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Abstract

Background: Although metabolic syndrome (MetS) was described in the late 80s, the molecular mechanisms
underlying clustering of risk factors in certain individuals are not fully understood. The present study used
targeted proteomics to establish cardiometabolic proteins related to all MetS components, thereby providing
new hypotheses regarding pathways involved in the pathogenesis of MetS.

Methods: In the EpiHealth study, 249 cardiometabolic proteins were measured by proximity extension assay
(PEA) and related to the five MetS components [consensus-modified National Cholesterol Education Program
(NCEP) criteria] in 2,444 participants aged 45-75 years (50% women).

Results: Thirty-one proteins were associated with systolic blood pressure following adjustment for age and
sex (P <0.000040, taking multiple testing into account). The corresponding number of proteins significantly
associated with fasting glucose, waist circumference, high-density lipoprotein cholesterol, and serum tri-
glycerides were 58, 132, 127, and 148. Twenty-two proteins were significantly related to all 5 MetS com-
ponents, and of those, 20 were with MetS as a binary outcome (=600, 24% of the sample) following
adjustment for age, sex, fat mass, and lifestyle factors (alcohol intake, smoking, education, and exercise
habits).

Conclusion: Using targeted proteomics, we identified 20 proteins reflecting a range of pathways, such as
immunomodulation at different levels; regulation of adipocyte differentiation; lipid, carbohydrate, and amino
acid metabolism; or insulin-like growth factor signaling, to be strongly associated with MetS independently of
fat mass and lifestyle factors. Whether some of these proteins are causally involved in the pathogenesis of
clustering of multiple risk factors in the same individual remains to be investigated.

Keywords: metabolic syndrome, proteomics, epidemiology

Introduction protein 4 (RBP-4), fetuin-A, and sex hormone-binding
globulin (SHBG) have all been linked to MetS.'%'*

LTHOUGH CLUSTERING of cardiovascular risk factors In recent years, technical advances in mass spectrometry

was already described in the late 80s'? and metabolic
syndrome (MetS) was first conceptualized in 1999-2001,>*
the pathogenetic mechanisms underlying clustering of such
risk factors in certain individuals are not fully understood.
Insulin resistance, visceral adipose tissue accumulation, liver
steatosis, and a poor skeletal muscle blood supply have all
been suggested as unifying causes of MetS.">~* Furthermore,
specific proteins measured one by one using conventional
techniques such as CRP, adiponectin, leptin, retinol-binding

and/or antibody-based methods have provided an opportunity
to measure multiple proteins in larger epidemiological stud-
ies. By use of the antibody-based proximity extension assay
(PEA) technique, we and others have shown certain proteins
to be linked to different components of MetS—systolic blood
pressure, fasting glucose, waist circumference, high-density
lipoprotein (HDL) cholesterol, and triglycerides'>™""—
suggesting that some of these proteins could be involved in
the pathogenesis of the different components of MetS.

'"Department of Medical Sciences, Cardiovascular Epidemiology, Uppsala University, Uppsala, Sweden.

“Division of Geriatric Medicine, Department of Clinical Sciences, Lund University, Malmé University Hospital, Malmé, Sweden.
Division of Cardiovascular Medicine, Department of Medicine, Stanford University School of Medicine, Stanford, California.
“Stanford Cardiovascular Institute, Stanford University, Stanford, California.

Department of Medical Sciences, Molecular Epidemiology and Science for Life Laboratory, Uppsala University, Uppsala, Sweden.

272



PROTEOMICS AND METABOLIC SYNDROME

However, no prior investigation has investigated whether
these proteins are linked to all the five common components
of MetS. If such proteins are found, it is possible that they
could be involved in the clustering of risk factors.

Hence, the present study aimed to establish proteins as-
sociated with all five components of MetS, defined by the
consensus-modified National Cholesterol Education Pro-
gram (NCEP) criteria from 2009."® To achieve this, we used
data on 249 selected cardiometabolic proteins measured by
the PEA technique in 2,444 individuals from the EpiHealth
study.' Our primary hypothesis was that we would dis-
cover several proteins being linked to all five MetS com-
ponents. Identification of such proteins could reveal yet
unknown pathways of MetS and identify novel targets for
intervention.

Methods
Study sample

In the EpiHealth cohort study, males and females aged
45-75 years were invited to participate, as described pre-
viously in detail.' Briefly, between 2011 and 2016, par-
ticipants were randomly selected from the population
registries of the Swedish cities, Malmo and Uppsala, and the
response rate was ~20%. Recruiting and sampling of par-
ticipants have been completed in Uppsala, but are still on-
going in Malmo at the time of this study. The present study
included a random subset of 2,467 individuals from the
Uppsala site in whom we have performed proteomic mea-
surements. The subset included the first 2,500 individuals
recruited in Uppsala who underwent genotyping for a sep-
arate project, and 33 samples were excluded in proteomic
quality control, leaving 2,467 participants for the present
study. This study was approved by the regional ethics re-
view board at Uppsala University, and all participants pro-
vided written informed consent.

Physical examinations

Blood pressure was measured in the sitting position after
Smin of rest. Waist circumference was measured at the
umbilical level. Body mass index was calculated from the
measured height and weight as weight in kilograms divided
by the square of body height in meters (kg/m?). Fat mass
was measured using a bioimpedance scale (Tanita, Tokyo,
Japan).

Questionnaire

A web-based questionnaire was completed by partici-
pants. They reported medication usage, leisure time, and
physical activity in five levels from low (level 1) to stren-
uous physical activity (level 5). They also reported age, sex,
alcohol intake given as drinks per week, education length
(up to 9 years, 10-12 years, or >12 years), and current
smoking habit. Fat mass was measured by a bioimpedance
scale (Tanita).

MetS criteria

The harmonized NCEP criteria for MetS were used to
define the five components of the syndrome and prevalent
MetS (binary).'® Three of the following five criteria should
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be fulfilled: blood pressure >130/85 mmHg or antihyper-
tensive treatment, fasting plasma glucose >5.6 mmol/L or
antidiabetic treatment, waist circumference >102cm in
men and >88 cm in women, HDL cholesterol <1.0 mmol/L
in men and <1.3 in women, and serum triglycerides
>1.7 mmol/L.

Routine laboratory and proteomic analyses

Blood samples were collected by trained staff in the
morning after a minimum of a 6-hr fast at the EpiHealth test
center. The clinical chemistry laboratory at the University
Hospital in Uppsala analyzed plasma glucose, HDL cho-
lesterol, and serum triglycerides the same day by standard
enzymatic methods on fresh samples. Plasma for proteins
was frozen at —80°C for later analyses.

Analyses of proteins were performed with a high-
throughput technique using the Olink Proseek® Multiplex
Metabolism kit, cardiovascular disease (CVD) II and III
arrays, measuring 275 preselected protein biomarkers of
metabolism and cardiovascular disease. The kits are based
on the PEA technology, and in each kit, 92 oligonucleotide-
labeled antibody probe pairs can bind to their respective
target in the sample.”’ The panel assay characteristics, in-
cluding a list of protein markers, detection limits, mea-
surements of assay performance, and validations, are
available from the manufacturer at www.olink.com. The
2,444 samples from the Uppsala part of the EpiHealth co-
hort were randomly chosen for protein analyses and stored
at —80°C until analysis at the Clinical Biomarkers Facility,
Science for Life Laboratory, Uppsala University. Twenty-
six proteins were removed from further analysis since more
than 25% of all samples were below the limit of detection
(LOD). N-terminal prohormone brain natriuretic peptide
(NT-proBNP) was measured with the metabolism chip, not
the CVD III chip, to minimize values that were below LOD.

Statistical analysis

The protein levels were log,-transformed to promote
normal distribution and thereafter transformed to a standard
deviation scale to obtain comparable results for all proteins.

Fasting glucose and serum triglycerides were log-
transformed to promote normal distributions.

First, linear regression analyses were performed for each
of the 249 proteins (independent variables) to the 5 com-
ponents of MetS: systolic blood pressure, fasting glucose,
waist circumference, HDL cholesterol, and triglycerides
(dependent variables) in separate models. First, we only
adjusted for age and sex; additionally for lifestyle factors
(alcohol intake, smoking, education, and exercise habits).
Similarly, the limit for significance was set to P=0.00040
(Bonferroni adjustment, 0.05/249).

Second, following the identification of 22 proteins re-
lated to all 5 components of MetS, logistic regression
analyses with MetS as the binary outcome and each of the
22 proteins as independent variables in separate models
were performed. These models were adjusted for age, sex,
and lifestyle factors (alcohol intake, smoking, education,
and exercise habits). In addition, the same models were
reanalyzed with the addition of fat mass as an addi-
tional covariate. In this secondary analysis, the alpha
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threshold was P=0.0023 (Bonferroni adjustment for 22
tests, 0.05/22).

Third, pairwise correlations between these 22 proteins
were estimated and Pearson’s correlation coefficients re-
ported. In addition, a principal component analysis (PCA)
was used to visualize the relationships between these
proteins.

Fourth, ordinal or binary logistic regression analyses
were performed to relate each of the 249 proteins (inde-
pendent variables) to the number of MetS criteria (0-5,
ordinal scale) or presence or absence of MetS (binary). The
first set of models was adjusted only for age and sex. In
another set of models, we additionally adjusted for lifestyle
factors—alcohol intake, smoking, education, and exercise
habits. The alpha threshold was set to P=0.00040 (Bon-
ferroni adjustment for 249 tests, 0.05/249).

STATA 14 (Stata, Inc., College Station, TX) was used for
calculations. R, version 3.4.4, and the Lattice package were
used to create the figures.

Results

Basic characteristics of the sample are given in Table 1.
First, 31 of the 249 proteins were significantly associated
(P<0.0004) with systolic blood pressure, following adjust-
ment for age and sex. The corresponding number of proteins
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significantly related to fasting glucose, waist circumference,
HDL cholesterol, and serum triglycerides were 58, 132, 127,
and 148. Upon further adjustment for lifestyle factors (alco-
hol intake, smoking, education, and exercise habits), the P
values for those abovementioned associations generally in-
creased somewhat. However, in no case, a marked attenua-
tion occurred, as can be seen in Supplementary Tables S1-S5,
and the numbers of significant associations were similar.
Second, 22 of the proteins were significantly associated
with all 5 MetS criteria. As expected, all of these 22 proteins
were significantly associated (P <0.00227 adjusting for 22
tests) with MetS as a binary outcome when adjusting for
age, sex, and lifestyle factors (Table 2). The associations
with MetS were attenuated following further adjustment for
fat mass for most of these proteins, but 20 of the proteins
were still significantly related to MetS (P <0.00227).
Third, a correlation matrix of the relationships between
the 22 significantly associated proteins showed correlation
coefficients ranging from —0.50 to 0.70. As can be seen in
Fig. 1A, the majority of these relationships were positive.
Exceptions to this included IGFBP1 and 2, PON3, and
APLP1 that displayed inverse associations. The PCA
showed that these 22 proteins form six components with an
eigenvalue >1.0. As illustrated in Fig. 1B, the first compo-
nent showed loadings ranging from 0.15 to 0.30 for all
proteins, being negative for APLP1, PON3, IGFBPI, and

TABLE 1. BAsic CHARACTERISTICS OF THE EPIHEALTH SAMPLE

Total sample (n=2,444)

Women (n=1,227) Men (n=1,217)

Mean (SD)/proportion Mean (SD)/proportion

Variable Mean (SD)/proportion
MetS components
Systolic blood pressure (mmHg) 134.7 (17.0)
Fasting plasma glucose (mmol/L) 6.0 (0.99)
Waist circumference (cm) 92.6 (11.7)
HDL cholesterol (mmol/L) 1.51 (0.39)
Serum triglycerides (mmol/L) 1.29 (0.75)

MetS (%) 24

No. of MetS components (%) 0: 14

1: 34

2: 28

3: 16

4: 6

5:2

Other clinical and lifestyle characteristics

Age 60.6 (8.4)
Females (%) 50
Diastolic blood pressure (mmHg) 83.4 (9.2)
BMI (kg/m?) 26.5 (3.8)
Fat mass (%) 24.0 (8.3)
Total cholesterol (mmol/L) 5.97 (1.11)
LDL cholesterol (mmol/L) 3.92 (0.98)

Education (%)

8.8 (9.2)
2.4 (2.9)
1: 3
2: 24
3: 40
4: 26
5:7

Years of smoking
Drinks a week
Physical activity, scale 1-5 (%)

<10 Years: 21
10-12 Years: 28
>12 Years: 51

132.8 (17.4) 136.5 (16.3)
5.8 (0.73) 6.1 (1.1)
87.5 (11.5) 97.6 (9.7)
1.68 (0.39) 1.34 (0.31)
1.17 (0.62) 1.40 (0.85)
22 26
0: 17 0: 11
1: 31 1: 35
2: 29 2: 27
3. 15 3: 18
4: 6 4:7
5:2 5:2
60.7 (8.3) 60.6 (8.4)
100 0
82.0 (8.9) 84.8 (9.4)
26.0 (4.2) 26.9 (3.4)
26.1 (8.8) 21.8 (7.1)
6.15 (1.08) 5.8 (1.12)
3.98 (0.95) 3.86 (1.00)

<10 Years: 21
10-12 Years: 30
>12 Years: 49

<10 Years: 19
10-12 Years: 28
>12 Years: 53

8.7 (9.1) 8.8 (9.2)
1.8 (2.0) 3.0 (3.4)
1: 3 1: 4
2:24 2:25
3: 43 3: 36
4: 24 4: 28
5:6 5:7

SD, standard deviation; MetS, metabolic syndrome; HDL, high-density lipoprotein; BMI, body mass index; LDL, low-density

lipoprotein.
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IGFBP2—vproteins showing inverse relationships to the
other proteins (Fig. 1A), while the major proteins loading to
the second component were the six proteins located in the
upper right quadrant (THOP, QDPR, NOMOI1, NADK,
ALDHI1AL, and LILRAS). The four proteins located in the
upper left quadrant (APLP1, PON3, IGFBP1, and IGFBP2)
were also the main proteins loading to the third component.
APLPI, MMP9, and CASA were the proteins mainly load-
ing to the fourth, fifth, and sixth components.

Fourth, 155 of the 249 proteins were significantly asso-
ciated (P<0.00040) with the number of components of
MetS, following adjustment for age and sex. Of these, 107
were still significant following further adjustment for life-
style factors (Supplementary Table S6). Similarly, 131
proteins were significantly associated with MetS (as a binary
variable), following adjustment for age and sex. Of these,
101 were still significant following further adjustment for
lifestyle factors (Supplementary Table S7).

Discussion

We studied 249 cardiometabolic proteins in 2,444 middle-
aged to elderly individuals from the general population and
identified 22 proteins that were related to all 5 components of
MetS, and 20 of these were associated with MetS indepen-
dently of fat mass.

Compatrison with the literature

We and others have used the PEA technique to relate
preselected proteins to different components of MetS.'>~"
However, as far as we are aware, no prior study has aimed to
identify specific proteins being related to all 5 components
of MetS from a panel of more than 200 proteins. The ra-
tionale for this approach is to search for a common mech-
anism underlying the clustering of risk factors in MetS. It is
plausible that proteins related to all components of the
syndrome are more likely to be involved in a common
pathophysiological pathway than a protein being related to
just one or two MetS components.

We found 22 proteins to be related to all 5 components of
MetS. These were, as expected, all highly associated with
MetS as such (when analyzed as a binary variable) when
adjusting for age, sex, and lifestyle factors. Furthermore, for
20 of these proteins, associations were significant even after
taking fat mass measured by bioimpedance into account.

First component

There is a possibility that these proteins could be involved in
the pathogenesis of clustering of MetS risk factors inde-
pendently of being associated with general obesity. How-
ever, additional studies with alternative designs would be
required to establish this prospect.

Correlation analyses and PCAs of the 22 identified pro-
teins showed that many of the proteins are highly correlated
with other proteins. For example, the four proteins showing
inverse relationships with MetS (PON3, IGFBP1, IGFBP2,
and APLP1) were strongly related to each other; and it is
therefore hard to tell which (if any) of these proteins are
linked to MetS and which show an association just by being
correlated with another protein.

Not all obese subjects fulfill the criteria for having MetS;
an observation that has been named metabolically healthy
obesity (MHO).?'?? Conversely, not all subjects with MetS
are obese (metabolically obese, but normal weight,
MONW). However, fat mass is closely related to MetS and
the number of MetS components.>* For this reason, we ad-
justed for fat mass to not report proteins that are only linked
to obesity. This further adjustment for fat mass weakened all
relationships [except the one for the low-density lipoprotein
(LDL) receptor], but most were still strongly related to
MetS. We believe that the possibility to find a common
pathophysiological pathway for clustering of risk factors is
higher among these proteins being related to MetS also
following adjustment for fat mass.

Toward this goal, we studied Reactome pathways re-
presented by the 22 strongly associated proteins (Table 3).
Several of the pathways described in Table 3 have been
previously linked to MetS, such as immunomodulation,'®
regulation of adipocyte differentiation,®® lipid, carbohy-
drate, and amino acid metabolism,*>~® insulin-like growth
factor (IGF) signaling pathways,”’ signaling by PDGF,*®
and dissolution of fibrin clot.”” However, many pathways
not yet well known to be associated with the pathogenesis of
clustering of multiple risk factors were noted, such as sig-
naling by receptor tyrosine kinases, collagen degradation,
nodal signaling, heart development, trophoblast cell prolif-
eration, neuronal differentiation, and synaptogenesis. Sev-
eral of those pathways are likely to be a cause of, rather than
causing, MetS, but it cannot be excluded that such pathways
are involved in the pathogenesis of MetS.

Limitations of the present study include lack of an inde-
pendent replication sample, its cross-sectional design, and
unknown generalizability of other populations. We were
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unaware of any independent sample with measurements of
the same proteins that we could use as a replication sample,
so we used a strict Bonferroni adjustment for 249 tests in the
main analysis, the relationships between the proteins, and
the 5 components of MetS. Since our study is cross sec-
tional, we cannot distinguish causality from correlation. One
approach to study directionality and causality of these as-
sociations would be by Mendelian randomization (MR)
studies that use genetic variants linked to proteins and to
MetS components to investigate potential causal directions
of the relationships between proteins and MetS. The present
sample size of about 2,400 individuals is, however, too
small to perform an MR study with reasonable power, but it
is an important direction for future studies. The generaliz-
ability of our results is unknown, especially to populations
with other ethnic and geographical characteristics. The
major strengths of our study include the assessment of a
large number of proteins in parallel and the large study
sample of individuals from the general population.

In conclusion, using targeted proteomics assessing 249
cardiometabolic proteins in 2,444 middle-aged to elderly in-
dividuals from the general population, we identified 22 cardi-
ometabolic proteins as being related to all 5 MetS criteria and
20 to MetS independently of fat mass. These proteins represent
a range of physiological pathways related to cardiometabolic
traits, such as immunomodulation at different levels, regulation
of adipocyte differentiation, lipid, carbohydrate, and amino
acid metabolism, or IGF signaling pathways. Whether some of
these proteins are causally involved in clustering of multiple
risk factors in the same individual remains to be investigated in
MR studies and in experimental investigations. In addition to
addressing causality, future studies should also investigate the
role of these protein biomarkers in risk prediction, diagnostics,
therapeutic choices, and other aspects of clinical treatment of
MetS and its components.
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