Original Article ObeS|ty
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

Proinflammatory and Lipid Biomarkers Mediate Metabolically
Healthy Obesity: A Proteomics Study

Ayo Priscille Doumatey’, Jie Zhou', Ming Zhou®, DaRue Prieto®, Charles N. Rotimi'*, and Adebowale Adeyemo'*

Objective: The metabolically healthy obesity (MHO) phenotype is an important obesity subtype in which
obesity is not accompanied by any metabolic comorbidity. However, the underlying molecular mecha-
nisms remain elusive. In this study, a shotgun proteomics approach to identify circulating biomolecules
and pathways associated with MHO was used.

Methods: The subjects were 20 African-American women: 10 MHO cases and 10 metabolically abnormal
individuals with obesity (MAO) controls. Serum proteins were detected and quantified using label-free
proteomics. Differential expression of proteins between the two groups was analyzed, and the list of dif-
ferentially expressed proteins was analyzed to determine enriched biological pathways.

Results: Twenty proteins were differentially expressed between MHO and controls. These proteins
included: hemoglobin subunits (HBA1, P=6.00 X 10~ '®), haptoglobin-related protein (HPR, P=1.2 X
107 '9), apolipoproteins (APOB-100, P =1.50 X 10~ %%, APOA4, P=1.1 X 10 '%), retinol-binding protein 4
(RBP4, P=7.1 x 107%), and CRP (P=2.0 X 10 %). MHO was associated with lower levels of proin-
flammatory and higher levels of anti-inflammatory biomarkers when compared with MAO. Pathway analy-
sis showed enrichment of lipids and inflammatory pathways, including LXR/RXR and FXR/RXR activation,
and acute phase response signaling.

Conclusions: These findings suggested that protection from dysregulated inflammatory and lipid proc-
esses were primary molecular hallmarks of MHO. The candidate biomarkers (AHSG, RBP4, and APOA4)
identified in this study are potential prognostic markers for MHO.

Obesity (2016) 24, 1257-1265. doi:10.1002/0by.21482

Introduction which is usually preceded by a state of insulin resistance (IR) before
T2D is actually diagnosed (4). Paradoxically, it has been
documented that not all individuals develop IR or T2D or other
cardiometabolic co-morbidities as they gain weight, a phenomenon
referred to as metabolically healthy obesity (MHO). This paradox
has led to the claim that “not all obese humans are created

Obesity has reached epidemic proportion globally (1,2). Annually,
300,000 excess deaths are linked to obesity and its complications,
making obesity the second leading cause of premature death (3).
Obesity is a major contributor to the global burden of disabilities
and chronic diseases including high blood pressure (BP), type 2
diabetes (T2D), and heart diseases (1,2). While obesity triggers a equal” (5). MHO subjects were first described about 30 years ago
range of complications, the most common complication is T2D, (6) with recent extensive description by Karelis et al. and many
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Figure 1 Flowchart for MHO case selection. 1, definition 1: No hypertension
(BP <130/85, no BP medication), no diabetes (glucose <126 mg/dL), HDL-
C >40 mg/dL for men and >50 mg/dL for women, all conditions have to be met.
2, definition 2: No hypertension (BP <130/85, no BP medication), no diabetes
(glucose <100 mg/dL), HOMA <5.1, TG/HDL <1.65 for men and TG/HDL < 1.32
for women, all conditons have to be met. 3, definition 3: definition
2 +hsCRP <0.3 mg/dL. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

other investigators (6-10). Using the presence of metabolic abnor-
malities as a classifying variable, individuals with obesity can be
grouped into: MHO (also known as the insulin sensitive individuals
with obesity) and the metabolically abnormal subjects with obesity
(MAO), or the insulin resistant individuals with obesity. Reported
prevalence of MHO varies between 10% and 40% of all subjects
with obesity and with prevalence varying by many factors including
age, ethnic background, and level of physical activity (11,12). Inter-
estingly, interventions such as weight loss in MHO had no apparent
benefit or may even be detrimental as shown by a study conducted
by Shin et al. and others (13,14).

There is evidence that the MHO phenotype is not stable and that
many such individuals eventually develop metabolic abnormalities
(15-17). While many MHO may convert to MAO over time, there is
a substantial proportion of MHO who remain protected from
obesity-related abnormalities (18). The MHO phenotype seems to
span the entire life-span and has been observed in individuals in
their ninth decade of life, as demonstrated in the National Health
and Nutrition Examination Survey (NHANES) study in which MHO
was 22.1% among individuals with obesity 80 years and older (19).
These observations suggest that the phenotype provides an opportu-
nity to investigate the factors that distinguish MHO from MAO and
thereby gain insight into biomarkers and molecular mechanisms that
are involved in the development of cardiometabolic abnormalities.
Most studies of the MHO phenotype have been epidemiological
studies (7,8,18,20-22), and only a few have focused on the molecu-
lar basis of MHO.

In the present study, we use a shotgun proteomics approach to eval-
uate differential protein expression between MHO and MAO indi-
viduals. By identifying differentially expressed proteins (DEPs) in
serum samples of MHO compared with MAO, we aim to gain bio-
logical insights into the underlying biological mechanisms that
mediate the MHO phenotype.

Methods

Subject selection and study design

The individuals included in this study were selected from a well-
phenotyped cohort of African Americans (AA) recruited in the
Washington, DC, area to study the genetic epidemiology of complex
diseases in populations of African descent, the Howard University
Family Study (HUFS). Briefly, the main objective of the HUFS was
to enroll and examine a randomly obtained sample of African-
American families along with a set of unrelated individuals for study
of the genetic and environmental bases of common complex traits
including hypertension, obesity, diabetes, and associated phenotypes.
In order to maximize the utility of this cohort for the study of multi-
ple common traits, families and individuals were not selected based
on any phenotype. All participants were recruited after an overnight
fast of at least 8 hours prior to the blood draw and all collected sam-
ples were stored in a —80°C freezer pending measurement of bio-
chemical parameters (22). This study was approved by Howard
University’s institutional review board (IRB) and informed consent
was obtained from each participant.

Case definition of MHO. Since this study is exploratory, we
used very stringent definitions to select individuals included as
MHO or MAO. A combination of three definitions of MHO was
applied as follows:

Definition 1: No hypertension (BP < 130/85, no BP medication), no
diabetes (glucose <126 mg/dL), HDL-C>40 mg/dL for men
and > 50 mg/dL for women, all conditions have to be met. This is
the basic MHO definition.

Definition 2: No hypertension (BP < 130/85, no BP medication), no
diabetes (glucose <100 mg/dL), HOMA <5.1, TG/HDL < 1.65 for
men and < 1.32 for women, all conditions have to be met. This is
the modified Wildman et al. definition (19).

TABLE 1 Characteristics of study subjects (MAO vs. MHO)

Variable MAO MHO P
Age (years) 433 *+7.8 41.3+10.1 0.6
BMI (kg/m?) 447 +13.0 36.5+57 0.08
Waist (cm) 120.8 £ 21.1 102.5+16.0 0.04
Hip (cm) 134.3+204 125.1 +15.0 0.3
WHR 0.90 = 0.05 0.82 +0.06 0.004
PFM 491 +£54 471+538 0.4
SBPS (mmHg) 145.8 = 25.1 118.2 + 6.3 0.007
DBPS (mmHg) 86.4 +~13.6 73.8+ 4.8 0.01
Glucose (mg/dL) 103.0 £ 16.2 83.8+45 0.004
Insulin (uU/mL) 67.1 +=86.2 89+39 0.04
HOMA-IR 17.3+23.6 1.8+0.9 0.05
TG (mg/dL) 233.5+186.6 83.8 -34.9 0.03
LDL-C (mg/dL) 1034 +35.3 130.5 +51.3 0.2
HDL-C (mg/dL) 341+8.6 62.2 + 8.7 <0.001
Adiponectin (ug/mL) 4,486.8 +=2,535.9 8,074.0 +3,977.4 0.03
hsCRP (mg/dL) 22+15 0.2 +0.08 0.02

Values in this table represent mean = standard deviation.
aStudent’s t-test compared means between the two groups. P-value <0.05 in
bold.
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TABLE 2 Differentially expressed proteins among MHO and MAO African-American women determined by label-free serum

proteomics
Accession Gene Log effect Average Average
# Protein name symbol  size (I10g2FC)  PmHo unadjusted Pmuo BH PC in MHO PC in MAO
8 under-expressed proteins in MHO compared with MAO
P69905 Hemoglobin subunit alpha HBA1 -1.17 31 x 1072 6.00 x 10718 8.5 275
P00739 Haptoglobin-related protein HPR -0.78 7.6 x 1071° 1.2 x 10710 19.2 421
P68871 Hemoglobin subunit beta HBB -0.80 46 x 107" 45 % 10712 13.8 30.8
P00751 Complement factor B CFB —0.21 1.4 x 10710 11 x 107" 172.7 212.6
Q14624 Inter-alpha-trypsin inhibitor [TIH4 —-0.16 3.0 x 1079 1.70 x 107% 242 285.1
heavy chain H4
P02741 C-reactive protein CRP —-2.13 400 x 107  20x 10 ™ 1.2 10.1
P27169 Serum paraoxonasel PON1 -1.16 1.5 x 107% 7.0 x 107% 2.44 7.8
PoCOL4 Complement C4-A C4A —0.081 2.8 X 107% 1.0 x 1079 638.4 692.5
12 over-expressed proteins in MHO compared with MAO
P04114 Apolipoprotein B-100 APOB 0.28 1.9 x 107 1.5 x 1074 563.1 423.7
P02765 Alpha-2-HS-glycoprotein AHSG 0.75 7.7 X107 3.00 x 10% 79.1 37.4
P01008 Antithrombin-l SERPINC 0.41 350x 107% 92 x 107 163.8 108.2
P06727 Apolipoprotein A-IV APOA4 0.40 85 x 10718 1.10 x 107 113.8 76.1
P05155 Plasma protease C1 inhibitor ~ SERPING 0.71 46 x 107" 45 x 10712 37 18.2
P02753 Retinol-binding protein 4 RBP4 0.46 8.1 x 107" 71 x 107% 515 325
P19823 Inter-alpha-trypsin inhibitor [TIH2 0.19 2.3 x 10710 1.6 x 107 249.5 206.6
heavy chain H2
P06396 Gelsolin GSN 0.25 34 x 1071 2.25 x 1077 135.1 104.3
P04196 Histidine-rich glycoprotein HRG 0.30 8.9 x 10710 5.3 % 107 99.4 738
P19827 Inter-alpha-trypsin inhibitor ITIH1 0.15 75 x 107" 0.0004 228.9 196.6
heavy chain H1
P02774 Vitamin D-binding protein GC 0.17 1.7 x 107% 0.0007 165.8 139.3
P10643 Complement component C7  C7 0.36 1.8 X 107% 0.007 34.9 24.4

Cutoff P-value < 0.05.

Definition 3: All definition 2 criteria + hsCRP < 0.3 mg/dL, all con-
ditions have to be met. This third definition takes into account
inflammatory status. The C-reactive protein (CRP) cutoff used was
based on Karelis et al. recommendations (9).

The subjects included had to meet all three definitions, that is, these
individuals (cases) would be identified as MHO by all three defini-
tions (Figure 1, Supporting Information Table S1).

Definition of controls (MAO). MAOs were selected if they
were individuals with obesity who had four or all five of the follow-
ing abnormalities: hypertension, no diabetes but glucose level higher
than 100 mg/dL, HOMA >5.1, TG/HDL >1.65 for men and >1.32
for women, and hsCRP >0.3 mg/dL).

About 10 MHO cases and 10 MAO controls meeting these criteria
were studied.

Serum proteomics

Serum shotgun proteomics were done at the National Cancer Insti-
tute, Proteomics Core Lab. Serum samples were depleted of 14
highly abundant proteins using Agilent’s Multiple Affinity Removal
System (MARS) spin cartridges which are 0.45 mL immunoaffinity

cartridges packed with antibody-modified resin (Agilent Technolo-
gies, Santa Clara, CA) (list of the 14 proteins depleted, Supporting
Information Table S2). The enriched pool of low abundant proteins
were then collected and combined from several flow-through frac-
tions. Quality control measures were used to assess depletion effi-
ciency by removing an aliquot of both the low and high abundant
pools and subsequently resolving the proteins on a 4%-12% SDS-
PAGE gel. Proteins were visualized by staining with Coomassie blue.

A BCA assay was used to determine the protein concentration of
the low abundant protein pools. The samples were desalted and con-
centrated by buffer exchange using 5,000 Da molecular weight
cutoff (MWCO) spin concentrators followed by protein digestion
using sequencing grade modified trypsin at a 1:20 trypsin-to-protein
ratio. Resultant peptides were then subjected to solid phase extrac-
tion followed by fractionation using strong cation exchange (SCX)
chromatography.

Each SCX peptide fraction was analyzed by microcapillary
reversed-phase liquid chromatography tandem mass spectrometry
(LRPLC-MS/MS) using an Agilent 1100 capillary LC system (Agi-
lent Technologies, Santa Clara, CA) coupled online to a linear ion
trap mass spectrometer (LTQ, Thermo Electron, Waltham, MA).
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Figure 2 Canonical pathways significantly enriched in the 20 DEPs. Bars represent total number of molecules in a pathway; upper Y-axis represents the ratio
between the number of molecules in our data set that are associated with a pathway and the total number of molecules in that pathway; lower Y-axis repre-
sents —log of the P-value associated with each pathway. X-axis lists the top pathways associated with the DEPs. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Separations were performed using 75 um id. X 360 pum o.d. X
10 cm long fused silica capillary ESI emitter columns (Polymicro
Technologies, Phoenix, AZ) slurry-packed in-house with 3 pm, 300
A pore size C-18 silica (Vydac, Hysperia, CA). The mass spectrom-
eter was operated in data-dependent MS/MS mode with each full
MS scan being followed by seven MS/MS scans where the seven
most intense peptide molecular ions in the MS scan were sequen-
tially and dynamically selected for collision-induced dissociation
(CID). Dynamic exclusion was employed to minimize redundant
acquisition of tandem mass spectra.

Mass spectra were searched against a Uniprot human proteomic
database using SEQUEST. A tryptic enzyme restriction with a

maximum of two internal missed cleavage sites was used and
methionine residues were considered modified in the database
search. For a fully tryptic peptide to be considered legitimately
identified, it had to achieve stringent charge state and proteolytic
cleavage-dependent cross correlation (Xcorr) scores of 1.9 for
[M+H]'", 2.2 for [M+2H]*", 3.1 for [M+3H]**, and 4.5 for
[M+4H]*", and a minimum delta correlation (ACn) of 0.08.
SEQUEST results were further filtered and analyzed using software
developed in-house. The output is peptide count (PC) data in
which columns represent peptide counts (peptide abundance) in
each experimental sample and rows represent distinct proteins
detected in the samples.
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Figure 3 Overlap between the top canonical pathways enriched in the 20 DEPs.
Black lines: interconnectivity between canonical pathways; red boxes: significantly
enriched canonical pathways in the study. Numbers on black lines represent the
number of proteins common to two interconnected pathways. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Data quality control and data analysis

A total of 16,553 proteins were identified, at least once, among
the 20 subjects. The proteomics data were analyzed using Dan-
teR/InfernoRDN R-based software packages designed to analyze
quantitative proteomics data (23). Only proteins detected in both
groups (n = 7,836 proteins) were retained for analysis. The proteo-
mics data were reported as PC which follows a Poisson distribu-
tion. To determine DEPs among the two groups, analysis of
variance (ANOVA) was carried out using Poisson regression.
P-values were corrected for multiple testing using Benjamin and
Hochberg (FDR) and the threshold for significance was P < 0.05.
The list of DEPs was submitted to Ingenuity pathway analysis
(IPA) to determine biological functions and pathways that were
enriched (IPA®, QIAGEN Redwood City, www.qiagen.com/
ingenuity). The IPA biological functions analysis calculates the
probability of a set of DEPs being associated with known biologi-
cal functions/canonical pathways by chance alone. The signifi-
cance of the association between the DEPs and the pathways was
measured in two ways: (a) A ratio of the number of molecules
from the DEP data set that map to the pathway divided by the
total number of molecules that map to the canonical pathways,
(b) P-values obtained from Fisher’s exact tests used to assess the
probability that observed associations between the DEPs and the
canonical pathway were due to chance alone; P-values <0.05
were considered significant.

Anthropometric and clinical parameters were compared between the
two groups by Student’s r-test using SPSS package. Data are pre-
sented as mean* standard deviation or median and interquartile
range when appropriate.

Results

Characteristics of study groups

The anthropometric and clinical characteristics of the study subjects
are summarized in Table 1. The cases (MHO) and the controls
(MAO) individuals were not statistically different from each other in
key parameters including age, BMI, PFM, and hip circumference.
As expected, the six parameters (BP, glucose, HOMA-IR, HDL-C,
TG, and hsCRP) used in the selection of the two groups are statisti-
cally different between the two groups. Notably, MHO had healthier
lipid profiles with considerably lower TG and higher HDL-C levels
compared with MAO. Inflammation, measured by adiponectin and
hsCRP, was minimal in MHO compared with MAO. Notably, adipo-
nectin, an adipokine decreased in obesity, is paradoxically higher in
this group of MHO, about 1.8 times higher than in the MAO group
(8,074.0 = 3,977.4 ug/mL vs. 4,486.8 =2,535.9 pug/mL).

Identification of DEPs among MHO and MAO

At total of 56 proteins were differentially expressed (33 upregulated
and 23 downregulated) at an unadjusted P < 0.05 as shown on the
volcano plot (Supporting Information Figure S1 and Supporting
Information Table S3). After adjusting for multiple testing by
the Benjamini and Hochberg method and using a P-value threshold
of <0.05, 20 proteins were differentially expressed between
MHO and MAO including 8 downregulated and 12 upregulated in
MHO compared with MAO (Table 2, Supporting Information Figure
S2). Among the most upregulated in MHO were APOB-100
(P=15 X 107*, FC=1.2) and alpha-2-HS-glycoprotein (ASHG,
P=300 X 107%°, FC=1.7). Hemoglobin subunit alpha
(HBA, P=6.0 X 10" '3, FC= 0.44) and haptoglobin-related protein
(HPR, P=12 X 10715, FC=0.6) were downregulated in MHO
compared with MAO. CRP was also confirmed to be downregulated
in MHO by the proteomic data (P =2.0 X 10~ °*). Supporting Infor-
mation Figure S3 is a principal components plot of the DEPs that
shows separation of MHO and MAO subjects by PC1, PC2, and
PC3, indicating the discriminant ability of these 20 proteins.

Enriched biological pathways in the most
differentially expressed proteins in MHO
compared with MAO

We used IPA to identify enriched biological pathways in the 20
DEPs. The most significant enriched canonical pathways include
LXR/RXR activation (P=14 X 107"%), FXRIRXR activation
(P=1.9 X 107", acute phase response signaling (2.9 X 107'%),
and complement system (P=4.6 X 107%) (Figure 2, Table 3).
Interestingly, a number of the enriched pathways are interconnected
through DEPs that are common to more than one canonical path-
way. For example, acute phase response signaling has three and four
DEPs in common with complement system (C4A/C4B, CFB, SERP-
ING1) and LXR/RXR activation (AHSG, C4A/C4B, ITIH4, RBP4),
respectively (Figure 3, Table 3). Figure 4 depicts DEPs mapped to
the most significant enriched canonical pathways.

Discussion

Despite considerable interest in this subset of MHO subjects, the
underlying molecular mechanisms remain largely unknown. Under-
standing the pathophysiology of MHO is important not only for this
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TABLE 3 DEPs associated with the most significantly enriched canonical pathways

Name of canonical pathways Associated DEPs Overlap ratio® P-value®

LXR/RXR activation AHSG, APOA4, APOB, C4A/CAB 9/121 (7.4%) 14 x 1071°
GC, HPR, ITIH4, PON1, RBP4

FXR/RXR activation AHSG, APOA4, APOB, C4A/C4B, GC, HPR 9/125 (7.2%) 1.9 x 1071°
ITIH4, PON1, RBP4

Acute phase response signaling AHSG, C4A/C4B, CFB, CRP, HRG, ITIH2, 9/168 (5.4%) 29 x 107"
ITIH4, RBP4, SERPING1

Complement system C4A/C4B, CFB, SERPING1 4/36 (11.1%) 46 x 107%

Atherosclerosis signaling APOA4, APOB, PON1, RBP4 4/121 (3.3%) 6.3 X 107%

“Numerator of ratio represents the number of DEPs in our data set that map to the canonical pathway; the denominator represents the total number of molecules/proteins

that map to the pathway.
bP-value obtained by Fisher's exact test.

subset of individuals but also for obesity as a whole. Here, we
describe the results of the first study to use high-throughput omics
technology, namely shotgun label-free quantitative proteomics, to
profile the proteome and obtain a comprehensive snapshot of differ-
ences in protein expression between MHO and MAO African-
American women.

The DEPs between MHO and MAO underscored important
inflammation-related proteins including AHSG, CRP, histidine-rich
glycoprotein (HRG), retinol-binding protein 4 (RBP4), complement
factor-4A (C4A), and inter-alpha-trypsin inhibitor heavy chain H4
(ITIH4). These molecules belong to the family of acute phase reac-
tant proteins (APP) and are primarily produced by the liver in
response to injury and infection (24), but some (e.g., RBP4) are also
produced by adipocytes (25). It is well documented that inflamma-
tion is a key component of obesity and has been associated with the
progression and development of obesity-related complications (26).
In this study, the APPs differentially expressed can be categorized
into two groups, the negative APPs (AHSG, HRG, and RBP4) all of
which were over-expressed in MHO, and the positive APPs (HRP,
CRP, C4A, and ITIH4) which in contrast to the negative APPs were
downregulated in MHO. These changes suggest a favorable inflam-
matory profile associated with MHO.

Some of these molecules have also been involved in adverse meta-
bolic events such as impairment of insulin signaling, fatty liver dis-
eases, and suppression of adiponectin production (25,27-31). For
example, high levels of AHSG, a glycoprotein produced by hepato-
cytes, have been linked to metabolic syndrome in certain popula-
tions (28,30). However, the association seems to vary with gender
as one report showed an association between high AHSG and meta-
bolic syndrome in Japanese men but not in women (32). While our
study showed that AHSG is upregulated in MHO, we did not see
any of the other reported changes associated with elevated AHSG.
For example, the MHO in this study had high adiponectin levels
compared with MAO (8,074.0 23,9774 ng/mL Vs.
4,486.8 £2,535.9 pg/mL) and remained insulin sensitive based on
their HOMA-IR values (1.8 vs. 17.3). These results suggest at least
two hypotheses—(a) AHSG is regulating its effectors differently in
this MHO cohort or (b) a threshold in AHSG concentration needs to
be reached to see its effects on metabolic markers such adiponectin
and insulin. In the latter scenario, AHSG may be a potential bio-

marker on its own or in combination with other proteins (e.g.,
RBP4, APOA4, APOB) to identify MHO that will convert into
MAO.

RBP4, an adipokine with differential regulation in animals and
humans and involved in the transport of vitamin A to peripheral tis-
sues, has been associated with dysfunction of insulin signaling espe-
cially in animal models. However, in humans the positive associa-
tion between RBP4 levels and IR has not been consistent (25,29,33).
RBP4 could also be a promising marker to follow the changes in
MHO especially now that the MHO phenotype has been shown to
be a transient state for many affected individuals (12).

The complement system pathway, part of the humoral immune sys-
tem and involved in inflammatory processes, was over-represented
among the DEPs associated with MHO. As expected, all DEPs
(C4A/C4B, CFB, SERPINGI) associated with the complement sys-
tem were also associated with the acute phase reactant pathway
showing a commonality between the over-represented pathways. All
but SERPING1 were downregulated, thus agreeing with the lower
inflammation profile seen in MHO. In fact, SERPINGTI is an inhibi-
tory regulator of the complement cascade and may play a role in
inflammation suppression. SERPING1 has been shown to be down-
regulated in patients with T2D compared with healthy controls (34).

Nine of the DEPs (AHSG, APOA4, APOB, C4A/C4B, GC, HPR,
ITIH4, PON1, and RBP4) were associated with lipid metabolism.
Four of these DEPs are involved in both inflammatory and lipid
processes (AHSG, C4A/C4B, ITIH4, and RBP4), underscoring the
pleiotropic function of some of the DEPs. Previous studies have
found an association between AHSG and RBP4 and serum lipids
(mainly triglycerides [TG] and HDL-C) (27,35). APOB-100,
APOA4, and PONI1 are all members of the HDL/LDL family.
APOAA4 is secreted by enterocytes along with TG and chylomicrons.
For example, APOA4 has anti-oxidant and anti-inflammatory prop-
erties and is proposed to be protective against cardiovascular dis-
eases. It also plays a role in glucose homeostasis and satiety
(reduces food intake) (36). Interestingly in T2D and obesity,
increased levels of APOA4 have been found to be mainly related to
hypertriglyceridemia (37). In this study, APOA4 is upregulated with-
out hypertriglyceridemia; while the mechanisms involved need fur-
ther investigation, the absence of hypertriglyceridemia seems to be
protective in MHO.
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A major strength of the study is the stringent and conservative
approaches used to define MHO individuals (cases). Three distinct
definitions of MHO were used and only individuals who were
classified as MHO by all three definitions were selected and stud-
ied. Though this approach decreases the pool of MHO, it is more
effective in reducing misclassification. In contrast to a recently
published metabolomics study in MHO in which the definition of
MAO used may have resulted in heterogeneous metabolic pheno-
types (38), this study included only MAO with all four or five
metabolic abnormalities. Secondly, the differential proteomic
method combined with bioinformatics analysis (IPA) demonstrated
changes in serum protein profiles in MHO individuals that were
not previously reported.

While very promising, the insights provided by this study into the
molecular basis of MHO should be interpreted within the following
context—(a) by design, this study is a discovery investigation and
as such the findings need to be confirmed in larger and diversified
populations; (b) the cross-sectional design provides only a snapshot
of the proteome and causality should not be inferred; and (c)
important confounding factors that may affect the serum proteome
including level of physical activity and diet were not analyzed in
this study. While earlier studies did not find any difference in die-
tary profile and physical activity between MHO and MAO
(11,13,18,26), a recent study with larger sample sizes and the use
of healthy eating index (HEI) showed that MHO have a better die-
tary compliance to the US guidelines than MAO including intake
of more whole grains, fruits, and beans. However, the authors
acknowledged that the effect seen may be due to reverse causality
(39). Although diet and exercise are likely to affect biological
functions in MHO, studies available to date have not specifically
assessed inflammation and other biological functions in a system-
atic manner. Future omics studies, including whole genome micro-
array, miRNA profiling, and whole exome sequencing, investigat-
ing the determinants of the MHO phenotype will benefit from
having data on potential lifestyle confounding variables such as
physical activity and diets.

Conclusion

Our study is the first to use proteomics to investigate the mecha-
nisms that are involved in the MHO phenotype. Our findings con-
firm previous reports that inflammation is a key hallmark of meta-
bolic health in individuals with obesity but also identified a network
of APPs, more than what was previously reported, to be involved in
the inflammatory processes associated with MHO. Some of these
proteins, mainly RBP4, AHSG, APOA4, PONI1, and APOB-100,
could be good candidates to follow up in longitudinal studies to
determine their ability to predict which MHO individuals convert to
MAO. We also found that differential regulation of lipid metabolism
is also important to the MHO phenotype.O

Acknowledgments

Raw proteomics study data set available at http://crggh.nih.gov/
resources.cfm under HUFS.

© 2016 The Authors. Obesity published by Wiley Periodicals, Inc. on
behalf of The Obesity Society (TOS)

Proteomics and Metabolically Healthy Obesity Doumatey et al.

References

1. Bastien M, Poirier P, Lemieux I, Despres JP. Overview of epidemiology and
contribution of obesity to cardiovascular disease. Prog Cardiovasc Dis 2014;56:
369-381.

2. Shamseddeen H, Getty JZ, Hamdallah IN, Ali MR. Epidemiology and economic
impact of obesity and type 2 diabetes. Surg Clin N Am 2011;91:1163-1172.

3. Allison DB, Fontaine KR, Manson JE, Stevens J, Vanltallie TB. Annual deaths
attributable to obesity in the United States. JAMA 1999;282:1530-1538.

4. Vague J, Vague P, Tramoni M, Vialettes B, Mercier P. Obesity and diabetes. Acta
Diabetol Lat 1980;17:87-99.

5. Reaven G. All obese individuals are not created equal: insulin resistance is the
major determinant of cardiovascular disease in overweight/obese individuals.
Diabetes Vasc Dis Res 2005;2:105-112.

6. Sims EA. Are there persons who are obese, but metabolically healthy? Metabolism
2001;50:1499-1504.

7. Roberson LL, Aneni EC, Maziak W, et al. Beyond BMI: the “Metabolically healthy
obese” phenotype & its association with clinical/subclinical cardiovascular disease
and all-cause mortality - a systematic review. BMC Public Health 2014;14:14.

8. Boonchaya-anant P, Apovian CM. Metabolically healthy obesity-does it exist? Curr
Atheroscler Rep 2014;16:441

9. Karelis AD, Brochu M, Rabasa-Lhoret R, Garrel D, Poehlman ET. Clinical markers
for the identification of metabolically healthy but obese individuals. Diabetes Obes
Metab 2004;6:456-457.

10. Karelis AD, Faraj M, Bastard JP, et al. The metabolically healthy but obese

individual presents a favorable inflammation profile. J Clin Endocrinol Metab
2005;90:4145-4150.

. Phillips CM. Metabolically healthy obesity: definitions, determinants and clinical

implications. Rev Endocr Metab Disord 2013;14:219-227.

12. Bluher M. Are metabolically healthy obese individuals really healthy? Eur J
Endocrinol 2014;171:R209-R219.

13. Karelis AD, Messier V, Brochu M, Rabasa-Lhoret R. Metabolically healthy but
obese women: effect of an energy-restricted diet. Diabetologia 2008;51:1752-1754.

14. Shin MJ, Hyun YJ, Kim OY, et al. Weight loss effect on inflammation and LDL
oxidation in metabolically healthy but obese (MHO) individuals: low inflammation
and LDL oxidation in MHO women. Int J Obes 2006;30:1529-1534.

15. Achilike I, Hazuda HP, Fowler SP, Aung K, Lorenzo C. Predicting the development
of the metabolically healthy obese phenotype. Int J Obes 2015;39:228-234.

16. Soriguer F, Gutierrez-Repiso C, Rubio-Martin E, et al. Metabolically healthy but
obese, a matter of time? Findings from the prospective Pizarra study. J Clin
Endocrinol Metab 2013;98:2318-2325.

17. Kramer CK, Zinman B, Retnakaran R. Are metabolically healthy overweight and
obesity benign conditions?: a systematic review and meta-analysis. Ann Intern Med
2013;159:758-769.

18. Plourde G, Karelis AD. Current issues in the identification and treatment of
metabolically healthy but obese individuals. Nutr Metab Cardiovasc Dis 2014;24:
455-459.

19. Wildman RP, Muntner P, Reynolds K, et al. The obese without cardiometabolic
risk factor clustering and the normal weight with cardiometabolic risk factor
clustering: prevalence and correlates of 2 phenotypes among the US population
(NHANES 1999-2004). Arch Intern Med 2008;168:1617-1624.

20. Fabbrini E, Yoshino J, Yoshino M, et al. Metabolically normal obese people are
protected from adverse effects following weight gain. J Clin Investig 2015;125:787-
795.

. van der AD, Nooyens AC, van Duijnhoven FJ, Verschuren MM, Boer JM. All-
cause mortality risk of metabolically healthy abdominal obese individuals: the
EPIC-MORGEN study. Obesity 2014;22:557-564.

22. Doumatey AP, Bentley AR, Zhou J, et al. Paradoxical hyperadiponectinemia is
associated with the metabolically healthy obese (MHO) phenotype in African
Americans. J Endocrinol Metab 2012;2:51-65.

23. Taverner T, Karpievitch YV, Polpitiya AD, et al. DanteR: an extensible R-based
tool for quantitative analysis of -omics data. Bioinformatics 2012;28:2404-2406.

1

—_

2

24. Jain S, Gautam V, Naseem S. Acute-phase proteins: as diagnostic tool. J Pharm
Bioall Sci 2011;3:118-127.

25. Park SE, Park CY, Sweeney G. Biomarkers of insulin sensitivity and insulin
resistance: past, present and future. Crit Rev Clin Lab Sci 2015;4:1-11.

26. Navarro E, Funtikova AN, Fito M, Schroder H. Can metabolically healthy obesity be
explained by diet, genetics, and inflammation? Mol Nutr Food Res 2015;59:75-93.

27. Dabrowska AM, Tarach JS, Wojtysiak-Duma B, Duma D. Fetuin-A (AHSG) and its
usefulness in clinical practice - review of the literature. Biomedical papers of the
Medical Faculty of the University Palacky, Olomouc, Czechoslovakia; 2015.

28. Stefan N, Hennige AM, Staiger H, et al. Alpha2-Heremans-Schmid glycoprotein/
fetuin-A is associated with insulin resistance and fat accumulation in the liver in
humans. Diabetes Care 2006;29:853-857.

29. Janke J, Engeli S, Boschmann M, et al. Retinol-binding protein 4 in human obesity.
Diabetes 2006;55:2805-2810.

1264 Obesity | VOLUME 24 | NUMBER 6 | JUNE 2016

www.obesityjournal.org


http://crggh.nih.gov/resources.cfm
http://crggh.nih.gov/resources.cfm

Original Article

OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

30.

3

—_

32.

33.

34.

Ix JH, Shlipak MG, Brandenburg VM, et al. Association between human fetuin-A
and the metabolic syndrome: data from the Heart and Soul Study. Circulation 2006;
113:1760-1767.

. Hennige AM, Staiger H, Wicke C, et al. Fetuin-A induces cytokine expression and

suppresses adiponectin production. PLoS One 2008;3:e1765.

Obuchi A, Adachi H, Enomoto M, et al. High plasma fetuin-A levels are associated
with metabolic syndrome among males but not females in a Japanese general
population. Diabetes Res Clin Pract 2014;106:128-135.

Kotnik P, Fischer-Posovszky P, Wabitsch M. RBP4: a controversial adipokine. Eur
J Endocrinol 2011;165:703-711.

Zhang Q, Fillmore TL, Schepmoes AA, et al. Serum proteomics reveals

systemic dysregulation of innate immunity in type 1 diabetes. J Exp Med 2013;
210:191-203.

J]

3s.

37.

38.

39.

Obesity

Broch M, Gomez JM, Auguet MT, et al. Association of retinol-binding protein-
4 (RBP4) with lipid parameters in obese women. Obes Surg 2010;20:
1258-1264.

. Wang F, Kohan AB, Lo CM, et al. Apolipoprotein A-IV: a protein intimately

involved in metabolism. J Lipid Res 2015;56:1403-1418.

Verges B. Apolipoprotein A-IV in diabetes mellitus. Diabetes Metab 1995;21:99-
105.

Chen HH, Tseng YJ, Wang SY, et al. The metabolome profiling and pathway
analysis in metabolic healthy and abnormal obesity. Int J Obes 2015;39:
1241-1248.

Camhi SM, Whitney Evans E, Hayman LL, Lichtenstein AH, Must A. Healthy
eating index and metabolically healthy obesity in U.S. adolescents and adults. Prev
Med 2015;77:23-27.

www.obesityjournal.org

Obesity | VOLUME 24 | NUMBER 6 | JUNE 2016 1265



