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’ INTRODUCTION

Obesity has reached epidemic proportions worldwide.1 It
significantly increases the risk of developing type 2 diabetes
mellitus, hypertension, coronary heart disease, stroke, and
several types of cancer.2 Adipose tissue releases a large number
of bioactive molecules that influence body weight, insulin sensi-
tivity, blood pressure, circulating lipids, coagulation, fibrinolysis

and inflammation, leading to metabolic diseases as well as
endothelial dysfunction and atherosclerosis. However, we are just
beginning to understand the underlying mechanism that links
increased fat mass to the adverse health outcomes of obesity.
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ABSTRACT: Obesity is associated with multiple adverse health effects and a high risk of developing
metabolic and cardiovascular diseases. Therefore, there is a great need to identify circulating parameters that
link changes in body fat mass with obesity. This study combines proteomic and metabolomic approaches to
identify circulatingmolecules that discriminate healthy lean from healthy obese individuals in an exploratory
study design. To correct for variations in physical activity, study participants performed a one hour exercise
bout to exhaustion. Subsequently, circulating factors differing between lean and obese individuals,
independent of physical activity, were identified. The DIGE approach yielded 126 differentially abundant
spots representing 39 unique proteins. Differential abundance of proteins was confirmed by ELISA for
antithrombin-III, clusterin, complement C3 and complement C3b, pigment epithelium-derived factor
(PEDF), retinol binding protein 4 (RBP4), serum amyloid P (SAP), and vitamin-D binding protein
(VDBP). Targeted serummetabolomics of 163metabolites identified 12 metabolites significantly related to
obesity. Among those, glycine (GLY), glutamine (GLN), and glycero-phosphatidylcholine 42:0 (PCaa
42:0) serum concentrations were higher, whereas PCaa 32:0, PCaa 32:1, and PCaa 40:5 were decreased in
obese compared to lean individuals. The integrated bioinformatic evaluation of proteome and metabolome data yielded an improved
group separation score of 2.65 in contrast to 2.02 and 2.16 for the single-type use of proteomic or metabolomics data, respectively. The
identified circulating parameters were further investigated in an extended set of 30 volunteers and in the context of two intervention
studies. Those included 14 obese patients who had undergone sleeve gastrectomy and 12 patients on a hypocaloric diet. For
determining the long-term adaptation process the samples were taken six months after the treatment. In multivariate regression
analyses, SAP,CLU,RBP4, PEDF,GLN, andC18:2 showed the strongest correlation to changes in body fatmass. The combined serum
proteomic andmetabolomic profiling reveals a link between the complement system and obesity and identifies both novel (C3b, CLU,
VDBP, and all metabolites) and confirms previously discovered markers (PEDF, RBP4, C3, ATIII, and SAP) of body fat mass changes.
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During the past decade it has been realized that not only cells
of the immune system and the liver but also adipose tissue
expresses many pro- and anti-inflammatory factors and could
therefore contribute to increased levels of inflammatory markers
in the circulation of obese individuals.3 Adipose tissue was shown
to produce and secrete pro-inflammatory cytokines and adipo-
kines including TNFα, transforming growth factor β (TGFβ)
and interferon-γ, C-reactive protein (CRP), interleukins (IL) -1,
-6, -8, -10, plasminogen activator inhibitor-1 (PAI-1), retinol
binding protein-4 (RBP4), vaspin, fibrinogen, haptoglobin, an-
giopoietin-related proteins, metallothionein, complement factor
3, serum amyloid A (SAA) protein, anandamide and 2-AG as well
as chemoattractant cytokines, such as monocyte chemotactic
protein-1 (MCP-1), progranulin and macrophage inflammatory
protein-1 as reviewed elsewhere.2,4

However, we hypothesize that important circulating factors,
which may represent molecular mediators of increased risk for
obesity-related diseases, are still unknown. Recent advances in
proteomic and metabolomic approaches encourage studies that
aim at identifying mechanisms underlying the pathophysiology
of complex diseases such as obesity or diabetes as reviewed
in refs 5 and 6. This study used a novel scientific approach in
obesity research by combining proteome and metabolome data
to identify molecules that discriminate healthy lean from healthy
obese individuals.7 Differentially abundant proteins were vali-
dated by ELISA. In addition, we measured serum concentrations
of the identified proteins prior to and directly after exercise as
well as 24 h after regeneration. Furthermore, we examined if
significant loss of body fat mass in response to bariatric surgery or
hypocaloric diet causes a change in the newly identified markers
of fat mass.

The fact that serum protein concentrations vary by more than
15 orders of magnitude hampers the development of clinical
biomarkers.8 For our proteome study, we sought to exclude high
abundant proteins and thus enable a higher coverage of the serum
proteome by using a commercially available depletion kit that
specifically immunoprecipitates 20 high abundant proteins from
serum and that has been found to be compatible with other kits9

and was used successfully in other studies.10,11 Gel-based ap-
proaches allow the simultaneous detection of post-translational
modifications and thereby the speciation of the proteome,
whereas this information is often lost in peptide-based LC�MS
approaches12 that in contrast provide a much broader coverage
of the proteome. Since until now the most accurate quantification
in gel-based approaches is achievable by DIGE,13 this technique
was used in this study. The availability of high throughput
analyses in the field of metabolomics is essential to cover
metabolites important in lipid metabolism such as carnitine
and phospholipids.14 Functional analyses combined with a pro-
teome approach have the potential for unraveling novel markers
ormechanisms for pathophysiological conditions.15 Furthermore,
the detection of different metabolites is already used as a diagno-
stic tool in several diseases16 including reproductive function,17

insulin resistance18 and consequences of laparoscopic sleeve
surgery.19 In recent studies, metabolome approaches have been
used to either determine the differences between obese insulin
resistant and sensitive patients20 or metabolome footprints of
diabetes, meaning the metabolome comparison between lean and
diabetic individuals.21 The metabolites covered in this study
comprise a subset of those in the latter mentioned studies and
include essential parts of the lipids correlated to obesity and
adipose tissue.21

Serum proteins and metabolites exhibit a great variance due to
short-term effects in the range of seconds up to 72 h, what is well-
known as “metabolic adaptations.” This metabolic adaptation is
expected to be governed predominantly by the actual physical
activity, nutrition and metabolism. To exclude the influence of
short-term metabolic adaption, we used a one-hour physical
exercise workout to create physical fatigue in the first step and
regeneration afterward. Hence, measurements were taken at
three points in time: baseline, immediately after the exercise
and after 24 h of regeneration. This experimental design allowed
us to (1) compare the circulating proteome and metabolome in
response to acute exercise and (2) dissect those proteins or
metabolites that may reflect individual differences in fat mass,
independently of physical activity status. Only those proteins and
metabolites, which independently of exercise-associated changes
predict fat mass, were considered for further analyses in the
context of two weight loss intervention strategies. We sought to
determine whether changes in the identified proteins and
metabolites 6 months after either bariatric surgery or an energy
restricted diet are correlated with changes in fat mass.

’MATERIAL AND METHODS

Ethic Statement
The study protocols were approved by the University of

Leipzig ethic committee review board, and all subjects provided
their informed consent before entering the study.

Study Design

CombinedProteomeandMetabolomeStudy inHealthy
Lean vs Obese Individuals. In a cross-sectional exploratory
study, 5 healthy lean and 5 healthy obese Caucasian (all males;
Table S1, Supporting Information) were randomly selected, out
of a cohort of 15 healthy lean and 15 healthy obese volunteers
(Table 1), to identify serum biomarkers via 2D DIGE. The
identified markers were later on validated by a comparison of 15
lean and 15 obese individuals selected by the same criteria as the
smaller group based on ELISA analysis. The volunteers were
selected from a computer-based volunteer database and matched
for age and health status. All individuals fulfilled the following
inclusion criteria: (1) age 20�35 years, (2) BMI 23�25 kg/m2

(lean group) or 30�45 kg/m2 (obese group), (3) fasting plasma
glucose < 6.0 mmol/L, (4) HbA1c < 5.5%, and (5) stable weight,
defined as the absence of fluctuations of 2% of body weight
3 months before the study. In addition, the following exclusion
criteria have been defined: (1) medical and family history of
type 1 or type 2 diabetes, (2) medical history of hypertension or
systolic blood pressure (SBP) 140 mmHg and diastolic blood
pressure (DBP) 85 mmHg, (3) any acute or chronic inflamma-
tory disease, as determined by a cardiovascular or peripheral
artery disease, (4) any type of malignant disease, (5) thyroid
dysfunction, (6) Cushing’s disease or hypercortisolism, (7)
alcohol or drug abuse, (8) pregnancy, (9) concomitant medica-
tion, (10) leukocyte count < 8000 Gpt/L, and (11) C-reactive
protein (CRP) > 5.0 mg/L. All subjects completed a graded
bicycle test to volitional exhaustion and had maximal oxygen
uptake measured with an automated open circuit gas analysis
system at baseline. The highest oxygen uptake per minute was
defined as the maximal oxygen uptake (VO2 maximum).
Acute Exercise Bout Study. Exercise Protocol.All subjects

from the combined proteome and metabolome study partici-
pated in an acute exercise bout. Ten healthy males completed
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one 60-min resistance circuit training at 80% of individual
maximal power. The training sessions consisted of three repeti-
tions at different stations with 30 s break time (Figure S1A,
Supporting Information). At baseline, immediately and 24 h after
exercise blood samples were taken in the fasting state. All baseline
and postintervention blood samples were collected between 8:00
and 10:00 a.m. after an overnight fast.
Intervention Studies. In two different intervention studies

(hypocaloric diet study and bariatric surgery study), we evaluated
the association of changes of potential biomarkers with changes
of fat mass and parameters of glucose homeostasis. To compare
the biomarkers with age-, gender- and BMI-matched controls,
we used 17 healthy subjects out of our volunteer database. The
control subjects fulfill the following inclusion criteria: (1) age
35�60 years, (2) BMI 23�30 kg/m2, (3) fasting plasma glucose
< 7.0 mmol/L, (4) HbA1c < 5.5%, and (5) stable weight, defined
as the absence of fluctuations of 2% of body weight 3 months
before the study. Furthermore, the above-mentioned exclusion
criteria have been applied to the control group.
Six Months Hypocaloric Diet Study.Twelve Caucasian obese

subjects (6 females, 6 males) attending the Obesity Outpatients
Clinic at the University of Leipzig Medical Department were
recruited. Patients underwent a clinical assessment including
medical history, physical examination, DEXA scan analysis,
comorbidity evaluation as well as nutritional interviews per-
formed by a multidisciplinary consultation team. All individuals
fulfilled the following inclusion criteria: (1) fasting plasma
glucose < 6.0 mmol/L, (2) HbA1c < 6.0%, and (3) stable weight,
defined as the absence of fluctuations of >2% of body weight for
at least 3 months. In addition, the following exclusion criteria
have been defined: (1) medical and family history of type 1 or
type 2 diabetes, (2) medical history of hypertension or systolic
blood pressure (SBP) > 140 mmHg and diastolic blood pressure
(DBP) > 85 mmHg, (3) any acute or chronic inflammatory
disease as determined by a leukocyte count >8000 Gpt/l,
C-reactive protein (CRP) > 5.0 mg/L or clinical signs of
infection, (4) clinical evidence of either cardiovascular or per-
ipheral artery disease, (5) any type of malignant disease, (6)
thyroid dysfunction, (7) Cushing’s disease or hypercortisolism,
(8) alcohol or drug abuse, (9) pregnancy, and (10) concomitant
medication except contraceptives. Weight loss was achieved over

a period of 6 months by a diet providing a daily energy deficit of
1200 kcal/d (Figure S1B, Supporting Information).
Bariatric Surgery Study. Fourteen Caucasian obese subjects

(9 females, 5 males) participated in a prospective weight loss
study before and 6 months after gastric sleeve resection. The
baseline BMI was 54 ( 8 kg/m2 and the BMI 6 months after
bariatric surgery was 36.3 ( 7.3 kg/m2. Individuals fulfilled the
following exclusion criteria: (1) presence of any malignant, acute
or chronic inflammatory disease as determined by a leukocyte
count >7000 Gpt/l, C-reactive protein (CRP) > 5.0 mg/L or
clinical signs of infection, (2) detectable antibodies against
glutamic acid decarboxylase (GAD), (3) clinical evidence of
either cardiovascular or peripheral artery disease, (4) thyroid
dysfunction, (5) alcohol or drug abuse, and (6) pregnancy.

Measures of Body Fat Content, Oral Glucose Tolerance Test,
and ELISA-Assays

Measures of Body Fat Content. Body mass index (BMI)
was calculated as weight divided by squared height. Hip circum-
ference was measured over the buttocks; waist circumference was
measured at the midpoint between the lower ribs and iliac crest
(Figure S1B, Supporting Information). Percentage body fat was
measured by dual X-ray absorptiometry (DEXA).
Oral Glucose Tolerance Test. Three days before the oral

glucose tolerance tests (OGTT) patients documented a high-
carbohydrate diet. The OGTT was performed after an overnight
fast with 75 g of standardized glucose solution (Glucodex
Solution 75 g; Merieux, Montreal, Canada). Venous blood
samples were taken at 0, 60, and 120 min for measurements of
plasma glucose concentrations. All baseline blood samples were
collected between 8:00 and 10:00 a.m. after an overnight fast.
All baseline blood samples were collected in S-Monovette for
serum and plasma (Sarstedt, N€umbrecht, Germany) between
8:00 and 10:00 a.m. after an overnight fast. After centrifugation,
the aliquots were stored in 2 mL cryovials (VWR, Darmstadt,
Germany) in liquid nitrogen until processing. No further addi-
tives such as anticoagulants, preservatives, and protease inhibitors
were used. The blood samples were centrifuged immediately after
collection (10 min, 4 �C, 2500� g) and separated into aliquots as
described above. Fasting plasma insulin was measured with an
enzyme immunometric assay for the IMMULITE-automated

Table 1. Characteristics of Lean (n = 15) and Obese (n = 15) Volunteersa

lean (n = 15) obese (n = 15)

variable mean (SD) range mean (SD) range p-value

Age [years] 23.7 ((1.99) 20�27 24.1 ((3.11) 20�30

BW [kg] 81.0 ((9.68) 69.1�106.6 120.4 ((22.2) 90.9�175.5 0.0001

Height [cm] 184.4 ((6.76) 170.1�196.7 179.8 ((6.86) 168.5�191.2

BF [%] 14.5 ((3.69) 9.8�19.3 40.8 ((3.88) 35.6�49.3 0.0001

BMI [kg/m2] 23.8 ((1.77) 21.1�27.8 37.3 ((7.21) 28.3�55.8 0.0001

FPG [mmol/L] 5.0 ((0.54) 4.3�6.0 4.8 ((0.55) 3.7�5.8 0.596

HbA1C [%] 4.7 ((0.0.25) 4.2�5.1 4.8 ((0.23) 4.3�5.3 0.433

FPI [pmol/L] 57.29 ((9.1) 43.1�61.3 62.12 ((6.71) 46.3�68.3 0.109

2-h OGTT plasma glucose [mmol/L] 5.07 ((0.17) 4.8�5.4 5.09 ((0.26) 4.8�5.5 0.804

Triglycerides [mmol/L] 1.75 ((1.02) 0.83�4.55 1.95 ((1.14) 1.01�4.55 0.618

Total-cholesterol [mmol/L] 5.6 ((1.54) 4.8�8.1 5.8 ((0.99) 4.1�7.2 0.676

HDL-cholesterol [mmol/L] 1.74 ((0.55) 1.14�1.4 1.39 ((0.47) 0.63�2.25 0.074

hsCRP [mg/L] 2.77 ((0.33) 2.21�3.29 2.77 ((0.25) 2.34�3.13 0.98
a P-values are presented using unpaired Student t-test.
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analyzer (Diagnostic Products Corporation, Los Angeles, CA).
TheHbA1c values were determined with a cation exchange/high-
performance liquid chromatography method (reference values
3.4�6.0%). Serum high-sensitive CRP was measured by immu-
nonephelometry (Dade-Behring, Milan, Italy). Serum total-,
HDL-cholesterol and triglycerides were measured as previously
described (Kloting et al., 2007).
ELISA Assays. Quantitative ELISA assays for evaluation of

detected proteins by MS/MS. Proteome validation studies were
performed using the following immunoassays: Quantikine hu-
man vitamin D-binding protein immunoassay (R&D Systems,
Minneapolis, MN), Quantikine human RBP4 immunoassay
(R&D Systems), human PEDF ELISA (BioVendor, Heidelberg,
Germany), Human clusterin ELISA (BioVendor), ELISA kit for
human serum amyloid P-component (Uscn Life Science Inc.
Wuhan, China), ELISA kit for human complement component 3
(Uscn Life Science Inc. Wuhan), Quidel iC3b EIA kit (Quidel
Corporation, San Diego, CA), AssayMax human high molecular
weight kininogen 1 ELISA kit (Assaypro, St. Charles, MO) and
AssayMax human antithrombin III ELISA kit (Assaypro). All
immunoassays were performed according to the manufacturer’s
recommendations. Complement functional activities of classical,
alternative and mannose binding lectin (MBL) pathways were
measured with Wieslab complement system screen enzyme
immunoassay (Euro-Diagnostica AB, Malm€o, Sweden) descri-
bed by ref 22. The Wieslab complement assay combines princi-
ples of the hemolytic assay for complement activation with the
use of labeled antibodies specific for neoantigen produced as a
result of complement activation. Thewells of themicrotiter strips
were coated with specific activators of the classical (IgM), the
alternative (LPS), or the MBL pathway (mannan). Sera were
diluted in specific blocking buffer to ensure that only the
respective pathway is activated. C5b-9 was detected with a
specific alkaline phosphatase-labeled antibody to the neoantigen
expressed during formation of membrane attack complex. De-
tection of specific antibodies was obtained by incubation with
alkaline phosphatase substrate solution. The amount of comple-
ment activation correlates with the color intensity and was
measured in terms of absorbance (optical density, OD =
405 nm). The negative controls (NC) and positive controls
(PC) were used in a semiquantitative way to calculate comple-
ment activity. After calculation of the meanOD405 nm values for
serum samples, PC and NC the % complement activity was
calculated as follows: (Sample � NC)/(PC � NC) � 100.

Serum Preparation for Proteome Analysis

High-Abundance Protein Depletion. Twenty high-abun-
dance proteins were depleted from plasma using the ProteoPrep
20 Plasma Immunodepletion Kit (Sigma Aldrich, Steinheim,
Germany). Immunodepletion spin columns with 300 μL of
packed medium were used for depleting 100 μL of diluted
plasma (dilution 1:12.5 with equilibration buffer). Concentra-
tion of multiple depletions was carried out using Ultrafree-MC
Microcentrifuge Filters (NMWL 5000 Da). Protein concentra-
tion of whole and depleted plasma was determined using the
Bradford Reagent (Sigma Aldrich) with BSA as standard.
Sample Preparation for 2D Gels. One-hundred micro-

grams of serum protein (low abundance proteins) were acetone
precipitated as described elsewhere.23 The precipitate was re-
constituted with labeling buffer, pH 9.0 (7 M Urea, 2 M Thio-
urea, 4% CHAPS, 30 mM Tris). Solubilization of the precipitate
was facilitated by sonication for 30 s and the pH of the solution

was adjusted to pH 8.5. The precipitates were then labeled
using the fluorescent cyanine dyes according to the minimal
labeling protocol of the manufacturer (GE Healthcare, Munich,
Germany). The internal standard was prepared by pooling equal
proteins of each of the ten serum samples and this standard
was then labeled with 200 pmol of Cy2 dye per sample. The
remaining volume from lean or obese patients was labeled with
200 pmol of either Cy3 or Cy5 dye. For the labeling reaction, the
samples with Cy dyes were incubated for 30 min on ice in the
dark. The reaction was quenched by the addition of 1 μL of
10 mM lysine, was vortexed, and was left for another 10 min on
ice in the dark. The quenched Cy3- and Cy5-labeled samples and
the Cy2-labeled internal standard were pooled. Half of a micro-
liter of this mixture was taken for running SDS-PAGE to verify
the efficiency of DIGE labeling procedure; 370 μL of DeStreak
buffer (GEHealthcare) was then added to eachCy-labeled sample
pool, vortexed and centrifuged at 13 000 rpm for 30 min at 20 �C.
This protein solution was applied immediately onto an Immobi-
line IPGDry Strip, pH 4�7, 24 cm (GEHealthcare), as described
below.
IEF and Gel Electrophoresis. Immobiline dry strips (pH

4�7, 24 cm, GE Healthcare) were rehydrated for 12 h in dark.
The IPG strips were then focused using an Ettan IPGPhor 3 IEF
system (GE Healthcare) as described previously.24 In brief,
the stripes were focused at 500 V for 1 h, 1000 V for 7 h, and
at 8000 V for a total of 110 000 VhT at 20 �C. Each gel strip was
equilibrated twice, 15 min each time, with equilibration buffer
(6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCl, pH 8.8)
containing first 1% w/v DTE and then 2.5% w/v iodoacetamide
and a pinch of bromophenol blue. The equilibrated strips
were then carefully placed on top of 12% acrylamide gels and
sealed with 1% w/v agarose. Second dimension separations were
performed on an Ettan DALTtwelve electrophoresis system
(GE Healthcare). The proteins were separated initially at
12 �C, 1 W/gel for 12 h, followed by 12 W/gel until the dye
front reached the bottom of the gel. During all stages, work was
carried out with great care to avoid its exposure to light.
Image Acquisition and Data Analysis of 2D Gels.

Immediately after the run, DIGE gels were scanned within the
gel cassettes using Ettan DIGE Imager Scanner (GEHealthcare).
The Cy2 dye was excited at 488 nm and emission spectra were
obtained at 520 nm, the Cy3 dye was excited at 532 nm and
emission spectra were obtained at 580 nm, and the Cy5 dye was
excited at 633 nm and emission spectra were obtained at 670 nm.
The gels were visualized and first evaluated with the Image
Quant Software, whereby all the three images as well as an
overlay image of these images were checked individually. After
scanning, the gels were removed from the gel cassette and were
stained overnight with blue silver staining procedure. DIGE gel
analysis was performed with Delta2D 3.6 software (Decodon,
Greifswald, Germany) with advanced image processing algo-
rithms that permits image fusion using internal standards, back-
ground subtraction, normalization, and relative quantitation of
proteins from different images. Following automated spot detec-
tion, each spot was manually verified and edited using 3D view
algorithm. Differentially expressed spots were identified after
filtering the 0.5�2.0% ratio volume of the spots on different
gels. Furthermore, p-value was set at <0.05 in all statistical group
comparisons. Only these spots were given an identification
number for further analysis.
In-Gel Digests and Sample Preparation. Protein spots

of interest were cut from polyacrylamide gels and digested
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overnight using trypsin as described elsewhere.25 The spots were
washed two times with water/acetic acid/ethanol (50:5:45 v/v)
for one hour. The gel spots were shrunk by the addition of
acetonitrile, reduced and alkylated with DTT and Iodoaceta-
mide. Afterward, the gel slices were incubated with 5 mM
ammonium bicarbonate, followed by incubation with acetonitrile
100% and dried by vacuum centrifugation. The dried gel pieces
were swollen by adding trypsin in ammonium carbonate buffer
(100 mM, pH 8.5) and were incubated at 37 �C for 12 h.
Extractions of peptide were performed with extraction buffer
containing acetonitrile/water/formic acid (5: 4.4:0.6 v/v). The
extracted peptide solutions were then completely dried using
vacuum centrifugation. After that, the precipitates were recon-
stituted with 10 μL of 5% acetonitrile in 0.1% trifluoroacetic acid;
0.5 μL of this peptide extract and 0.5 μL of HCCA were mixed
and spotted on ground steel target plates (Bruker Daltonics,
Bremen, Germany).

Protein Identification

Protein Identification by MALDI-MS/MS. Peptide identi-
fication was carried out with MALDI-TOF MS/MS (Ultra Flex
III TOF/TOF, Bruker Daltonics, Bremen, Germany) using
ground steel MTP 384 target plate (Bruker Daltonics) according
to the manufacturer’s instructions. In brief, the samples were
prepared by mixing equal volumes (1 μL) of sample and HCCA
matrix (0.1 g/L of α-Cyano-4-hydroxycinnamic acid) and were
then spotted onto the ground steel MTP 384 target plate.
The solution was allowed to evaporate at room temperature.
Spectra were obtained on an MALDI-TOF/TOF mass spectro-
meter (Ultraflex III, using FlexControl software Vs. 3.0; Bruker
Daltonics) as described earlier.25 In brief, the instrument was
operated at pulse rates of 100 Hz; pulse ion extraction delay was
set to 400 ns as described earlier.26 Measurements were carried
out in positive reflector mode using an acceleration voltage of
25.0 kV (ion source 1) and 21.85 kV (ion source 2). Lens voltage
was 9.5 kV, reflector voltages were 26.3 and 13.7 kV.Mass spectra
were recorded in the m/z range between 200 and 3500. If
possible, up to 10 MS2 spectra were performed. The spectra
were processed by the software FlexAnalysis (Bruker Daltonics).
Thereafter, a database search was conducted using the MS/MS
ion search (MASCOT,Matrix Science, London, U.K.; version 2.2)
against all metazoan (animals) entries of NCBInr (GenBank)
with subsequent parameters trypsin digestion, up to one missed
cleavage; fixed modifications carbamidomethyl (C); and with the
following variable modifications, oxidation (M), peptide tol.( 1.2
Da, MS/MS tol. ( 0.6 Da, peptide charge +1, +2 and +3.
Protein Identification by Nano-LC�ESI�MS/MS. In

cases of ambiguous identifications and for all validated proteins,
the identification was repeated by measurement by LTQ-Orbi-
trap-MS (Thermo Fisher Scientific, San Jose, CA). In-gel diges-
tion samples were injected and concentrated on a trapping
column (nanoACQUITY UPLC column, C18, 180 μm �
2 cm, 5 μm, Waters, Eschborn, Germany) with water containing
0.1% formic acid at flow rates of 15 μL/min as described in ref 27.
Peptides were eluted onto a separation column (nanoACQUITY
UPLC column, C18, 75 μm � 250 mm, 1.7 μm, Waters) and
separation was done over 30 min with a 2�40% solvent B
gradient (0 min, 2%; 2 min, 8%; 20 min, 20%; 30 min, 40%).
Scanning of eluted peptide ions was carried out in positive ion
mode in a rangem/z 350�2000, automatically switching to CID-
MS/MS mode on ions exceeding an intensity of 2000. For CID-
MS/MS measurements, a dynamic precursor exclusion of 3 min

was applied. Proteins were identified by database search using
MASCOT (MASCOT (Matrix Science, London, U.K.; version
2.2) and SEQUEST (Thermo Fisher Scientific, San Jose, CA;
version 1.0.43.0).

Targeted Metabolomics
Targeted metabolite profiling by electrospray ionization (ESI)

tandem mass spectrometry (MS/MS) was performed at Bio-
crates Life Sciences AG, Austria (http://www.freepatentsonline.
com/20070004044.html). Briefly, a targeted profiling scheme
was used to quantitatively screen for 163 metabolites using
multiple reaction monitoring, neutral loss and precursor ion
scans. The quantification of the metabolites of the biological
sample was achieved by reference to appropriate internal stan-
dards. The method is proven to be in conformance with 21CFR
(Code of Federal Regulations) Part 11 and has been used
successfully in the past in various applications.14,15,21

Statistical Analysis
The abundance of proteins and metabolites was measured by

means of 2D-DIGEand targeted ESI-MS, respectively, as described
above. It is quantified in units of relative abundance in relation to
the respective reference marker. Differences between the two
groups (lean and obese, group size =5) at the three different times
of treatment (“pre”, “post” and “24h”) were determined using the
two sample t test. It is applied to the logged abundance data, which
distribute normally to a good approximation (data not shown).
The significance level was set at p < 0.05. The false discovery rate
(FDR) was estimated as a function of p from the distribution of p-
values using the software fdr-tool.28 For the proteins and metabo-
lites we obtained FDR = 0.25 and 0.35 at the significance level,
respectively. Hence, between about one-fourth and one-third of
the selected features are supposed to be false positives. For a more
strict selection, only features which are significantly different at all
three treatment times are considered for downstream analysis.
These features are assumed to reflect the difference between lean
and obese test persons, independent of their physical conditioning
(see Venn-diagram in Figure 2C group comparison).

Parameters significantly changing with time were detected for
lean and obese persons using analysis of variance (ANOVA)with a
significance threshold of p < 0.05. Prepost comparisons in the two
intervention studies have been performed using student’s t test.
P < 0.05 was considered as significant. Multiple linear regression
analyses have been performed to test whether identified para-
meters predict changes in body fat mass independently of other
factors including weight, BMI, HbA1c, etc. Only parameters with
significant differences between lean and obese in at least one of the
three conditions are selected to focus on differential features
between the test groups (see Venn diagram in Figure 2C for time
comparison). Volcano plots of the logged p-value as a function of
the logged fold change (FC) are used to visualize the test results.
It should be noted that p-values might fall below the significance
threshold for vanishing logFC values in this representation in
contrast to Volcano plots representing the results of paired t
tests.29 Selected proteins were assigned to functionally related sets
and pathways of proteins using the GENE CARDS database30

(Figure 1 and Figure S2, Supporting Information).

Independent Component Analysis and Pairwise Correlation
Maps

Independent component analysis (ICA) was performed to
visualize the similarity of selected features between the test
groups at different conditions.31 This method decomposes
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multivariate data sets into statistically independent components
of variance. ICA enables efficient decomposition of non-
Gaussian data distributions in contrast to Principal Compo-
nent Analysis (PCA), which efficiently applies only to Gaussian
variables. Application of ICA to metabolomics, proteomics and
combined data sets is more informative than PCA as has been
demonstrated previously32 mainly due to this fact. The ICA plots
show each sample in the coordinates of the two topmost
independent components. Different samples will arrange in
parallel to one of the ICA-axis if their behavior is governed by
dependent features and in perpendicular direction if the respec-
tive features change independently. ICA was separately applied
to metabolomics and proteomics data and to a combination of
both data sets as well. The individual features of this integrated
“transomic” data set were transformed into z scores, z = (x�m)/
σ, before ICA analysis. x andm denote the individual feature and
its mean over the replicates in logarithmic scale with σ as

respective standard deviation. We defined the normalized group
separation index (GSI) to assess the power of each data set
discriminating between the experimental groups (obese versus
lean and time-dependent effects) in ICA-coordinates as GSI =
(mean distance between the samples of different groups)/(mean
distance between the samples of the same group). The separation
between the groups and thus the classification power of the
respective data increase with the GSI-value as illustrated in
Figure 5. Each experimental group is coded by one color. Full
and open dots assign the individual measurements and the group
centroids, respectively. The dashed and the dotted circle indicate
the mean intragroup and intergroup distances, respectively.

In addition to ICA, we generated pairwise correlation maps
(PCM) to visualize the Pearson correlation coefficients of the
molecular profiles in all pairwise combinations of samples. PCM
were calculated separately for metabolomics and proteomics data
and for the integrated “transomics” data set in analogy to the ICA

Figure 1. DIGE of serum proteome reveals pathways regulated in obesity. (A)Gel displays a representative example of serum from a lean volunteer. (B)
Quantification of selected spots and area maps of C3, C3b and RBP4. (C) Pathway related gene enrichment is shown by values (black circles) of fold
changes from regulated proteins annotated to the various pathways. The pathway cumulated p-values are calculated and significantly enriched pathways
(p < 0.05) are marked by asterisks.

http://pubs.acs.org/action/showImage?doi=10.1021/pr2005555&iName=master.img-001.jpg&w=400&h=424
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analysis. PCM heat map visualization is combined with hierarch-
ical clustering to estimatemutual similarities between the samples.

Pathway Analysis
Selected proteins were associatedwith concepts ofmolecular and

physiological function and assigned to functional sets of proteins
making use of theGENECARDS database as described inHenegar
et al.30 Set-wise averaging of the logged FC values over the set
members provides estimates of the set-related overexpression and
of the respective standard error, which allows interpretation of
concerted changes of protein abundance in a functional context (see
ref 33). Fold changes ofmembers of each set in pairwise comparison
between lean and obese test persons are shown as box plots
indicating the median as well as the 25 and 75% interquartile ranges
(Figure 1 and Figure S2, Supporting Information). Set members
with significant fold changes in their abundance were presented
separately by filled circles in Figure 1D (Table S5, Supporting
Information). The p-value, which has been obtained from averaged
t-scores of all set members, allows us to estimate the significance of
the observed fold changes of each set (threshold p = 0.05).

Comparison of Treatments
Baseline-post fold changes of selected markers are com-

pared in nutrition and surgery treatments in study 2 using
appropriate correlation plots. The significance of the FC-values
was estimated by means of the t test with a significance threshold
of p = 0.05. Further, multiple linear regression was applied
to estimate the effect of selected clinical factors (Table 1). This
model assumes a linear relation between the molecular and
clinical markers. The obtained regression coefficients (“beta”-
coefficients) estimate the statistical weight of each clinical marker
in the linear combination of all markers.

’RESULTS

Identification of 4 Proteins as Exercise-Independent and 7
Proteins as Exercise Dependent Predictors of Fat Mass
Differences in Healthy Individuals

Combined serum proteome and metabolome analyses were
performed in five lean and five obese healthy young men,
which have been matched for age and health status (Table S1,

Figure 2. Serum protein fingerprint from healthy lean and obese subjects. The relative changes in abundance of proteins are displayed as Vulcano plots
for (A) group dependant comparisons and (B) time comparisons. Minus log fold-change (FC) in A indicate upregulation in obese subjects. The
horizontal dotted line represents the significance threshold (p < 0.05) and the significantly regulated proteins are highlighted in red. The results are
summarized as (C) Venn diagram exhibiting the commonly and specifically affected proteins.

http://pubs.acs.org/action/showImage?doi=10.1021/pr2005555&iName=master.img-002.jpg&w=458&h=400
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Supporting Information). To exclude exercise-dependent circu-
lating protein changes, the serum proteome was analyzed at three
points in time: at baseline, immediately after a one-hour exercise
bout and after 24 h of regeneration (Figure S1A, Supporting
Information). Only those proteins were taken into account that
significantly differ either at all three points between the two
groups (group effect) or between the points in time independent
of the obesity status.

The depletion of 20 high abundant proteins from the serum,
including albumin, resulted in gels resolving up to 289 protein
spots (Figure 1A) from which 135 spots were detectable for all
of the conditions studied (Table S2, Supporting Information). To
allow a quantitative analysis of affected pathways all spots were
subjected to protein identification so that the number of proteins
belonging to certain pathway was used as normalization since the
affected spots were determined. Only 6 out of these 126 spots
(Table S3, Supporting Information, Figure 2A) showed significant
differences between lean and obese individuals at all points in time
(Figure 2A and C group comparison). These spots are assigned
to four different proteins (Table S3, Supporting Information): the
C3d fragment, C3 complement, C3b complement and CLU.

Examples of the quantification of spots using DECODON
software are shown in Figure 1B for C3 (Spot no.163; Table S2,
Supporting Information) and two isoforms of RBP4 (Spot
no.192 and 194; Table S2, Supporting Information). Interest-
ingly, 66 out of the 126 regulated spots represented proteins that
are related to pathways of apoptosis, classical, alternative or lectin
pathways of complement activation (Figure 1C). These changes
of set-related protein abundances between lean and obese meet
the significance criterion for the pathway-related protein sets
despite the relative large scattering of the individual data. In fact,
no statistically relevant differences between lean and obese could
be identified after applying the analogous analysis using disease-
related protein sets (Figure S2, Supporting Information).

To extract the time effect, correlating with treatment, we
performed ANOVA analysis separately for the data of both test
groups: In the proteome study of fat mass independent protein
changes in response to an acute exercise bout, 37 spots were
found to vary significantly for obese and 39 for lean persons.
Their assignment to different groups is displayed in the Volcano
plots and Venn diagram (Figure 2B and C). The following seven
proteins regulated in both groups were identified: C3, PEDF,

Figure 3. Validation of differentially expressed proteins by ELISA. On the basis of spot density, (A) significant regulation of spot 118 was found, the
identification yielded (B) KNG1 and (C) SERPINC1 with significant scores. The ELISA of both KNG1 and SERPINC1 evaluated SERPINC1 as the
most relevant affected protein (C). ELISA data fromC3, IC3b, CLU, PEDF, APCS, RBP4 and VDBP are shown as means with SEM in D�J. White bars
represent lean, black bars indicate obese subjects. Every single value is shown as red circle. Lines above bars indicate significant (p < 0.05) changes
between groups using unpaired Student t test.

http://pubs.acs.org/action/showImage?doi=10.1021/pr2005555&iName=master.img-003.jpg&w=397&h=375
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SAP, RBP4, VDBP, AT III and KNG1 isoform 2 (Figure 3A,
Tables S2, S3, Supporting Information). In spot no. 118 (for
quantification see Figure 3A) AT III and KNG1 isoform 2 were
found with similar scores (Table S2, Supporting Information).
By means of specific ELISAs, we confirmed protein differences
for C3 and CLU at all three points in time, for C3b, PEDF, RBP4,
VDBP and AT III at two points and for SAP at a single point.

Identification of Six Metabolites As Exercise-Independent
Predictors of Fat Mass Differences in Healthy Individuals

We investigated the metabolomic profiles of the same ten
healthy lean and obese subjects at the three points in time with
a prespecified particular focus on circulating amino acids, fatty
acids, phospholipids and sphingolipids by targeted analysis of
163 metabolites34 (Figure S1A, Supporting Information).
Figure 4A shows results of paired t tests designed in correspon-
dence with the analysis of proteome data. The abundance of six
metabolites significantly differs between lean and obese volun-
teer’s at all three points. Particularly, GLY, GLN and glycero-
phosphatidylcholine 42:0 (PCaa 42:0) were up-regulated

whereas glycero-phosphatidylcholine 32:0 (PCaa 32:0), gly-
cero-phosphatidylcholine 32:1 (PCaa 32:1) and glycero-phos-
phatidylcholine 40:5 (PCaa 40:5) were down-regulated in obese
volunteers (Table S4, Supporting Information). We identified
13 metabolites in the obese and 19 in the lean group, which were
significantly and independently of fat mass differences altered in
response to the exercise bout. Among them, six metabolites were
commonly affected in both groups, that is, the carnitines C2,
C10:1, C14:1-OH, C14:2, C18:1 and C18:2 n (Figure 4;
Table S4, Supporting Information). The values for the enlarged
cohort confirm these results on a broader basis (see Table S6,
Supporting Information).

Combined Analysis of Proteome and Metabolome Data
Sets Markedly Improves Discrimination between Lean and
Obese Individuals

Proteome and metabolome data were either separately or
combined subjected to ICA analysis in order to test if regulated
proteins or metabolites or the combination of both data sets
allow a better discrimination between obese and lean individuals

Figure 4. Metabolomic fingerprint from healthy lean and obese subjects. The relative changes in abundance of metabolites are shown as Vulcano plots
for (A) group dependant comparisons and (B) over time. Minus log fold-change (FC) in A indicates up-regulation in obese subjects. The horizontal
dotted line represents the significance threshold (p < 0.05) and the significantly regulated metabolites are highlighted in red (glycine and glutamine),
blue (PCaa) and yellow (carnitines). The results are summarized as (C) Venn diagramm exhibiting the commonly and specifically affected metabolites.

http://pubs.acs.org/action/showImage?doi=10.1021/pr2005555&iName=master.img-004.jpg&w=452&h=397
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and/or between the exercising conditions (Figure 5). ICA
aggregates the set of proteins and/or metabolites studied into
one point per sample in the two-dimensional coordinate system
spanned by the two most relevant independent components
(Figure 5). The mean position characterizing each condition
was calculated as the center of gravity of the respective replicated
samples (small open circles). The dashed circle drawn about each
center of gravity illustrates the mean Euclidian distance between
the replicates as a measure of their variability.

The ICA-plots thus show one cloud of replicated samples
with different mutual distances between their centers of gravity
referring either to the different points in time or volunteer
groups. The sequence of points in response to an exercise bout
is indicated by the arrows separately for obese and lean volun-
teers (Figure 5A�C). These trajectories reveal that both the
proteome and metabolome profiles markedly change immedi-
ately after exercising. Upon regeneration, the profiles returns
toward the baseline situation partly with the tendency of over-
compensation. Note also that these treatment-induced trajec-
tories of both groups are roughly directed in parallel but shifted
to each other in perpendicular directions. In ICA-coordinates,
this fact indicates that the differential features between both
groups are mostly independent of the differential features
describing the treatment.

Themutual separations between the centroids are different for
the proteomic, metabolomic and combined data sets. They were

estimated in terms of the group separation index (GSI), which is
defined as the mean distance between the different centroids
divided by the mean distance between the replicates about
the centroids. Hence, the larger the GSI-value the better the
different conditions are resolved in the ICA coordinate system.
The separate consideration of proteome and metabolome
data provides similar values of GSI = 2.02 and 2.16, respectively
(Figure 5A, B) whereas the combined ICA-analysis of both data
sets markedly improves the discrimination between the different
conditions (GSI = 2.61). In addition, we estimated partial GSI
values between selected subgroups to characterize their relative
distance in the ICA plot as simple measures of their discrimina-
tion power. At all conditions, proteome data outperform meta-
bolome data for group separation lean versus- obese (Figure
S3A, Supporting Information), whereas the reverse relation was
observed for the discrimination between the different points
in time (Figure S3B, Supporting Information). On one hand,
the former result can be partly attributed to the preselection
of differently expressed proteins in our study while the set of
metabolites contains more analytes not different between the
groups. On the other hand, similar preselection of metabolite
data does virtually not change the observed differences because
the respective noise is largely filtered out by ICA-analysis (data
not shown). Hence, the obtained combined transomics data set
outperforms the single-omics data in terms of group separation
(compare Figure 5C with 5A and B). Trivially, this gain of

Figure 5. ICA analysis of single and of integrated data sets by ICA. ICA of (A) proteome and (B) metabolome data results in modest group separation
which is improved by (C) analysis of an integrated data set. The dashed circles illustrate the variability of the five replicates measured at each condition.
The group separation index (GSI) is calculated as the mean distance between the samples of different groups divided by the mean distance between the
samples of the same group. The arrows illustrate the sequence of time points.

http://pubs.acs.org/action/showImage?doi=10.1021/pr2005555&iName=master.img-005.jpg&w=437&h=327
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performance at least partly results from the increased sample
size of the combined data set. However, also the complemen-
tary sensitivity of the metabolome and proteome characteristics
for short and long-term effects discussed above is expected to
improve the discrimination power of the combined data owing to
the explicit consideration of the covariance information between
both data sets.

Concerted changes of metabolites and proteins are likely
to be functionally associated with consequences for mutual
correlations between both data sets. The PCM heat maps
(Figure 5D�F) illustrate the degree of these correlations in all
pairwise combinations of the samples. Panels D�F of the figure
refer to the proteome, metabolome and to the integrated data set,
respectively. Strong positive and negative correlations are coded
in red and blue colors, respectively, while weak correlations are
shown in black. Hierarchical clustering groups samples of similar
correlations closely together forming red squared areas about the
diagonal line in the PCM. As expected, proteome data distinguish
well between the obese and lean groups (Figure 5D, the color
bars at the edges of the maps code the different conditions), but
with virtually poor separation between the different points
in time of conditioning. Metabolome data show a tendency to
cluster these time points together (Figure 5E). The integrated
data clearly separate both experimental dimensions, namely long
and short-term conditions (Figure 5F). In assessing the cluster
structures, one has to take into account that the rotation of
branches about their parent root does not change the informa-
tion content. Detailed inspection of the heat map reveals that
the obtained pattern is stabilized by positive and negative
correlations that accumulate in diagonal and off-diagonal direc-
tion, respectively. Especially the latter type of correlations is
much stronger expressed in the integrated data than in the single
data. This result supports our hypothesis that cross-correlations
between protein and metabolite concentrations improve the
separation of different conditions in an orthogonal fashion.

Effect of Weight Reduction on Circulating Proteome and
Metabolome Markers

To further investigate whether differences in serum proteome
between lean and obese healthy individuals correlate with differe-
nces in body fat mass, we studied the effect of two weight loss

strategies (diet and bariatric surgery) on anthropometric, clinical
parameters (Table 2) as well as the differentially abundant
proteins and metabolites. The protein levels of iC3b, CLU and
ATIII were significantly reduced in the diet group, whereas more
extensive weight loss in the bariatric surgery study caused
significant changes in C3, CLU, PEDF, RBP4 and VDBP serum
concentrations. The full set of proteomic and metabolomic
parameters obtained in the intervention study is summarized in
Table S7 (Supporting Information). Multivariate linear regres-
sion models were used to test whether changes in the serum
parameters are independent of changes in BMI, % body fat and
parameters of insulin sensitivity as well as glucose metabolism.
Serum protein concentrations of CLU, PEDF, SAP, RBP4
and AT III significantly correlate with body fat mass even after
adjusting to age, gender and HbA1c (Table S8A, Supporting
Information). The corresponding metabolomics approach
showed significant correlations with changes in % BF for GLN,
Carnitine C14:1OH, C18:1, C18:2 and C2 (Table S8B, Support-
ing Information). In addition, GLN, PCaa40:5, Carnitine
C10:1 and C14:1OH correlate significantly with HbA1c. In the
intervention studies, changes of CLU, PEDF iC3b and the
metabolites GLN and PC 42 show significant correlations with
changes in body fat mass after adjustment to age, gender, HbA1c
and FPI (Tables 3 and 4). Interestingly, the changes in concen-
tration of VDBP were not correlated to body fat changes.

’DISCUSSION

Obesity is associated with an increased risk for metabolic
and cardiovascular (CV) diseases. Altered secretion of bioactive
molecules from excessive and dysfunction adipose tissue of
most patients with obesity may at least in part be affected by
this relationship.2 Many novel adipokines, which could link fat
accumulation to metabolic and CV diseases, have been described
in the past decade. However, we intended to identify further
circulating factors by combining proteomic and metabolomic
approaches. In an exploratory study we compared the circulating
proteome and metabolome, of 5 lean to 5 obese healthy young
male volunteers (Table S1, Supporting Information), to exclude
potential influences of already existing obesity-related comorbid-
ities. The identified markers were then further analyzed in a set of

Table 2. Clinical Characteristics of Study 2 Subjectsa

control (n = 17) low-carbohydrate diet (n = 12) bariatric surgery (n = 14)

baseline baseline 6 month post p-value baseline 6 month post p-value

Age [years] 49 ((11.4) 49 ((2.71) 41.9 ((13.29)

Type 2 diabetes — no. [%] 0 0 0 8 0

Height [cm] 167.8 ((8.61) 171 ((10.27) 173.6 ((9.328)

BW [kg] 74.8 ((11.3) 107.0 ((16.23)b 101.3 ((14.32)b <0.001 164.0 ((33.83)b 110.6 ((28.31)b <0.001

BF[%] 32.5 ((8.4) 38.0 ((2.9)b 35.4 ((3.0) <0.001 56.1 ((8.3)b 38.5 ((7.2)b <0.001

BMI [kg/m2] 26.48 ((2.7) 36.42 ((2.77)b 34.51 ((2.53)b <0.001 54.00 ((8.05)b 36.31 ((7.25)b <0.001

HbA1 c [%] 4.92 ((0.3) 5.67 ((0.1 4)b 5.44 ((0.12)b 0.002 6.57 ((0.85)b 5.76 ((0.35)b <0.004

FPG[mmol/L] 5.21 ((0.6) 5.34 ((0.37) 5.36 ((0.26) ns 6.07 ((0.63)b 5.66 ((0.28)b <0.0122

FPI[pmol/L] 72.0 ((33.1) 122 ((28.1)b 89 (21.2) 0.008 382 ((1 64)b 182 ((72.4)b <0.001

Triglycerides [mmol/L] 1.46 ((0.78) 1.71 ((0.16) 1.49 ((0.13) 0.0011 2.29 ((0.49)b 1.75 ((0.28) <0.002

HDL-cholesterol [mmol/L] 1.40 ((0.28) 1.04 ((0.1 7)b 1.21 ((0.14)b 0.009 0.91 ((0.18)b 1.33 ((0.22) <0.001

hsCRP[mg/L] 1.39 ((0.51) 2.11 ((0.76)b 1.60 ((0.60) 0.0019 4.36 ((1.43)b 1.50 ((0.68) <0.001
aData are presented as mean( SD.; † indicate b b p < 0.05 using unpaired t-test statistics to compare control vs. treatment time point, p-value represent
time effect within group.
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15 lean vs 15 obese volunteers (Table 1). All protein markers
found in the smaller group were confirmed analyzing a 3-fold
larger group and using an independent method of quantification.
This can be explained by the fact that DIGE detects the proteins
of higher and intermediate abundance and by the applied
stringent statistical filters. To minimize the risk of identifying
proteins and metabolites that reflect differences in physical
activity between the groups, we applied an acute exercise bout
study as a filter for those circulating factors.

Our proteome analysis revealed a higher abundance of C3,
C3b, PEDF, SAP, RBP4, VDBP and ATIII in healthy obese than
in lean individuals. The application of 2D gel electrophoresis
enabled us to further detect post-translational modifications of
proteins including C3, C3b and RBP4. Targeted metabolite
profiling identified the amino acid GLN, and the carnitines
C14:1OH, C18:1, C18:2 and C2 as differentially abundant in
the serum of the two groups. In fact, these parameters were
different in lean and obese individuals independently of physical
activity status. Opposing lean and obese subjects, a transomics
approach of proteome and metabonome data set increases the
discrimination power of the data between both the treatment
groups and treatment conditions compared with “single-OME”
sets of metabonomic or proteomic data using the GSI-score as a
simple criterion based on ICA analysis. We confirmed the
potential role of these circulating factors as biomarkers of fat
mass or potential mediators of obesity-associated disorders by
demonstrating that changes in fat mass in response to a diet or
bariatric surgery are reflected by changes in CLU, PEDF, RBP4,
iC3b, GLN and glycero-phosphatidylcholine PCaa 42:0.

Fat Mass-Related Proteome Biomarkers
Our analysis aimed at identifying proteomic biomarkers in

early stages of obesity without comorbidities, first, related to fat
mass itself and, second, related to changes of body fat mass. By
means of 2D gel electrophoresis, we identified 6 isoforms of C3
complement to be up-regulated in serum of young males with
obesity and confirmed these differences by ELISA (Figure 3). C3
was not influenced either by one hour exercise treatment or by 24
h of regeneration and consistently discriminates lean and obese
subjects (Figure 3D). It has previously been shown that C3 is
secreted by adipocytes35,36 and that its fragment C3a-des-Arg, or
acylation-stimulating protein,37 is a potent enhancer of glucose
transport and triacylglycerol synthesis.38 After bariatric surgery
and low-carbohydrate diet, C3 was down-regulated (Table S7,
Supporting Information). Interestingly, correlation between
circulating C3 and body fat mass was discarded after adjustment
to age, gender and HbA1c (Tables S8A and 3, Supporting
Information). In the past decade, it has been revealed that C3
is highly expressed in adipose tissue of obese individuals.39,40 In
addition, C3 was shown to predict the risk of atrial fibrillation41

or coronary artery disease42 better than CRP levels. Our results
further suggest that complement C3 plays a role as an early
marker for obesity-related cardiovascular diseases.

CLU is a nearly ubiquitously expressed ∼80 kDa disulfide-
linked heterodimeric protein. In serum, it acts as an apolipopro-
tein, which at least partly associates with high density lipo-
protein.43 CLU has been functionally implicated in several
physiological processes as well as in many pathological condi-
tions including aging, diabetes, atherosclerosis, degenerative
diseases, and tumorigenesis. The spectrum of proposed functions
of CLU includes lipoprotein transport, inhibition of comple-
ment-mediated lysis, regulation of sperm maturation, cellT
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migration, and apoptosis44 as well as suppression of the growth of
extracellular amyloid.45 Our exercise bout study shows opposite
expression pattern of CLU after one hour of exercise in lean and
obese volunteers (Figure 3F). CLU gene expression was shown
to be regulated by cytokines, growth factors, heat shock proteins,
radiation and oxidative stress.46 Since acute exercise may increase
circulating reactive oxygen species (ROS)47 and cytokines,48

increased ROS production might underlie the observed exercise-
dependent increase in serum CLU. Changes of CLU correlate
with body fat mass independent of age, gender, HbA1c and
fasting plasma insulin (Table 3).

PEDF is one of the most abundant proteins secreted by
human adipocytes and induces insulin resistance in adipocytes
and skeletal muscle cells.49 Elevated PEDF plasma concentra-
tions have been reported in patients with metabolic syndrome
and type 2 diabetes, abdominal fat distribution and in individ-
uals with high triglycerides, creatinine and TNF-alpha serum
concentrations.50�52 In our study, elevated levels of PEDF were
already abundant in young obese subjects without clinical signs
of altered glucose homeostasis and could be reduced by
acute exercise (Figure 3G) and substantial weight loss follow-
ing bariatric surgery (Table S7, Supporting Information). This
suggests PEDF as an early marker of obesity-related metabolic
comorbidities, also in accordance with a previous study showing
decreased PEDF concentrations after significant weight loss.53

Serum PEDF correlates with body fat mass even after adjustment
to age, gender and HbA1c (Table S8, Supporting Information).
In contrast to sleeve gastrectomy, low carbohydrate diet-asso-
ciated weight loss was not sufficient to significantly decrease
circulating PEDF levels (Table S7, Supporting Information).
PEDF has been shown to contribute to insulin resistance in
obesity.54 Our data indicate that increasing fat mass may be the
earliest underlying mechanism for the relationship between
elevated PEDF levels and altered insulin sensitivity.

SAP activates the classical component pathway and was shown
to be involved in inflammation.55�57 In this study, we detected
elevated levels of SAP in obese subjects independently of an
acute exercise bout (Figure 3H). Hence, we confirm previous
results of elevated SAP in obesity.58 Comparing sleeve gastrect-
omy and low carbohydrate diet, the dynamic in SAP serum
concentrations has a divergent pattern (Table S7, Supporting
Information). Substantial weight loss after surgical obesity treat-
ment was associated with significantly decreased circulating SAP
levels, whereas increased SAP was observed in patients with
moderate weight loss after 6months hypocaloric diet. Circulating
SAP correlates with age and % body fat, independently of age,
gender and HbA1c (Table S8, Supporting Information). How-
ever, changes in fat mass after the two different weight loss
strategies were not related to changes in SAP serum concentra-
tions, finally implying that adipose tissue does not represent
the major source of SAP. SAP has been suggested to bind to
chromatin in apoptotic cells, thereby repressing formation of
autoantibodies.59 In the context of our study, elevated levels of
SAP may indicate subclinical chronic inflammation already in
healthy obese individuals.

The identification of elevated RBP4 serum concentrations in
obese compared to leanmen by the proteomics approach testifies
that the method is able to detect previously reported markers of
increased fat mass. RBP4 has gained a lot of attention after the
initial notion that it is elevated in the serum of insulin-resistant
humans and mice60 and that increased RBP4 serum concentra-
tions are associated with many components of the metabolic

syndrome.61 In patients with obesity and type 2 diabetes, RBP4
was shown to be predominantly secreted from visceral adipose
tissue.62 However, as of today, a causal link between elevated
serum RBP4 and increased fat accumulation beyond simple
association could not be established convincingly. Our gel-based
approach showed expression of two different isoforms of RBP4
up-regulated in obesity (Figure 1A�B). Both isoforms increased
significantly after a one-hour exercise bout in lean volunteers and
decreased in obesity (Table S3, Supporting Information). Our
data points toward a previously unrecognized role of RBP4
isoforms that should be further investigated in the context of
obesity. RBP4 isoforms were not further investigated, but it
should be kept in mind that isoforms can be important for the
regulation of biological processes.63,64 Using ELISA to confirm
our 2D approach with independent methods, RBP4 is differen-
tially expressed in sera of obese volunteers (Figure 3I). After a
one-hour exercise workout, significant differences between lean
and obese were investigated. Interestingly, after 24 h of regen-
eration, the differences between the two groups have finally been
achieved (Figure 3I). Increased serum RBP4 levels have been
reported in subjects with obesity, insulin resistance, low grade
chronic inflammation and type 2 diabetes61 and in other insulin-
resistant states, such as nonalcoholic fatty liver disease.65 These
pathological processes are also related to inflammation,66 as
reported for acute exercise.67 Our results indicate that the serum
expression rate of RBP4 is influenced by acute changes in
metabolism and after long-term changes of glucose homeostasis
by sleeve gastrectomy (Table S7, Supporting Information). This
argument is supported by the fact that sleeve gastrectomy has
been shown to rapidly increase insulin sensitivity68 and thereby
indicate a correlation with loss of fat mass.69 In contrast to further
recent studies, we were not able to detect an effect of hypocaloric
diet in order to decrease RBP4 serum levels.68 However, we
could confirm an independent significant correlation of circulat-
ing RBP4 with body fat mass as well as changes in body fat
percentage (Table S8, Supporting Information). Supporting
previous data, the association between RBP4 and reduced body
fat after 6 months was stronger than its association with BMI.70,71

Circulating RBP4 levels also correlate with ectopic fat accumula-
tion in the liver, visceral fat and skeletal muscle.72 One potential
mechanism for reduced RBP4 levels after bariatric surgery could
therefore be a reduction in these ectopic fat depots.

VDBP is the major serum transport protein for vitamin D
sterols.73 The protein has been reported to be associated with
diabetes and hyperglycemia in PIMA Indians and other ethnical
groups.74,75 We found significantly higher VDBP serum concen-
trations independently of the physical activity status in obese
than in lean subjects (Figure 3J). After sleeve gastrectomy, VDBP
levels decreased significantly but did not normalize, whereas
low calorie diet was not sufficient to alter circulating VDBP
(Table S7, Supporting Information). Furthermore, VDBP serum
concentrations do not correlate with body fat mass (Table S8,
Supporting Information). VDBP is a carrier protein for vitaminD
hormone and the affinity of VDBP for 1.25 (OH)2 vitamin D3,
and 25-OH-vitamin D3 differs depending on the genotype.76

Vitamin D plays a role in the pathogenesis of impaired glucose
homeostasis and has been associated with both insulin sensitivity
and beta-cell function among individuals at risk for type 2
diabetes.77�79 Thus, it is tempting to speculate that VDBP affects
glucose metabolism by modulating the action of metabolites
of vitamin D. Winters et al. (2009) showed that VDBP is not an
important determinant of circulating 25OHD in women and that
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it is not affected by adiposity.80 On the other hand, morbidly
obese patients seeking bariatric surgery are often deficient in
Vit D.81 This fact can explain why VDBP only shows changes in
sleeve gastrectomy patients (Table S7, Supporting Information).
Furthermore, it is recognized that bariatric surgery causes a
hypovitaminosis of vitamin D.82 To sum up, these findings shed
light on a putative role of vitamin D-binding protein, but further
investigations are necessary.

AT III exerts its function by inhibiting thrombin and is
therefore involved in the regulation of coagulation.83 Hemostasis
is disturbed in obesity-related disorders such as Type 2 Diabetes
and, therefore, it is characterized as a hypercoagulable state.84

This state could be caused by either an increase of pro-coagglu-
tination factors or a deficiency of anticoagglutination factors.
We found elevated levels of AT III in obese subjects (Figure 3C).
AT III serum concentrations correlate with body fat mass and
HbA1c independently of age and gender (Table S8, Supporting
Information). However, changes in body fat mass upon the two
intervention strategies were not associated with changes in AT III
levels, suggesting that fat mass does not directly cause elevated
circulating AT III.

Taken together, the candidate biomarkers C3b, CLU and
VDBP need further replication studies to identify the impact on
the pathomechanism of obesity related disorders.

Fat Mass-Related Metabolome Biomarkers
Here, we detected GLN, the most abundant amino acid in

plasma and in skeletal muscle (Lacey and Wilmore, 1990),
and GLY as the strongest differentially abundant metabolite
discriminating obese from lean subjects (Table S4, Supporting
Information). Glutamine has been reported to play a role in
maintenance of skeletal muscle, immune system function as well
as glucose and glycogen metabolism.85 Obese subjects exhibited
significantly lower levels of glutamine at baseline and over
the time course of physical activity and regeneration (Table S4,
Supporting Information), finally indicating a robust association
of this amino acid with obesity. Lower GLY serum concentra-
tions can be increased by bariatric surgery (Table S7, Supporting
Information), indicating that the increased fat mass contributes
to lower circulating GLY. It could be further explained by the
predominance of catabolic metabolism in which muscle tissue
might secrete glutamine to enable maintaining glucose home-
ostasis by the liver. GLY is involved in many different biochem-
ical mechanisms including the regulation of plasma cholesterol
and triglyceride levels86 as well as protection against D-galacto-
samine hepatotoxicity.87 In earlier studies, GLY was shown to be
useful in relation to diseases with an inflammatory component
including the metabolic syndrome.88 Recent results obtained in
a mouse model of obesity show that GLY led to a suppression
of pro-inflammatory cytokines such as TNF-alpha in adipose
tissue and IL-6 serum levels and increased serum levels of
adiponectin.89 GLY was also found as an early marker for insulin
resistance20 but surprisingly was not found to be differentiating
between lean and diabetic patients in another study,21 pointing to
an uncertain relation to the etiology of metabolic syndrome
related disorders. In this study, neither low carbohydrate diet nor
sleeve gastrectomy did affect GLY levels (Table S7, Supporting
Information). Additionally, GLY showed neither a correlation to
nor changes of fat mass (Table S8, Supporting Information). We
hypothesize that decreased serum concentrations of GLY found
in young obese are obviously related to nutritional status rather
than to obesity itself.

GLN correlates with body fat mass and HbA1c value (Table
S8, Supporting Information). Changes in GLN levels signifi-
cantly correlate with changes of % body fat after weight reduction
strategies independently of age, gender, fasting plasma insulin
and HbA1c (Table 4). Since an effect of orally administered
glutamine on serum concentration of glucagon-like peptide 1,
glucose-dependent insulinotropic polypeptide (GIP) and gluca-
gon was found,90 it seems to be important to maintain a
stable glutamine level. Among all measured metabolites GLN
showed the strongest correlation to body fat and changes of fat
mass (Table 4 and Table S8, Supporting Information). In other
metabolome-wide studies, glutamine was not found as markers
of insulin resistance in nondiabetic patients20 neither as differ-
ential between lean and diabetes patients as a single marker,21

but in relation to phenylacetylglutamine, it shows a significant
correlation in the latter study.

Phosphatidylcholines are involved in lipid metabolism and are
crucial for lipid transport. Concentrations of phosphatidylcho-
lines have been related to the accumulation of fat in the liver.91

Moreover, we found significantly higher abundance of the
phosphatidylcholines PC32:0, PC32:1 and PC40:5 in obese
compared to lean subjects (Table S6, Supporting Information).
Although no phosphatidylcholine correlated with body fat mass
at baseline, there was a significant correlation between changes in
PC42:0 serum concentration and changes of body fat mass after
both bariatric surgery and diet interventions (Table S8, Support-
ing Information).

Carnitines are essential for the transport of fatty acids into the
mitochondria. In serum, C2 is the dominant carnitine species,
which corresponds with the intracellular abundance of this
carnitine. We found C2 highly elevated in obese subjects and
immediately after exercise with a sustained elevation even 24 h
after the acute exercise bout (Table S4, Supporting Information).
Increased serum levels in obese subjects could be caused by
mitochondrial damage occurring in skeletal muscle of obese
patients.92 After long-term metabolic changes by either hypoca-
loric diet or sleeve gastrectomy the levels did not change
significantly but stayed stably compared to controls (Table S7,
Supporting Information). As an exception, C14:1OH carnitine
was correlated with body fat mass even after adjustment to age,
gender and HbA1c (Table S8, Supporting Information). Our
results indicate that carnitines in general aremore related to acute
changes of metabolism than to reflect long-term changes of fat
mass. Also, carnitines may act as anti-inflammatory factors.93

After physical exercise, carnitines were found to be affected over
time using ANOVA (Table S4, Supporting Information). The
majority of carnitines showed a general increase in lean and obese
subjects under exercise-induced metabolism and recovery. In
contrast, C2 was increased by exercise and decreased after 24 h of
regeneration albeit C2 concentration did not reach the baseline
level (Table S4, Supporting Information). This qualifies C2 as a
potential indicator for differential states of metabolic activity
between lean and obese subjects. Carnitines are relevant markers
of mitochondrial efficiency: an increased level especially of short
and intermediate carnitine indicate an impaired mitochondrial
metabolism used for newborn screening.94 In contrast to this
study, various carnitines were found to be significant differen-
tially abundant in plasma samples of obese and lean persons
in a recent study.95 Kim et al. discussed the elevated levels in
obese patients by the positive effects of byproducts or inter-
mediates of the branched chain amino acid catabolism. Addi-
tionally, It is well-known that inefficient tissue long-chain fatty
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acid β-oxidation, due in part to a relatively low tricarboxylic acid
cycle capacity, increases tissue accumulation of acetyl-CoA and
generates chain-shortened acylcarnitine molecules. Comprehen-
sive plasma acylcarnitine profiles in T2DM have revealed ele-
vated circulating markers of incomplete LCFA catabolism and of
acetylcarnitine.96 Our work provides evidence that obese patients
without comorbidities show different serum acylcarnitine profile
both under exercise conditions and in relation to weight loss
compared to lean subjects. This serum acylcarnitine profile
appears to be a sensitive indicator of biochemical pathways that
are responsive to the severity of diabetes and long-term blood
sugar control.96

Combination of Proteomics and Metabolomics Improves
Discrimination between Lean and Obese Subjects

Recent analyses demonstrated the potential of integrated
“transomic” approaches.32,97�99 However, so far only few exam-
ples exploit combinations of metabolomics and proteomics data.

We found that a combined proteome/metabolome approach
allows a better group separation compared to the “single-OME”
analyses (Figure 5A�C). An improved discrimination was also
demonstrated for the exercise bout intervention. The better
groupdiscrimination could be attributed to the increased sample
size, but also to complementary sensitivities of the metabolites
and proteins: Metabolites more strongly respond to short-term
changes, whereas circulating proteins better reflect long-term
adaptations. The combined analysis processes the covariances
between protein and metabolite abundances that are not con-
sidered in the “single-omics” analysis. Such, correlations between
both “omics” data obviously further improve the performance of
the combined data. The additional benefit of these cross-correla-
tions was supported by PCM analysis (Figure 5D�F) showing
that the integrated data set separates the obese from the lean
group very well, whereas “single-omics” data do not. These
findings are in line with the results of studies on molecular
plant physiology that also combine proteome and metabolome
data sets.32 Our results suggest that combination with selected
proteomic markers such as proteins specifically expressed in
adipose tissue might complement sets of metabolic risk markers.

In the past decade, technological developments provided
broader studies on the metabolome of body fluids and cellular
samples. Still, there are wide gaps in the information chain
reaching from genes over proteins to metabolites. Even in
relatively simple organisms such as the bacterium Mycoplasma
pneumonia not all relevant genes and proteins for a validated
metabolomic function could be detected by a recent large systems
biology-oriented approach.100 Nevertheless, all relevant levels of
regulation must be combined in order to gain insights into factors
governing physiological functions. The transomic approach ap-
plied in this study allowed us to detect parameters that are related
to obesity independently of short-term exercise effects. However,
the origin of the detected metabolites and proteins and their
changes are not easy to define. By using clinically relevant
interventions to reduce fat mass, we tested the hypothesis that
adipose tissue is a major determinant of the production of
differentially expressed parameters.

Pathways Related to Pathophysiology of Obesity
We hypothesized that our proteomic approach provides

insights into pathway related changes that have already
been detected in obese subjects in the absence of any obesity-
related comorbidity. Our “shotgun-2D approach” allowed the
quantitative determination of pathophysiological pathways such

as apoptosis and complement system (Figure 1C). We found a
“down-regulation of apoptosis” as one of the most prominent
pathways associated with up-regulated protein abundances in
obesity. Down-regulation of apoptosis could be an early indicator
of obesity-related complications such as inflammation and in-
creased oxidative stress. Additionally, proteins associated with
three pathways of the complement system, namely the classical,
the alternative and the MBL-pathway, are markedly increased
in obese subjects (Figure 1C). The detection of the pathways
of the complement system has strongly been influenced by the
abundance of different isoforms of C3. Moreover, C3 is known
to contribute to the formation of acylation stimulating protein
whose level increases in obese people.101 Decreased fat mass
after hypocaloric diet or sleeve gastrectomy correlates with
an increased activity of the complement system (Figure S4,
Supporting Information). To our knowledge, this is the first
study that showed correlations between the loss of fat mass and
increased activity of the complement system.

Challenges in Proteomic and Metabolomic Profiling of
Serum Samples

The two most prominent challenges in serum proteome
analytics are the wide range of protein concentrations requiring
depletion of high abundant proteins and their speciation owing
to post-translational modifications.12 For the latter purpose, 2D
gels are still valuable tools, but for their application to serum
samples, the high abundant proteins have to be depleted to
obtain a wider coverage of the serum proteome. Classical 2D-gel
electrophoresis leads to identification of selected spots but here
we were interested in displaying dysregulation of homeostasis
and the involved pathways.

Therefore the identification of 126 spots allowed for the
analysis of pathways in a quantitative manner. Incomplete protein
separation represents one well-recognized challenge in 2D gels
leading to more than one protein per spot.102 For example, spot
118 contains both AT III and KNG-1 with similar scores and had
been unambiguously identified by nano-LC�MS/MS (Orbitrap-
MS) (Table S2, Supporting Information). The relative contribu-
tion of both proteins to the spot intensity was analyzed by specific
ELISAs revealing a stronger impact of AT III (Figure 3B,C). This
example illustrates the limits of 2D-gel electrophoresis. Beyond
the potential insights of the DIGE approach, it can represent only
a fraction of the serum proteome. It is far from a comprehensive
analysis but allows for detection of robust differences between
diverse conditions. The serummetabolome displays some specific
challenges like a wide range of concentrations of metabolites and
its various origins.

In conclusion, integrated serum proteomic and metabolomic
profiling reveals association of the complement systemwith obesity
and identifies both novel and previously discovered markers of
body fat mass changes. Multivariate regression analyses identified
SAP, CLU, RBP4, PEDF, GLN and C18:2 as the strongest
predictors of changes in body fat mass (Tables 3 and 4). Despite
the validation in the two differently treated groups, there is still a
demand to confirm the correlation of the so far potential markers
to the change in body fat mass in larger and prospective cohorts.
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