.

[28] T. J. Wang, M. G. Larson, R. S. Vasan et al., “Metabolite
profiles and the risk of developing diabetes,” Nature Medicine,
vol. 17, no. 4, pp. 448–453, 2011.

[29] K. Nagao and M. Yamakado, “The role of amino acid profiles
in diabetes risk assessment,” Current Opinion in Clinical
Nutrition and Metabolic Care, vol. 19, no. 5, pp. 328–335,
2016.

[30] N. Le Floc’h, W. Otten, and E. Merlot, “Tryptophan metabo-
lism, from nutrition to potential therapeutic applications,”
Amino Acids, vol. 41, no. 5, pp. 1195–1205, 2011.

[31] T. Chen, X. Zheng, X. Ma et al., “Tryptophan predicts the risk
for future type 2 diabetes,” PLoS One, vol. 11, no. 9, article
e162192, 2016.

[32] J. M. Mudry, P. S. Alm, S. Erhardt et al., “Direct effects of exer-
cise on kynurenine metabolism in people with normal glucose
tolerance or type 2 diabetes,” Diabetes/Metabolism Research
and Reviews, vol. 32, no. 7, pp. 754–761, 2016.

[33] A. Cappelli, S. Silvestri, S. Tumini et al., “A new de novo muta-
tion in the GCK gene causingMODY2,”Diabetes Research and
Clinical Practice, vol. 93, no. 1, pp. e41–e43, 2011.

[34] R. A. Haeusler, S. Camastra, B. Astiarraga, M. Nannipieri,
M. Anselmino, and E. Ferrannini, “Decreased expression of
hepatic glucokinase in type 2 diabetes,”Molecular Metabolism,
vol. 4, no. 3, pp. 222–226, 2015.

[35] J. F. Caro, S. Triester, V. K. Patel, E. B. Tapscott, N. L. Frazier,
and G. L. Dohm, “Liver glucokinase: decreased activity in
patients with type II diabetes,” Hormone and Metabolic
Research, vol. 27, no. 01, pp. 19–22, 1995.

[36] J. N. Clore, J. Stillman, and H. Sugerman, “Glucose-6-
phosphatase flux in vitro is increased in type 2 diabetes,”
Diabetes, vol. 49, no. 6, pp. 969–974, 2000.

[37] S. Jha, S. Siddiqui, S. Waghdhare et al., “Identification of a
novel glucokinase mutation in an Indian woman with GCK-

MODY,” Lancet Diabetes & Endocrinology, vol. 4, no. 4,
p. 302, 2016.

[38] M. A. Navas, M. Galan, O. Vincent et al., “Gene symbol: GCK.
Disease: diabetes, MODY,” Human Genetics, vol. 119, no. 3,
p. 363, 2006.

[39] L. Agius, “Glucokinase and molecular aspects of liver glycogen
metabolism,” The Biochemical Journal, vol. 414, no. 1,
pp. 1–18, 2008.

[40] L. Tang, H. Ye, Q. Hong et al., “Elevated CpG island methyla-
tion of GCK gene predicts the risk of type 2 diabetes in Chinese
males,” Gene, vol. 547, no. 2, pp. 329–333, 2014.

[41] M. Bello-Perez, A. Falco, R. Medina et al., “Structure and
functionalities of the human c-reactive protein compared to
the zebrafish multigene family of c-reactive-like proteins,”
Developmental and Comparative Immunology, vol. 69,
pp. 33–40, 2017.

[42] M. S. Al-Zahrani, B. M. Abozor, and K. H. Zawawi, “The
relationship between periapical lesions and the serum levels
of glycosylated hemoglobin and C-reactive protein in type 2
diabetic patients,” Saudi Medical Journal, vol. 38, no. 1,
pp. 36–40, 2017.

[43] S. M. Lima, D. C. Grisi, E. M. Kogawa et al., “Diabetes mellitus
and inflammatory pulpal and periapical disease: a review,”
International Endodontic Journal, vol. 46, no. 8, pp. 700–709,
2013.

[44] A. Dehghan, I. Kardys, M. P. de Maat et al., “Genetic variation,
C-reactive protein levels, and incidence of diabetes,” Diabetes,
vol. 56, no. 3, pp. 872–878, 2007.

[45] A. Pan, Y. Wang, J. M. Yuan, and W. P. Koh, “High-sensi-
tive C-reactive protein and risk of incident type 2 diabetes:
a case-control study nested within the Singapore Chinese
Health Study,” BMC Endocrine Disorders, vol. 17, no. 1,
p. 8, 2017.

[46] J. Kasznicki, A. Sliwinska, M. Kosmalski, A. Merecz,
I. Majsterek, and J. Drzewoski, “Genetic polymorphisms
(Pro197Leu of Gpx1, +35A/C of SOD1, −262C/T of CAT),
the level of antioxidant proteins (GPx1, SOD1, CAT) and the
risk of distal symmetric polyneuropathy in Polish patients with
type 2 diabetes mellitus,” Advances in Medical Sciences, vol. 61,
no. 1, pp. 123–129, 2016.

[47] A. Ozkul, M. Ayhan, C. Yenisey, A. Akyol, E. Guney, and F. A.
Ergin, “The role of oxidative stress and endothelial injury in
diabetic neuropathy and neuropathic pain,”Neuro Endocrinol-
ogy Letters, vol. 31, no. 2, pp. 261–264, 2010.

[48] M. H. Ghattas and D. M. Abo-Elmatty, “Association of
polymorphic markers of the catalase and superoxide dismut-
ase genes with type 2 diabetes mellitus,” DNA and Cell Biology,
vol. 31, no. 11, pp. 1598–1603, 2012.

[49] A. Xu, Y. Wang, J. Y. Xu et al., “Adipocyte fatty acid-binding
protein is a plasma biomarker closely associated with obesity
and metabolic syndrome,” Clinical Chemistry, vol. 52, no. 3,
pp. 405–413, 2006.

[50] M. Furuhashi, S. Saitoh, K. Shimamoto, and T. Miura, “Fatty
acid-binding. Protein 4 (FABP4): pathophysiological insights
and potent clinical biomarker of metabolic and cardiovascu-
lar diseases,” Clinical Medicine Insights Cardiology, vol. 8,
Supplement 3, pp. 23–33, 2014.

[51] K. T. Uysal, L. Scheja, S. M. Wiesbrock, S. Bonner-Weir, and
G. K. Hotamisligil, “Improved glucose and lipid metabolism
in genetically obese mice lacking aP2,” Endocrinology, vol. 141,
no. 9, pp. 3388–3396, 2000.

9Journal of Diabetes Research



[52] A. Cabre, I. Lazaro, J. Girona et al., “Fatty acid binding protein 4
is increased in metabolic syndrome and with thiazolidinedione
treatment in diabetic patients,” Atherosclerosis, vol. 195, no. 1,
pp. e150–e158, 2007.

[53] D. Su, C. L. Zhang, Y. C. Gao et al., “Gene expression and
correlation of pten and fabp4 in liver, muscle, and adipose
tissues of type 2 diabetes rats,” Medical Science Monitor,
vol. 21, pp. 3616–3621, 2015.

[54] G. A. Gomez, R. M. Rivera, A. C. Gomez, O. D. Rodriguez, and
A. C. Alvarez, “Myeloperoxidase is associated with insulin
resistance and inflammation in overweight subjects with
first-degree relatives with type 2 diabetes mellitus,” Diabetes
and Metabolism Journal, vol. 39, no. 1, pp. 59–65, 2015.

[55] M. T. Marin, P. S. Dasari, J. B. Tryggestad, C. E. Aston, A. M.
Teague, and K. R. Short, “Oxidized HDL and LDL in adoles-
cents with type 2 diabetes compared to normal weight and
obese peers,” Journal of Diabetes and its Complications,
vol. 29, no. 5, pp. 679–685, 2015.

[56] M. Kone, T. J. Pullen, G. Sun et al., “LKB1 and AMPK differ-
entially regulate pancreatic beta-cell identity,” The FASEB
Journal, vol. 28, no. 11, pp. 4972–4985, 2014.

[57] E. K. Ainscow, C. Zhao, and G. A. Rutter, “Acute overexpres-
sion of lactate dehydrogenase-A perturbs beta-cell mitochon-
drial metabolism and insulin secretion,” Diabetes, vol. 49,
no. 7, pp. 1149–1155, 2000.

10 Journal of Diabetes Research



Submit your manuscripts at
https://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


