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A Protein Profile of Visceral Adipose Tissues
Linked to Early Pathogenesis of Type 2

Diabetes Mellitus*=

Su-Jin Kim1§1], Sehyun Chae||, Hokeun Kimzt, Dong-Gi Munt, Seunghoon Backt,
Hye Yeon Choi**, Kyong Soo Parki$, Daehee Hwang§|§§, Sung Hee Choi**§§,

and Sang-Won Lee1§§

Adipose tissue is increasingly recognized as an endocrine
organ playing important pathophysiological roles in met-
abolic abnormalities, such as obesity, cardiovascular dis-
ease, and type 2 diabetes mellitus (T2DM). In particular,
visceral adipose tissue (VAT), as opposed to subcutane-
ous adipose tissue, is closely linked to the pathogenesis
of insulin resistance and T2DM. Despite the importance of
VAT, its molecular signatures related to the pathogenesis
of T2DM have not been systematically explored. Here, we
present comprehensive proteomic analysis of VATs in
drug-naive early T2DM patients and subjects with normal
glucose tolerance. A total of 4,707 proteins were identified
in LC-MS/MS experiments. Among them, 444 increased in
abundance in T2DM and 328 decreased. They are involved
in T2DM-related processes including inflammatory re-
sponses, peroxisome proliferator-activated receptor sig-
naling, oxidative phosphorylation, fatty acid oxidation,
and glucose metabolism. Of these proteins, we selected
11 VAT proteins that can represent alteration in early
T2DM patients. Among them, up-regulation of FABP4,
C1QA, S100A8, and SORBS1 and down-regulation of
ACADL and PLIN4 were confirmed in VAT samples of
independent early T2DM patients using Western blot. In
summary, our profiling provided a comprehensive basis
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Adipose tissue is a complex endocrine organ in which
mature adipocytes coexist with connective tissue matrix, im-
mune cells, the stromal vascular fraction of cells, and blood
vessels (1, 2). The different fat depots, such as visceral adi-
pose tissue (VAT)! and subcutaneous adipose tissue (SAT),
release different types of adipokines and have distinct re-
sponses to hormones or mitochondrial density (3-5). In par-
ticular, VATs located in intra-abdominal cavities and around
internal organs (1, 4, 6) release adipokines and free fatty acids
(5, 7-9), thereby influencing the physiology of other organs
(e.g. liver, pancreas, brain, or muscle). For example, the adi-
pokines released from VATSs regulate lipid metabolism in liver
(10, 11). Thus, alterations in VATs lead to metabolic disorders
with systemic inflammation, including atherosclerosis, obe-
sity, dyslipidemia, cardiovascular disease, insulin resistance,
type 2 diabetes mellitus (T2DM), and hypertension (7, 8,
12-15).

In patients with T2DM, the accumulation of visceral fat has
been reported to have a high correlation with peripheral insu-
lin resistance, especially hepatic insulin resistance (13, 16).
Moreover, higher amounts of VATs are commonly observed in
patients with metabolic diseases and other ectopic fat depo-
sition (13, 17). The alteration in the metabolic milieu and
adipokine secretion of VATs in patients with insulin resistance

" The abbreviations used are: VAT, visceral adipose tissue; T2DM,
type 2 diabetes mellitus; NGT, normal glucose tolerance; SAT, sub-
cutaneous adipose tissue; SNUBH, Seoul National University Bun-
dang Hospital; IPE-MMR, integrated post-experiment monoisotopic
mass refinement; UMC, unique mass class; AMT DB, accurate mass
and time tag database; NET, normalized elution time; FDR, false
discovery rate; DEP, differentially expressed protein; GO, Gene On-
tology; GOBP, Gene Ontology biological process; S100A, S100 cal-
cium binding protein A; C1QA, complement component 1, g subcom-
ponent, A chain; SORBS1, sorbin and SH3 domain containing 1;
ACADL, acyl-CoA dehydrogenase, long chain; FABP4, fatty acid
binding protein 4; PLIN, perilipin; ECM, extracellular matrix.
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and T2DM relative to healthy controls has been considered as
important pathophysiology for developing T2DM and cardio-
vascular disease (13, 15). Thus, these data suggest that VATs
can serve as a key target organ from which novel molecules or
pathways linked to the pathogenesis of T2DM, cardiovascular
disease, or obesity can be identified.

The search for novel proteins or pathways linked to com-
plex human diseases has been facilitated by the use of pro-
teomic technologies. Several proteomic studies have pro-
vided global proteome profiles of tissue and serum samples
from T2DM patients or mouse models and identified protein
profiles associated with the pathogenesis of T2DM (18-22).
For example, Li et al. (18) identified 68 proteins elevated in the
sera of T2DM patients and found that the complement system
is significantly associated with T2DM. Among the 68 proteins,
they further validated ficolin-3, an upstream activator of the
complement pathway, in independent samples. In the case of
adipose cells or tissues, Adachi et al. (23) identified 3,287 pro-
teins from mouse 3T3-L1 adipocytes, and Xie et al. (24) identi-
fied 1,493 proteins from abdominal SATs of three healthy indi-
viduals. These studies showed that these proteomes are
involved in adipose functions that can thus serve as useful
resources for various studies of adipose-related diseases. How-
ever, these proteomes were measured from adipose cells and
SATs under nonpathogenic conditions. Comprehensive pro-
teomes of VATs in T2DM patients and subjects with normal
glucose tolerance (NGT), as well as comparative analysis of
proteomes between subjects with T2DM and NGT, have not
been systematically explored in terms of the molecular signa-
tures related to the pathogenesis of T2DM.

Here, we have undertaken an extensive proteome profiling
of VATs obtained from drug-naive early T2DM patients (dura-
tion of diagnosis of diabetes within 5 years) and subjects with
NGT. In this study, we analyzed whole VATs, including adi-
pocytes and vessel and inflammatory cells, after carefully
removing blood, to produce the data representing cross-talk
among these cells during the development of T2DM-related
alteration in VATs. A sample preparation method utilizing filter-
aided sample preparation (25) that incorporated prior removal of
the lipid layer was used to improve the extraction of proteins
from VATs with high lipid contents. Furthermore, the use of
ultra-high-pressure nano-LC-MS/MS coupled with extensive
fractionation generated a comprehensive proteome of VATs,
including 22,250 peptides of 4,707 proteins. From among them,
we selected hundreds of differentially expressed proteins in
VATs of T2DM patients that are involved in T2DM-related pro-
cesses. Finally, of these proteins, we selected six proteins in-
dicative of early pathogenesis of T2DM in VATSs.

EXPERIMENTAL PROCEDURES

Patient Enrollment and Sample Collection—We collected two in-
dependent sets of whole VATs from T2DM and healthy subjects who
underwent elective abdominal surgery in Seoul National University
Bundang Hospital (SNUBH). The first set of five T2DM patients and
six healthy subjects was used for the proteome profiling (supplemen-

tal Fig. S1). We enrolled T2DM patients who had been diagnosed with
diabetes within the past 5 years based on American Diabetes Asso-
ciation criteria (26) and had undergone only lifestyle modification,
without taking antidiabetic medication (drug naive). They showed
normal body mass index values (<25 kg/m?) and had no past history
of major adverse cardiovascular events, acute inflammatory diseases,
or cancer. We excluded drug-naive subjects with uncontrolled diabe-
tes showing hemoglobin A1c > 8%. The control group with NGT was
enrolled based on the same American Diabetes Association criteria.
They were also confirmed by means of a 75-g oral glucose tolerance
test and were age and sex matched. To confirm the validity of the
selected proteins by Western blotting, we assembled a second test
set that comprised 10 T2DM patients and 10 individuals with NGT
who had undergone elective cholecystectomy and thoracic surgery in
SNUBH. Informed consent was obtained from all subjects. This study
was conducted according to the Declaration of Helsinki and was
approved by ethics committees of SNUBH (SNUBH IRB#B-1203/
147-006, #A111218-CP02). The clinical characteristics of all enrolled
patients for proteome profiling and for confirming candidate proteins
are described in supplemental Table S1.

Homogenization and Protein Extraction—Fat samples from surgery
were immediately sent to our laboratory, where they were washed
three times in phosphate-buffered saline (PBS) solution to remove
blood clots and stored in a —80 °C refrigerator. Surgeons intended to
collect VATs from the same area when possible, and these samples
were mostly omental fat from close to the transverse colon. Frozen
VATs were slowly thawed in ice for the next step and then very
carefully and gently washed in ice-cold PBS to remove excessive
blood contamination. Fat tissues were minced with scissors into small
pieces, collected in test tubes, transferred to FastPrep tubes contain-
ing mini beads, and homogenized in 0.1 m Tris-HCI (pH 7.6) by a
FastPrep beater (Bio101Savant, Carlsbad, CA) until there were no
tissue pieces. The lysate was transferred to a new tube and centri-
fuged at 14,0009 for 15 min at 4 °C, and the rest (the floating mature
adipocytes and the stromal vascular fraction cell pellet) except the
lipid portion on the top was carefully recovered (27, 28). Removal of
the lipid layer was very important, as it interferes with protein solubi-
lization and the subsequent separation of proteins from lipid (29, 30).
The lysate was transferred to a new tube, and the protein concentra-
tion was determined using a BCA protein assay (Pierce, Rockford, IL)
and bovine serum albumin (Pierce) as a standard protein for the
assay. No depletion of abundant proteins was attempted.

Enzymatic Digestion—Peptide samples were prepared via filter-
aided sample preparation (25), with certain steps slightly modified to
improve protein extraction. Briefly, 100 nug of protein lysate was
reduced in 100 wl of SDT (4% SDS and 0.1 m DTT in 0.1 m Tris-HClI,
pH 7.6) for 45 min at 37 °C and then boiled for 10 min to increase
denaturation. After the protein lysate in 100 ul of SDT had been mixed
with 200 ul of 8 M urea in a Microcon filter (YM-30, Millipore Corpo-
ration, Bedford, MA), the filter was centrifuged at 14,000g at 20 °C for
60 min. All centrifugation steps were performed at 20 °C. To remove
residual SDS, 200 wl of 8 m urea in 0.1 m Tris-HCI (pH 8.5) was added
to the filter before the filter was centrifuged at 14,0009 (X2). Subse-
quently, 100 ul of 50 mm iodoacetamide in 8 M urea in 0.1 M Tris-HCI
was added to the concentrate for alkylation for 25 min at 25 °C in the
dark, and this was followed by centrifugation at 14,000g for 30 min to
remove the alkylation reagent. The resulting sample was rinsed again
with 200 ul of 8 m urea in 0.1 m Tris-HCI. Finally, urea buffer was
exchanged by adding and centrifuging 100 ul of 50 mm NH,HCO; at
14,000g for 40 min (X2). The protein sample was subjected to pro-
teolytic digestion using trypsin (1:50 enzyme-to-protein ratio (w/w),
Promega, Madison, WI) and 0.1% (w/v) RapiGest (Waters, Milford,
MA) (28, 31) in 50 mm NH,HCO; with initial mixing at 600 rpm in a
thermomixer (Eppendorf, Hamburg, Germany) for 1 min at 37 °C and

812

Molecular & Cellular Proteomics 13.3


https://doi.org/10.1074/mcp.M113.035501
https://doi.org/10.1074/mcp.M113.035501
https://doi.org/10.1074/mcp.M113.035501

A Protein Profile of VATs Linked to Pathogenesis of T2DM

overnight digestion without agitation. After the first digestion, a sec-
ond trypsin digestion (1:100 enzyme-to-protein ratio) was carried out
for 6 h. The digested peptides were eluted from the filter via centri-
fugation at 14,000g for 30 min, the filter was rinsed with 60 ul of 50
mmM NH,HCO; and centrifuged at 14,000g for 20 min, and the flow-
through was mixed with the first eluent. The eluent was treated with
5 ul of formic acid, incubated for 45 min at 37 °C, and then centri-
fuged at 14,000g for 10 min to remove the RapiGest reagent. The
supernatant was transferred to a new tube and dried completely using
a SpeedVac concentrator (Thermo, San Jose, CA). Dried peptides
were stored at —80 °C.

Isoelectric Focusing of Peptides—10 ug of each of 10 fat peptide
samples (5 NGT and 5 T2DM) were collected and then pooled (total =
100 wg). The pooled sample was divided into 26 fractions using a
3100 OFFGEL Fractionator (Agilent Technologies, Santa Clara, CA)
(32). Briefly, a 24-cm-long immobilized pH gradient gel strip (pH 3-10,
GE Healthcare Life Sciences) was rehydrated for 15 min with the
addition of 25 ul of rehydration solution to each well of a 24-well tray.
The 100 pg of pooled peptides was dissolved in 0.72 ml of distilled
water. The peptide solution was mixed with 2.88 ml of OFFGEL stock
solution, and 150 ul of the total of 3.6 ml was load into each of 24
wells. The peptide sample was focused at 20 °C with a maximum
current of 50 pA, and the voltage range was from 500 to 8,000 V until
reaching 50 kVh. After the focusing, the peptides were recovered from
the 24 wells. We also collected peptides from both the anode end
(consisting of peptides having pl values less than 3) and the cathode
end (consisting of peptides having pl values greater than 10). Thus, 26
fractions were prepared in total. Glycerol was removed by desalting in
a spin column (Harvard Apparatus, Holliston, MA) before each of the
fractionated peptides was vacuum-dried. Dried peptides were stored
at —80 °C.

LC-MS/MS Experiments—A total of 59 LC-MS/MS datasets from
normal, diabetes mellitus, and OFFGEL fractions of pooled samples
were separated using a modified version of the nanoACQUITY UPLC
(NanoA, Waters, Milford, MA) system (33). An analytical column (75
um inner diameter X 360 um outer diameter X 70 cm length) was
manufactured in-house by acetonitrile slurry packing a fused-silica
capillary (Polymicro Technologies, Phoenix, AZ) with C18 materials (3
um diameter, 300 A pore size; Jupiter, Phenomenex, Torrance, CA).
The solid phase extraction column was prepared by packing the same
C18 materials into the 1-cm-long liner (250 um inner diameter) of an
internal reducer (1/16 inch to 1/32 inch, VICI, Houston, TX). The
column temperature was set at 50 °C using a semi-rigid gasline
heater (1/4-inch inner diameter, 60-cm length, WATLOW, St. Louis,
MO.) (34). For 26 OFFGEL fraction samples, the LC separation gra-
dient was 98% solvent A (0.1% formic acid in H,O) for 5 min, 2% to
50% solvent B (0.1% formic acid in 99.9% acetonitrile) in 115 min,
50% to 80% solvent B in 10 min, and 80% solvent B in 10 min. For
the triplicate LC-MS/MS experiments on the unfractionated individual
samples, the LC gradient was 98% solvent A (0.1% formic acid in
H,0) for 5 min, 2% to 50% solvent B (0.1% formic acid in 99.9%
acetonitrile) in 235 min, 50% to 80% solvent B in 10 min, and 80%
solvent B in 10 min. The flow rate of the mobile phase was set at 400
nl/min. A 7-tesla Fourier transform ion cyclotron resonance mass
spectrometer (LTQ-FT, Thermo Electron, San Jose, CA) was used to
collect the mass spectra. The eluted peptides from the LC were
ionized at an electrospray potential of 2.0 kV. The electrospray ioni-
zation emitter was manufactured by chemical etching of a fused-silica
capillary emitter (20 wm inner diameter X 150 wm outer diameter) (35).
The temperature of the desolvation capillary was set at 250 °C. MS
precursor ion scans (m/z 500-2,000) were acquired in a full-profile
mode with an automatic gain control target value of 1 X 10°, a mass
resolution of 1 X 10°, and a maximum ion accumulation time of 500
ms. The mass spectrometer was operated in data-dependent tandem

MS mode; the seven most abundant ions detected in a precursor MS
scan were dynamically selected for MS/MS experiments incorporat-
ing a dynamic exclusion option (exclusion mass width low, 1.10 Th;
exclusion mass width high, 2.10 Th; exclusion list size, 120; exclusion
duration, 30 s) to prevent reacquisition of MS/MS spectra of the same
peptides. Collision-induced dissociations of the precursor ions were
performed in an ion trap (LTQ) with the collisional energy and isolation
width set to 35% and 3 Th, respectively. The Xcalibur software
package (v. 2.0 SR2, Thermo Electron) was used to construct the
experimental methods.

Database Search for Peptide Identification—The integrated post-
experiment monoisotopic mass refinement ((PE-MMR) method was
used to process the LC-MS/MS data and was previously demon-
strated to accurately assign precursor masses to tandem mass spec-
trometric data before a subsequent protein database search (36).
Briefly, DeconMSn (37) was used to generate MS/MS data (DTA files)
whose precursor masses were further corrected and refined through
PE-MMR (38). The resultant mass-refined DTA files were subjected to
multivariate mass error correction using DtaRefinery (39, 40). The
resultant MS/MS data after /PE-MMR processes were searched
against a composite target-decoy database that contains human data
(IPI v. 3.86, 91,550 entries) and its reversed complements using the
SORCERER™-SEQUEST (v. 3.5) search algorithm (Sage-N Re-
search, Milpitas, CA). The searches were performed allowing for
semi-tryptic peptides, and the maximum allowable number of missed
cleavages was 3. The mass tolerance was 10 ppm for precursor ions
and 1 Da for fragment ions. The carbamidomethylation of cysteine
(57.021460 Da) was used as a static modification. Variable modifica-
tion options were used for the oxidation of methionine (15.994920 Da)
and the carbamylation of N-terminal sites (43.005810 Da). The search
results were filtered using an estimated false discovery rate (FDR).
The FDR of peptide assignments was estimated through a composite
target-decoy database search. The values of Xcorr and the ACn
threshold for the 1% FDR were used to obtain peptide I.D.s (41).

Assigning MS Intensity to Peptide Identification—An MS intensity-
based label-free quantitation method was applied to adipose tissue
LC-MS/MS data (33 LC-MS/MS data) as described previously (41).
Briefly, during PE-MMR analysis, MS features of a peptide that
emerged over a period of LC elution time in an LC-MS/MS experiment
were grouped into a unique mass class (UMC) (38). Each UMC
contained all mass spectral features of a peptide, such as charge
states, abundances (intensity), scan numbers, and measured
monoisotopic masses. Ideally, a peptide is represented by a UMC.
For each UMC, the UMC mass was calculated as the intensity-
weighted average of the monoisotopic masses of all the UMC com-
ponents, and the abundance summation of all mass spectral compo-
nents of the UMC (UMC intensity) was calculated to represent the
experimental peptide abundance. During PE-MMR analysis, the pre-
cursor masses of the MS/MS spectra (or DTA files) were searched for
matches with UMC masses and were replaced by the UMC masses
when a match was found. In this process, DTA information was linked
to the matched UMC. When the linked DTA file resulted in a peptide
sequence with a false positive rate of 1% after SEQUEST searching
and target-decoy analysis, the peptide I.D. was recorded in the UMC
and the UMC intensity was assigned to the peptide I.D. In this study,
normalized elution time (NET) prediction was used to calculate the
NETs of the identified UMCs in order to minimize the LC elution time
variance of the same peptide across the different LC/MS runs (42).

Construction and Utilization of VAT Master Accurate Mass and
Time Tag Database — Information about UMCs with peptide I.D.s from
59 LC-MS/MS data (triplicate LC-MS/MS experiments of 11 samples
and 26 LC-MS/MS experiments of OFFGEL fractionations) was com-
piled into the master accurate mass and time tag (AMT) database (DB)
(Oracle Database 10g Enterprise Edition, Release 10.2.0.1.0; Fig. 1A).
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It is an assembly of AMTs, which are unique peptide sequences
whose monoisotopic mass and NET are experimentally determined.
When peptides were measured multiple times, the average mass and
the median NET were recorded for each AMT.

Due to undersampling of the current proteomic analysis platform, a
large portion of UMCs from an LC-MS/MS experiment was not iden-
tified in MS/MS experiments and protein database searches. For
example, from an individual LC-MS/MS dataset, 87,937 UMCs were
measured in MS spectra, and 4,618 of them (approximately 5.3%)
were identified by protein database search (identified UMCs; Fig. 1B,
right top). Peptide ions that were detected in MS scan but with no
chance of MS/MS analysis or ions that had undergone fragmenta-
tion but with low quality are the main causes of such unidentified
UMCs. To assign peptide I.D.s to unidentified UMCs, they were
matched to the master AMT DB under mass and NET tolerances
(i.e. =10 ppm, *0.025 NET each; Fig. 1B, right bottom). This
process of assigning peptide I.D.s to unidentified UMCs resulted in
6,182 additional UMCs identified by the master AMT DB informa-
tion, making the total number of UMCs with peptide I.D. assign-
ments 10,800 (assigned UMCs).

Alignment of Identified Peptides— After the unidentified UMCs had
been assigned with the information from the master AMT DB, the
resultant assigned UMCs from the 33 LC-MS/MS datasets (i.e. trip-
licate LC-MS/MS datasets of 11 individual VAT peptide samples)
were combined into an alignment table in which each row contained
the peptide I.D.s with their corresponding UMC sum intensities from
each LC-MS/MS experiment. Quantile normalization of the aligned
data was performed to correct the variation in peptide abundance (43)
due to variations in the injection amount, and median abundance
values of triplicates were obtained. For evaluation of the data repro-
ducibility, similarity scores of two LC-MS/MS runs were measured
based on the overlap of detected peptides and their intensity values,
as previously described (supplemental Fig. S2) (44). Quantified pep-
tides were rolled up to protein inference by means of bipartite graph
analysis (45). The representative protein of each protein group after
bipartite graph analysis was set as the protein with the maximum
number of unique peptides mapped to a single protein. If two or more
proteins in one group had the same number of unique peptides, then
the protein with the higher sequence coverage was considered as the
representative protein.

Identification of Differentially Expressed Proteins—The intensities
of the 22,250 aligned peptides (supplemental Table S2) were normal-
ized using the quantile normalization method (43). From peptide in-
tensities, the relative abundances of corresponding proteins were
computed using a linear-programming formulation as described by
Dost et al. (46). From among the quantified proteins, we selected
proteins with at least two nonredundant peptides detected. To iden-
tify differentially expressed proteins (DEPs), a log, median ratio test
was performed to compute the significance of log, median ratios for
all the proteins (47). An empirical distribution of the null hypothesis
(i.e. that a protein is not differentially expressed) was estimated by
performing hundreds of random permutations of samples and then
applying the Gaussian kernel density estimation method to log, me-
dian ratios resulting from the random permutations (48). FDRs were
then computed using the Storey method (49). The DEPs were iden-
tified as the ones with an FDR = 0.05 (absolute log, fold-changes
larger than 1.16, the mean of the 0.25th and 97.5th percentiles of the
null distribution).

Enrichment Analysis of GO Biological Processes—Functional en-
richment analysis of DEPs was performed using DAVID software (50).
GO biological processes enriched by the DEPs were identified as
those with p < 0.05. We used the p values provided in DAVID.

Reconstruction of Network Model—To reconstruct a network
model for DEPs, we first selected a subset of DEPs belonging to GO

biological process terms enriched by DEPs and collected their
protein—protein interactions from MetaCore™ and four protein—-
protein interactome databases: BIND (Biomolecular Interaction Net-
work Database) (51), HPRD (Human Protein Reference Database)
(52), BioGRID (Biological General Repository for Interaction Datasets)
(53), and MINT (Molecular INTeraction Database) (54). The initial net-
work model was built with selected DEPs and their interactions using
Cytoscape (55). To incorporate current knowledge into the network,
we added proteins involved in immune and metabolic systems and
known to contribute to the pathogenesis of metabolic diseases in
adipose tissue to the initial network. We then arranged the nodes
according to their associated GO biological processes and pathways
so that the nodes with similar functions were closely located. A group
of nodes involved in the same GO process was labeled with the
corresponding GO term.

Western Blot Analysis—For protein confirmation by Western blot,
human visceral fat tissue was homogenized in a lysis buffer (Cell
Signaling #9803, Danvers, MA) supplemented with protease inhibitors
(1 mm phenylmethylsulfonyl fluoride; 100 mm; 2 g/ml aprotinin, 2 g/ml
leupeptin). Lipids were eliminated via centrifugation of the solubilized
samples at 13,000 rpm for 30 min at 4 °C. The supernatant was
collected, and the protein concentration was checked by Bradford
assay at 595 nm. Cell lysates (50 ug) were subjected to 10% SDS-
PAGE and transferred onto nitrocellulose membranes. The mem-
branes were incubated with primary antibodies. After washing, the
blots were incubated with HRP-conjugated secondary antibodies.
The blots were developed with Amersham Biosciences solution
#RPN2232 and were exposed in a darkroom. The blots were then
quantified with Fujifilm Multi Gauge version 3.0. The list of primary
antibodies for the selected secretory proteins is summarized in sup-
plemental Table S3.

RESULTS

Comprehensive Global Profiling of VAT Proteome —We first
carefully selected drug-naive T2DM patients (n = 5) with
diabetes of a short duration (<5 years) and age- and sex-
matched subjects with NGT as a control group (see “Experi-
mental Procedures”). Enrolled subjects in this study were all
cancer free. The baseline characteristics of T2DM patients
and subjects with NGT, such as age, gender, body mass
index, disease duration, and other laboratory measures, are
summarized in supplemental Table S1. We isolated VATs from
elective abdominal surgery for the T2DM patients and normal
controls. After removing blood clots, we obtained the lysates
of the VATs, removed the lipid layer from the lysates, and then
used the filter-aided sample preparation method (25, 56) for
protein digestion (see “Experimental Procedures” for details).

To extensively profile the VAT proteome, we generated a
master AMT DB (Fig. 1). To this end, we first pooled five
normal and five T2DM samples, carried out off-gel fraction-
ation of the pooled proteome into 26 fractions, and analyzed
the fractions using ultra-high-pressure nano-LC-MS/MS (Fig.
1A). This resulted in 26 LC-MS/MS datasets (supplemental
Fig. S3). In addition, we performed triplicate experiments on
each of the VATs from five T2DM patients and six subjects
with NGT, resulting in 33 LC-MS/MS datasets (supplemental
Figs. S4 and S5). A total of 59 LC-MS/MS experiments were
used to construct a master AMT DB of the VAT proteome.
Briefly, we generated UMCs of peptide MS features from
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VAT Sample set (n=11)

An individual LC-MS/MS dataset
(4,618 Identified UMC)

NGT(n=6) & T2DM (n=5) 6000
i 1 T 5000
| ® N(}P'(rmgr]I%DM) Individual samples AMT DB g, 4000
- 1 (25,418 AMTs) 2
5 3000
| Offgel fractionation | | No fractionation | 6000 3
2 2000
=
LC-MS/MS Datasets LC-MS/MS Datasets | & 5000 1000
(26) (11x3 = 33) a 0 0.2 04 06 038 1.0
E, 4000 Normalized elution time (NET)
Peptide identification g
l—{ iPE-MMR analysis P 8 Mass Tolerance: + 10ppm
SEQUEST & TD analysis 3 3000 RT Tolerance: + 0.025 NET 1
NET calculation R}
o
= 2000 Assigned UMC (10,800)
Identified UMCs | | Identified UMCs 6000 o ontfod UMGe
© additional identification
1000 @ 5000 using AMT DB
AMT DB £ 4000
[ (25,418 peptides [~ 0 0.2 0.4 0.6 0.8 10 2
or AMTs) Normalized elution time (NET) = 3000
2 2000
Assigned UMCs =
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Fic. 1. The master AMT DB for the VAT proteome. A, the overall scheme of the AMT DB construction. A total of 59 datasets were
generated from LC-MS/MS analysis. Each of the 59 datasets was processed by /iPE-MMR, after which SEQUEST searching was performed.
The target-decoy (TD) analysis was performed for the datasets, and then the resultant peptides (or identified UMCs) from both were used to
construct the AMT DB (see “Experimental Procedures”). B, utilization of AMT DB to assign peptide I.D.s to unidentified UMCs. The 25,418
AMTs (magenta dots) in the AMT DB are visualized in a two-dimensional (NET and molecular weight) scatter plot (left). For an LC-MS/MS
dataset, the identified UMCs (blue dots) are shown in the upper-right scatter plot. By matching unidentified UMCs in this dataset with AMTs
using the indicated mass and NET tolerances, we assigned a subset of unidentified UMCs with peptide I.D.s of the AMTs matched with them.

These matched UMCs are shown in the bottom-right scatter plot.

individual datasets using /PE-MMR analysis (36), assigned
peptide 1.D.s and NETs to UMCs (identified UMCs) after tar-
get-decoy SEQUEST search (FDR < 0.01) and NET calcula-
tion, respectively, and then compiled all identified UMCs from
the 59 datasets into an AMT DB (see “Experimental Proce-
dures” for details). This resulted in a master AMT DB that
comprised 25,418 peptides (or AMTs; dots in Fig. 1B; sup-
plemental Fig. S6). For each dataset, we then used the master
AMT DB to assign peptide I.D.s to unidentified UMCs by
matching them with AMTs using the mass and NET tolerances
(10 ppm and 0.025 NET, respectively; Fig. 1B). From among
the 25,418 peptides in the master AMT DB, we selected
22,250 peptides that covered 4,707 VAT proteins with 2 or
more sibling peptides and then used them for protein
quantitation.

VAT Proteome Profiles Associated with T2DM—To assess
the comprehensiveness of our VAT proteome, we first com-
pared the 4,707 proteins detected in VATs (supplemental
Table S4) with the adipose proteomes reported in two previ-
ous studies (Fig. 2A). Xie et al. (24) profiled proteomes of
SATs, another category of adipose tissue, of three healthy
individuals using LC-MS/MS analysis and then identified
1,493 proteins. Adachi et al. (23) profiled a proteome of
3T3-L1 adipocytes and then identified 3,287 proteins; this is

the most comprehensive adipocyte proteome at present. The
comparison showed that 1,089 (73.8% of 1,476) and 1,330
(44.4% of 2,997) gene products were also detected in VATs
(Fig. 2B). Among the 2,323 genes, 1,542 (66.4%) were de-
tected in at least one of the two studies, and 781 were not
detected. These data indicate that our VAT proteome can
serve as one of the comprehensive proteomes of adipose
tissues.

We then examined cellular processes represented by the
4,707 VAT proteins by performing enrichment analysis of
Gene Ontology biological processes (GOBPs) using DAVID
software (50). The cellular processes significantly represented
by the VAT proteome include the processes related to major
functions of adipose tissues, such as oxidation reduction,
homeostatic process, inflammatory/immune response, and
glucose and lipid metabolic processes (Fig. 2C; supplemental
Table S5A). The enrichment analysis of GO cellular compo-
nents also revealed that a majority of the VAT proteins were
mainly localized in the (i) plasma membrane (21.1%), (i) cy-
tosol (20.1%), (iii) mitochondrion (15.8%), (iv) extracellular
region (14.6%), (v) cytoskeleton (11.2%), (vi) endoplasmic
reticulum (8.0%), (vii) vesicle (7.8%), and (viii) Golgi apparatus
(5.7%) (Fig. 2D; supplemental Table S5B). These data indicate
that our VAT proteome can provide information related to
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Fic. 2. Comprehensive proteome of VATs measured from 59 LC-MS/MS analyses. A, comparison of VAT proteome with proteomes
previously measured from adipose tissues or cells. The numbers of proteins and genes encoding detected proteins in each study are
shown. B, Venn diagram showing the relationships of VAT proteome with the adipose proteomes previously reported based on the genes
encoding detected proteins in each study. C, cellular processes (GOBPs) in which the identified VAT proteins are mainly involved. The bars

represent

—logo(P), where P represents the significance of each GOBP being enriched by the VAT proteins. The p value was computed

by the DAVID software. D, relative proportions of Gene Ontology cellular components in which the measured VAT proteins are mainly

localized.

diverse functions of adipose tissues occurring in various cel-
lular compartments.

Identification of VAT Proteins Altered in T2DM—To identify
VAT proteins whose abundances were altered in T2DM rel-
ative to NGT, we first aligned each of 22,250 peptides in the
33 LC-MS/MS datasets (15 for five T2DM patients and 18
for six subjects with NGT) and then determined the ratios of
abundances of the 4,707 VAT proteins between T2DM
and NGT samples using the linear programming method
previously reported (46) (see “Experimental Procedures” for
details). Based on the protein ratios, we then identified 772
DEPs (FDR = 0.05) between the VATs of subjects with
NGT and T2DM (“Experimental Procedures”; supplemental
Table S6). Of the 772 DEPs, 444 proteins increased in
abundance in T2DM relative to NGT, whereas 328 de-
creased in T2DM.

To understand the functional association of the DEPs
with T2DM, we identified cellular processes represented by
the 772 DEPs using DAVID software. This analysis revealed
that 444 up-regulated DEPs were mainly involved in inflam-
matory/immune responses, cytoskeleton organization-related
processes (cell migration and cell adhesion), and responses
to reactive oxygen species and oxidative stress (Fig. 3A;
supplemental Table S7A), consistent with previous findings

recognizing inflammation responses and oxidative stress as
major causes of T2DM pathogenesis (1, 57, 58). The 328
down-regulated DEPs were mainly involved in glucose and
fatty acid metabolic processes that contribute to T2DM
pathogenesis (Fig. 3B; supplemental Table S7B). A number of
studies have demonstrated that the inflammation/immune
system and metabolism are highly integrated (58, 59), indicat-
ing that the up- and down-regulated DEPs collectively act to
define T2DM-related pathophysiology in VATs.

To explore the collective function of these T2DM-related
processes, we reconstructed network models describing the
interactions among the DEPs involved in the processes rep-
resented by the 444 up-regulated DEPs (Fig. 3C) and the 328
down-regulated DEPs (Fig. 3D). The DEPs in these network
models were grouped into functional modules, each of which
included the DEPs involved in the corresponding GOBP
shown in Figs. 3A and 3B. Several modules, including com-
plement cascade, inflammatory/immune response, and ECM-
receptor interaction, showed dense interactions within them-
selves and between one another through transcription factors
(NFKB1/RELA, STAT3, and STAT5B) (Fig. 3C). Also, signifi-
cant numbers of molecules involved in metabolic pathways
(pyruvate metabolism, tricarboxylic acid cycle, OXPHOS, and
fatty acid B-oxidation) were decreased in T2DM (Fig. 3D).

816

Molecular & Cellular Proteomics 13.3


https://doi.org/10.1074/mcp.M113.035501
https://doi.org/10.1074/mcp.M113.035501
https://doi.org/10.1074/mcp.M113.035501
https://doi.org/10.1074/mcp.M113.035501

A Protein Profile of VATs Linked to Pathogenesis of T2DM

A B
immune response - glucose metabolic process -
inflammatory response - ] oxidation reduction 4
cell migration ] glycolysis ]
vesicle-mediated transport ] tricarboxylic acid cycle 4 ]
regulation of macrophage activation - ] fatty acid metabolic process ]
regulation of cytokine production ] protein complex assembly - ]
coagulation A ] lipid homeostasis - |
cytoskeleton organization - | oxidative phosphorylation ]
response to oxidative stress ] regulation of lipid metabolic process 1]
cell-substrate adhesion 4| -log,,(P) lipid modification 1] -log,,(P)
o 2 4 6 & 10 o 2 4 6 8
(o8 ) D Fatty acid
plhcei
Adipokines interaction . PLIN1 .
' c.| ‘ . . ' . CFL2 . MOM =ACSL14ACSS2
‘NAMPT L ‘.. .C‘A carnilinf ------ Lipid transport & Pyruvate
(- 2, LRG1 F.3 ‘C‘I‘I‘NBPZ - : metabolic process
@

i

Lipid transport &
metabolic process

APOE ' LBP .
oo

Inflammatory / Immune
response

Transcriptional factors

NFKB1 .

STAT3 STATSB

Response to
oxidative stress

MSRA . HMOX1

transport

Vescle-mediated

MIM

oe
& & |

i Acyl-CoA

| Acetyl-CoA
Fatty acid
Ry CABM) ACADS biosynthetic process ‘
. ACACB \
HADHB ‘ MDH1 ACO1
P=ag Oxidative c
'. . CAP1 1 phosphorylation FH (;/ci: IDH1

trans-enoyl-CoA

Complement \ Peptidase/ PDLIM7 ‘ . NDUFA8 UQCRC1
cascades Peptidase inhibitor
;.1 ECHS1 |ECHDC1 '3 . SDHA
© @ we 8-
TIMP1 3-Ketoacyl-CoA o ‘
C3 C8G C9 PMPCB . SUCLA2
ACAA1| ACAA2
‘ .. log,-fold change (’2 & log,-fold change
0 1 3 Acetyl-CoA 3 2 3 0

Fic. 3. Network models delineating cellular processes represented by type 2 diabetes-related VAT proteins (DEPs). A, B, cellular
processes (GOBPs) represented by the up-regulated (A) and down-regulated (B) proteins. The bars represent —log,4(P), where P represents
the significance of each GOBP being enriched by the DEPs. C, D, network models describing the GOBPs represented by the up-regulated (C)
and down-regulated (D) proteins. Node colors represent the increase (red) and the decrease (green) in the abundance of VAT proteins in T2DM
samples relative to normal controls. The color bar denotes the gradient of log,-fold changes. Edges represent protein—protein interactions
(gray) collected from five interactome databases (see “Experimental Procedures”) and metabolic reactions (arrows) obtained from the KEGG
pathway database. See “Experimental Procedures” for grouping of the nodes in the network.

These data indicate a collective contribution of these modules
and pathways to T2DM pathogenesis.

A Proteome Profile Representing the Pathophysiology of
VAT—VATs in T2DM are characterized by chronic inflamma-
tion and metabolic alterations (57-59). Consistently, the net-
work models showed alterations of the processes related to
inflammation (Fig. 3C) and metabolism (Fig. 3D) in T2DM
VATs. Thus, to select a proteome profile that could represent
the collective pathophysiology of VATs in T2DM, we focused
on the DEPs that were involved in these processes. Further-
more, VAT is an endocrine organ secreting a wide range of
molecules (1). The DEPs that are secreted from VATs can alter
the processes related to inflammation and metabolism (1, 60).
Among the 772 DEPs, we thus identified 320 proteins (163
genes) that can be secreted from VATs using the GO cellular
component information (i.e. extracellular region) and the Hu-
man Plasma Proteome Project data (supplemental Table S8)
(61). Using the network models and/or the secretory proteins,

we selected a proteome profile that could represent the alter-
ations in the processes related to inflammation and metabo-
lism as described in supplemental Fig. S7. First, for the in-
flammation-related processes in the network model, we
focused on 21 secretory DEPs involved in the three inflam-
mation-related modules of inflammatory/immune response,
complement cascade, and cell adhesion in the network model
(Fig. 3C; supplemental Fig. S7). From among these, we se-
lected the following five proteins that can represent the alter-
ations of the processes corresponding to the network mod-
ules: a-2-HS-glycoprotein and S100 calcium binding protein
A8/9 (S100A8/9; Calprotectin) for the inflammatory/immune
response module; complement component 1, g subcompo-
nent, A chain (C1QA) for the complement cascade module;
and sorbin and SH3 domain containing 1 (SORBS1) for the
cell adhesion module. Second, for the metabolism-related
processes in the network model, we focused on seven DEPs
involved in the pathway of fatty acid p-oxidation, which is
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more relevant to adipose tissue than the glycolytic pathway, in
the network model (Fig. 3D). From among them, we selected
three metabolic enzymes, carnitine palmitoyltransferase 2,
acyl-CoA dehydrogenase, long chain (ACADL), and acyl-CoA
dehydrogenase, C-4 to C-12 straight chain (ACADM) (supple-
mental Fig. S7). Third, adipokines are the most well-known
class of proteins secreted from adipose tissue, which can
affect both inflammation and metabolic alterations in T2DM
VATSs. Interestingly, the 320 secretory DEPs included the three
adipokines fatty acid binding protein 4 (FABP4) and perilipin 1
and 4 (PLIN1 and PLIN4). Thus, we selected additionally these
three adipokines. A total of 11 proteins were selected as a
protein profile that could represent the pathophysiology of
VAT in the early pathogenesis of T2DM.

Validation of the Selected Protein Profile—To test the va-
lidity of the 11 selected proteins, we collected the VATs from
an independent set of 10 early T2DM patients and 10 subjects
with NGT based on the same criteria (“Experimental Proce-
dures”) employed for the collection of the samples at the
discovery phase using LC-MS/MS analysis (supplemental Ta-
ble S1). In these new samples, using Western blotting, we
then tested the differential expression of the 11 selected
proteins measured by LC-MS/MS analysis (i.e. up-regulation
of FABP4, S100A8/9, SORBS1, a-2-HS-glycoprotein, and
C1QA and down-regulation of PLIN1/4, carnitine palmitoyl-
transferase 2, ACADL, and ACADM in T2DM relative to NGT;
11 proteins in red in supplemental Fig. S7). From among the
11 selected proteins, we finally selected the six proteins that
showed significant changes in the independent samples con-
sistent with those shown in the LC-MS/MS data (Figs. 4A and
4B, supplemental Fig. S8). Finally, we assessed whether the
six proteins could be used to monitor the pathophysiology of
VATs in T2DM. To this end, we quantified the abundances of
the six proteins from the results of Western blotting and then
evaluated whether their abundances were capable of distin-
guishing T2DM patients from subjects with NGT using partial
least square discriminant analysis (Fig. 4C) (41). Nine out of
the 10 T2DM samples were correctly separated from the 10
NGT controls. Taken together, these data indicate that the six
proteins can be used as a protein profile that represents the
pathophysiology of VAT in the early pathogenesis of T2DM.

DISCUSSION

Visceral fat accumulation is a key feature of chronic meta-
bolic diseases related to lipotoxicity, such as diabetes, met-
abolic syndrome, obesity, and cardiovascular disease. Meta-
bolic and functional disruption in adipose tissue can serve as
an essential dimension of molecular signatures that can be
used to understand the pathogenesis of T2DM. However, the
alteration of these signatures in VATs has been considered
clinically important but has not been systematically explored.
In this study, we thus examined comprehensive proteome
profiles of VATs to identify a proteome profile representing
key pathophysiological features of VATs, inflammation of ad-
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Fic. 4. Validation of the selected VAT proteins. A, B, Western
blotting analysis of the selected VAT proteins in the independent set
of VAT samples obtained from T2DM patients and subjects with NGT.
Up-regulation of FABP4, C1QA, S100A8, and SORBS1 and down-
regulation of ACADL and PLIN4 in VAT samples of T2DM patients
were confirmed. The data are shown as mean = S.D. *p < 0.05, *p <
0.01 by Student’s t test. C, partial least square discriminant analysis
showing that the confirmed six VAT proteins can achieve clear sep-
aration between T2DM and NGT samples. The green line indicates a
decision function between T2DM and NGT samples. LV1 and LV2
represent the first and second latent variables identified by partial
least square discriminant analysis. The coordinates of each sample in
the LV1-LV2 space were computed by projecting the amounts of the
six VAT proteins onto LV1 and LV2.

ipose tissue and metabolic alteration, linked to the pathogen-
esis of T2DM. To achieve this goal, we developed an ap-
proach that involved (i) comprehensive proteome profiling of
whole VATs with removal of blood clots and lipid layers from
the lysates, generation of a master AMT DB, and ultra-high-
pressure nano-LC-MS/MS analysis; (i) identification of DEPs
in the VATSs collected from subjects with T2DM and NGT; (iii)
the selection of a protein profile able to represent the T2DM-
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related pathophysiology of VATs by integrating T2DM-related
network models of VATs and functions of the proteome se-
creted from VATSs; and (iv) validation of the selected protein
profile in independent T2DM using Western blotting and con-
firmation of the validated protein profile able to distinguish
T2DM samples from NGT controls by means of partial
least square discriminant analysis. Using this approach, we
identified a protein profile composed of six VAT proteins
(three up-regulated and inflammation-related (S100A8, C1QA,
and SORBSH1), one down-regulated and metabolism-related
(ACADL), and two adipokines (FABP4 and PLIN4)).

A number of previous studies have shown associations of
the six proteins selected in this study with T2DM in various
systems (e.g. serum/plasma, urine, muscle, or liver; supple-
mental Table S9). A higher serum FABP4 level was linked to
obesity, insulin resistance, and T2DM (62, 63). The amount of
the serum C1g-adiponectin complex showed a significant
correlation with coronary artery disease in Japanese T2DM
subjects (64). The amounts of S100A8/9 (calprotectin) in both
urine and plasma were associated with chronic low-grade
inflammation and insulin resistance (65, 66), and mRNA levels
of S100A8 were elevated in the adipocyte fraction of obese
mice (67). SORBS1(CAP) blocks the stimulation of glucose
transport by insulin in 3T3-L1 adipocytes (68), and the T228A
polymorphism of SORBS1 was linked to both obesity and
diabetes (69). ACADL knockout mice showed increased tri-
glyceride storage in both muscle and liver and severe hepatic
insulin resistance (70). The 11482G—A polymorphism of the
PLIN4 gene was associated with a higher risk of obesity and
metabolic syndrome (71). However, none of these proteins
have been previously reported to be altered in their protein
levels in human adipose tissue or VATs of early T2DM relative
to normal controls (supplemental Table S9). Note that the
mRNA levels of ST00A8/9 were elevated in the mouse adi-
pocyte fraction. These data indicate two aspects of the six-
protein panel: (i) the alterations of mMRNA or protein levels of
these proteins in other systems suggest the validity of the six
proteins as a protein profile that can represent the pathophys-
iology of T2DM VATSs; and (ii) the fact that no alterations of
these proteins in protein levels were previously shown in
human adipose tissue or VAT suggests the novelty of the
six-protein panel.

Previously, Xie et al. and Adachi et al. provided the pro-
teomes of abdominal SATs of healthy individuals and mouse
3T3-L1 adipocytes, respectively (supplemental Table S9). Al-
though these datasets could have served as useful resources
for various studies of adipose-related diseases, neither study
compared the proteomes with those in T2DM, and thus they
provide no lists of DEPs in T2DM relative to normal controls.
Four of the six proteins were detected in either of these
studies, but alterations of their abundances in T2DM have
remained unknown. Also, several studies (18, 19, 72, 73) have
included comparative proteomic analyses in muscle, salivary,
serum, and pancreatic islet tissues, providing the proteomes

and lists of DEPs in these tissues collected from T2DM pa-
tients or mice relative to controls (supplemental Table S9).
Among the six proteins, three (S100A8, C1QA, and FABP4)
have been detected in one of these tissues, but only C1QA
showed alteration in its protein abundance in T2DM serum.
Nonetheless, none of the six proteins selected in this study
have been previously reported to be altered in protein levels in
human adipose tissue or VATs in early T2DM.

Taken as a whole, our study showed for the first time the
differential expression of six selected proteins that have been
previously linked to T2DM pathogenesis in other systems in
VATs of early T2DM patients, thereby supporting their poten-
tial use as indicators of the early pathogenesis of T2DM. The
clinical implications of the six selected proteins can be further
tested with a larger number of early T2DM patients. In addi-
tion, longitudinal studies can be designed to further demon-
strate the nature of dynamic changes of the proposed protein
profile during the course of T2DM pathogenesis. Also, novel
subtypes of early, drug-naive T2DM patients might be further
characterized based on the dimension of inflammation of
adipose tissue and metabolic changes in VATs represented
by the proposed protein profile.

The six selected VAT proteins correctly distinguished 90%
of T2DM patients from subjects with NGT, suggesting the
potential use of the selected proteome profile in understand-
ing the pathophysiological states of T2DM (Fig. 4C). One
T2DM sample was classified into NGTs. We carefully exam-
ined clinical characteristics of this patient and compared them
with those of the other T2DM patients. Disease duration,
diabetes mellitus status, and management of this outlier pa-
tient were similar to those of the other T2DM patients. How-
ever, this patient was the oldest man in our test set and had
taken antihypertensive medication for more than 4 years. The
patient’s age of 75 (mean age = 66.8 in the test set), survivor
deviation, and the history of hypertension could have induced
the difference between this patient and the other T2DM pa-
tients, and/or the antihypertensive medication could have
made the profile of the six selected DEPs in this patient similar
to those in NGTs. However, more detailed functional studies
should be carried out to elucidate the mechanisms underlying
the similarity in the profiles of the six selected DEPs between
this patient and NGTs.

In addition to the six proteins selected in this study, our
approach provided a comprehensive list of DEPs or secretory
proteins in VATs in early T2DM pathogenesis, thus extending
extensively the current list identified by conventional small-
scale experiments or approaches (supplemental Table S6).
This list of proteins can serve as a comprehensive resource
for biologists who study adipose tissue and interactions
among the cells constituting VATs based on the DEPs and
secretory proteins, respectively. Furthermore, the network
models can provide a basis for understanding inflammation of
adipose tissue (Fig. 3C) and metabolic alterations in VATs
during the early pathogenesis of T2DM (Fig. 3D). The network
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models further suggested that fatty acid oxidation, insulin
signaling, adipose tissue inflammation, and PPAR+y pathways
associated with the DEPs should be involved in early patho-
physiological changes of VATs in T2DM. This understanding
can further suggest proactive therapeutic options involving
antidiabetic treatments during the early pathogenesis of
T2DM. In summary, our approach successfully identified a
protein profile that can provide a novel dimension of informa-
tion indicative of T2DM for the classification, therapy, and
pathogenesis of T2DM.
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