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Abstract

Background and Aims: A strong cardiorespiratory fitness is suggested to have beneficial effects on cardiovascular
risk; the exact mechanisms underlying the cardioprotective effects of fitness remain uncertain. Our aim was to
investigate associations between cardiorespiratory fitness and multiple plasma proteins, in order to obtain insights
about physiological pathways associated with the effects of exercise on cardiovascular health.

Methods: In the Prospective investigation of Obesity, Energy and Metabolism (POEM) study (n=444 adults
aged 50 years, 50% women), cardiorespiratory fitness was measured by a maximal exercise test on bicycle
ergometer with gas exchange (VO,peak) normalized for body lean mass (dual-energy X-ray absorptiometry
(DXA)). We measured 82 cardiovascular proteins associated with cardiovascular pathology and inflammation in
plasma samples with a proximity extension assay.

Results: In sex-adjusted linear regression, VO,peak was associated with 18 proteins after Bonferroni correction
for multiple testing (p<0.0006). Following additional adjustment for fat mass (DXA), fasting glucose (mmol/L),
low-density lipoprotein (LDL, mmol/L), smoking status, waist/hip ratio, blood pressure (mmHg), education
level, and Ipnr (lab sequence number), higher VO,peak was significantly associated with lower levels of 6
proteins: fatty-acid binding protein-4 (FABP4), interleukin-6 (IL-6), leptin, cystatin-B (CSTB), interleukin-1 receptor
antagonist (IL-1RA), and growth differentiation factor 15 (GDF-15), and higher levels of 3 proteins: galanin,
kallikrein-6 (KLK6), and heparin-binding EGF-like growth factor (HB-EGF), at nominal p-values (p<0.05).

Conclusions: We identified multiple novel associations between cardiorespiratory fitness and plasma proteins
involved in several atherosclerotic processes and key cellular mechanisms such as inflammation, energy
homeostasis, and protease activity, which shed new light on how exercise asserts its beneficial effects on
cardiovascular health. Our findings encourage additional studies in order to understand the underlying causal
mechanisms for these associations.
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Key Points

e The underlying mechanisms for the protective
effects of cardiorespiratory fitness on cardiovascular
health are incompletely understood.

e We report associations between cardiorespiratory
fitness, measured by a maximal exercise test on
bicycle ergometer with gas exchange (VO,peak), and
82 plasma proteins in a community-based sample
with 50-year-old participants.

e Multiple novel associations were found between
cardiorespiratory fitness and plasma proteins
involved in several aspects of the atherosclerotic
process and key cellular mechanisms such as
inflammation, energy homeostasis, and protease
activity. Results might bring new insights into how
exercise asserts its beneficial effects on
cardiovascular health.

Introduction

Cardiorespiratory fitness is a strong and independent
predictor of cardiovascular disease (CVD) and all-cause
mortality [1-8]. Cardiorespiratory fitness has been
shown to be a more powerful predictor of CVD com-
pared to traditional risk factors, e.g., hypertension, dys-
lipidemia, metabolic syndrome, diabetes, smoking, and
leisure time physical activity [5, 9, 10]. It is a diagnostic
and prognostic health indicator in the clinical setting
and a measure of habitual physical activity [7, 11-13].
Cardiorespiratory fitness is largely modified by physical
activity and exercise, but even though these concepts are
closely related, they are considered two distinct compo-
nents of cardiovascular health [7, 9, 14-16]. To a large
degree, cardiorespiratory fitness is also determined by
genetic factors, and the trainability of cardiorespiratory
fitness varies greatly between individuals [17-19].

A strong cardiorespiratory fitness is suggested to have
beneficial effects on cardiovascular risk factors such as
diabetes [20], hypertension [21, 22], dyslipidemia [23],
metabolic syndrome, and obesity [12, 24-27]. These
beneficial effects appear independent of weight reduc-
tion, as studies have shown reduced risk of CVD and all-
cause mortality among individuals regardless of weight
loss [10, 16, 26, 28, 29]. Previously, it has been shown
that cardiorespiratory fitness largely negates the adverse
effects of obesity [4, 15, 30—32]. There are also many
health benefits acutely after exercise, which may not be
mediated by increased cardiorespiratory fitness [26, 33].
The exact mechanisms underlying cardioprotective ef-
fects of fitness remain uncertain [34]. It has been sug-
gested that a high cardiorespiratory fitness may
influence levels of circulating proteins involved in the
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development of CVD. For example, poor cardiorespira-
tory fitness has been associated with elevated proinflam-
matory markers, such as C-reactive protein (CRP) and
interleukin-6 (IL-6) [35-38] and proteins involved in
lipid metabolism and atherosclerotic processes [26, 34,
39].

Novel antibody-based multiplex assays permit quantifi-
cation of a large number of plasma proteins (proteomics)
and have spurred interest in discovering currently un-
known disease mechanisms and biomarkers for CVD.
However, to date, reports of studies investigating the as-
sociations between proteomics and physical activity or
cardiorespiratory fitness are scarce. Given the close
interplay between proteins involved with inflammation
and CVD, the protein panel used (Proseek CVD 1,
Olink) could be of particular relevance [26, 34, 39]. This
study might shed new light on how exercise asserts its
beneficial effects on cardiovascular health. To identify
potential relationships between cardiorespiratory fitness
and proteins involved in CVD will advance our under-
standing and potentially lead to advancement in
pharmaceutical and interventional treatments in the fu-
ture. Findings may further encourage additional experi-
mental studies in order to understand the underlying
causal mechanisms for these associations.

We hypothesized that higher cardiorespiratory fitness
could have associations with levels of plasma proteins
involved in cardiovascular disease pathology and inflam-
mation and implicate the development of CVD. In a
community-based cohort of Swedish adults, we investi-
gated the association between cardiorespiratory fitness,
assessed by a maximal exercise test on bicycle ergometer
with gas exchange (VO,peak), and plasma levels of 82
cardiovascular proteins measured by a multiplex proteo-
mics assay.

Materials and Methods
In the Prospective investigation of Obesity, Energy and
Metabolism (POEM) study, 502 persons (249 women,
253 men) aged 50 years were assessed in 2009-2015 in
Uppsala, Sweden. Inhabitants of Uppsala city were ran-
domly invited to participate 1 month following their
50th birthday; the participation rate was 26%. Partici-
pants were included if they were self-reported as healthy
and physically able to carry out the bicycle exercise test.
Details of the cohort have previously been reported [40];
no exclusion criteria were used. There was no data on
ethnicity. The study was approved by the Ethical Board
at Uppsala University (Dnr 2009/057) and conducted in
accordance with the standards of ethics outlined in the
Declaration of Helsinki.

A bicycle exercise test was performed in a random
sample of 454 participants in POEM, 444 of whom had
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complete proteomics and covariate data, and thus com-
prise the present study sample.

All study participants provided written informed con-
sent. No medication was allowed in the morning. Blood
samples of a total of 150ml were obtained in the morn-
ing after an overnight fast. Blood was collected in
EDTA-plasma tubes that were kept cool during spinning
(5min 3000rpm). Analyses of traditional lipids and fast-
ing glucose [41] were conducted immediately, and
plasma was stored at —-80 °C for later proteomic ana-
lyses. Blood pressure was measured in duplicates after
30 min of supine rest. All participants completed a ques-
tionnaire about lifestyle, history of diseases, medication,
and smoking habits. None of the participants showed
any cardiac, pulmonary, or neuromuscular disease that
would restrict the work performance.

Cardiopulmonary Fitness

Using a bicycle ergometer (Jaeger Oxygen Pro, Vyaire
Medical, USA), a maximal exercise test with gas ex-
change (VO,peak) was performed in all participants.
The same cycle ergometer and metabolic cart were used
for every participant. The workload was increased by
10W/min, starting at 30W for women and 50W for
men, until exhaustion. The VO,peak was recorded and
normalized for lean mass (dual-energy X-ray absorpti-
ometry (DXA)) for further calculations.

Dual-energy X-ray absorptiometry (DXA)

Total and regional body fat and lean mass were esti-
mated using dual-energy X-ray absorptiometry (DXA;
Lunar Prodigy, GE Healthcare). In order to minimize the
potential operator bias, all scans were performed by the
same experienced clinician. By triple measurements in
15 subjects with repositioning according to recommen-
dations from the International Society for Clinical
Densitometry, the precision error of the DXA measure-
ments in our laboratory has been calculated. Total fat
and lean mass had a precision error of 1.5% and 1.0%,
respectively. For analysis, the automatic edge detection
was always used; however, all scans were thoroughly
checked for errors and manually corrected if needed.

Proteomics

Proteins with established or presumed role in CVD were
measured in plasma by a proximity extension assay
(PEA) [42] (Proseek CVD 1, Olink, Uppsala, Sweden).
The assay (CVD I) measures 92 proteins and is performed
in a 96-well microplate with 92 pairs of oligonucleotide-
labeled antibodies and four internal controls. Upon bind-
ing their specific target protein, the oligonucleotide func-
tions as a distinctive reporter sequence, which is amplified
and quantified with a Fluidigm BiomarkTM HD real-time
polymerase chain reaction (PCR) platform. The assay
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measures relative concentrations (instead of absolute
levels) adjusted for plate and negative controls to remove
any influence of drift in measurements between plates.
Following log2-transformation, protein data were given on
a SD-scale for comparison of the results between the pro-
teins [42, 43]. After performing quality control (QC), 10
proteins showed a call rate <75% and were therefore ex-
cluded from analyses, leaving 82 proteins for further ana-
lysis. Measurements below the level of detection (LOD)
were imputed as LOD/2°, The proteins used in the ana-
lyses are shown in Supplementary Figure 1.

Statistical Analyses

All statistical analyses in the present paper are cross-
sectional. VO,peak normalized for lean mass by DXA
measures was considered the primary exposure (inde-
pendent variable). All protein data were log-transformed
to give a normal distribution. All continuous variables
were tested for normality testing by Shapiro-Wilk test.
Fasting glucose did not meet normal distribution and
was consequently log-transformed to promote normality.
In both primary and secondary analyses, separate linear
regression models were fitted with the relative concen-
tration of individual proteins as the dependent variable.
In all regression analyses, both the exposure and out-
come were expressed per standard deviation (SD) in-
crease. In the primary sex-adjusted model, only
associations that met the Bonferroni corrected p-value
threshold (0.05/82= 0.00061) was considered statistically
significant. In secondary analyses, we constructed a di-
rected acyclic graph (DAG) [44] to guide the choice of
suitable covariates, and investigated the association be-
tween the exposure and the proteins (continuous) ad-
justed for sex (dichotomous), fat mass (DXA,
continuous), low-density lipoprotein (LDL, continuous),
glucose (continuous), systolic blood pressure (continu-
ous), smoking (dichotomous), waist-hip ratio (WHR,
continuous), education level (based on a questionnaire,
ordinal), and lab sequence number (ordinal). Only pro-
teins with statistically significant associations in the pri-
mary analyses were included in the analyses, and a
nominal p-value (<0.05) was considered significant. In
order to limit the risk of multicollinearity bias in our
multivariable modelling, we performed variance inflation
factor (VIF) analyses, which measure the correlation and
strength of correlation between the explanatory variables
in a regression model (Supplementary table 1). Further-
more, we performed tests for effect modification by sex
by introducing a multiplicative interaction term in the
sex-adjusted analyses. Spearman’s correlation coefficient
for the 9 significant proteins was calculated, presented in
scatterplots in Supplement Figures 2-10. Statistical soft-
ware STATA 15 (Stata Corp, College Station, TX) was
used in all analyses.
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Results

Baseline characteristics stratified by sex are shown in
Table 1. In sex-adjusted linear regression, higher
VO,peak normalized for lean mass was associated with
lower levels of 13 proteins: fatty-acid binding protein-4
(FABP4), interleukin-6 (IL-6), leptin, cystatin-B (CSTB),
interleukin-1 receptor antagonist (IL-1RA), growth dif-
ferentiation factor-15 (GDF-15), tissue-type plasminogen
activator (tPA), cathepsin-D (CTSD), hepatocyte growth
factor (HGF), e-selectin (SELE), follistatin (FS), fibroblast
growth factor-23 (FGF23), tumor necrosis factor ligand
superfamily member 14 (TNFSF14); and higher levels of
5 proteins: galanin (GAL), kallikrein-6 (KLK6), heparin-
binding EGF-like growth factor (HB-EGEF), stem cell fac-
tor (SCF), and vascular endothelial growth factor D
(VEGE-D), after taking the multiple testing into account
using Bonferroni correction (p<0.0006, Table 2). The as-
sociation between VO,peak and all 82 proteins are pre-
sented in Supplementary Figure 1.

After further adjusting for fat mass (DXA), fasting glu-
cose (mmol/L), low-density lipoprotein (LDL, mmol/L),
smoking status, waist/hip ratio (WHR), blood pressure
(mmHg), education level, and lpnr (lab sequence num-
ber), VO,peak normalized for lean mass was still signifi-
cantly associated with 9 of the above proteins: FABP4,
IL-6, leptin, galanin, CSTB, IL-1RA, KLK6, HB-EGF, and

Table 1 Baseline characteristics

Variable Women Men
Number of participants 220 220
VO2peak (L/min) 1.85+04 2.840.5
VO2peak (L/min)* 0.05£0.01 0.04+0.01
Fat mass (%) 33.6+7 22.2+54
Waist-hip ratio (WHR) 0.87+0.08 0.94+0.05
Body mass index (BMI, kg/m?) 26448 267435
BMI <185 (kg/m?) 1(1%) 0
BMI 18.5-25 (kg/mz) 105 (48%) 78 (35%)
BMI 25-30 (kg/m?) 78 (35%) 105 (48%)
BMI >30 (kg/m?) 36 (16%) 37 (17%)
Systolic blood pressure (mmHg) 120+16 124415
Diastolic blood pressure (mmHg) 7710 80+10
Fasting glucose (mmol/L) 5.0+0.5 51+1.3
Low density lipoprotein (LDL) (mmol/L) 334038 3.6+09
Current smoker 25 (11%) 12 (5%)
Education

<10 years 8 (4%) 21 (10%)

10-12 years 93 (42%) 95 (43%)

>12 years 119 (54%) 104 (47%)

Continuous variables are given as mean * SD. Dichotomous or ordinal as n
(proportion %)
*Normalized for lean mass (DXA)
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GDF-15 (Table 2). Spearman’s correlation coefficients
for the 9 significant proteins range between —0.39 and
0.26 (Supplementary Figures 2-10). When we included
all 9 significant proteins in the same multivariable
model, the R2 value for the whole model was 0.27.
When we added clinical covariates to the above model
(sex, fat mass, LDL, glucose, systolic blood pressure,
smoking, WHR, and education level), the R2 value for
the whole model was 0.45. In the multivariable model-
ing, variance inflation factor (VIF), no evidence of multi-
collinearity was found. Multiplicative interaction
analyses suggest that there was an effect modification by
sex for leptin, FGF23, CTSD, and FABP4, results pre-
sented in Supplementary Table 2.

Discussion

Principal Findings

The present community-based study showed that higher
cardiorespiratory fitness, assessed by VO,peak, was sig-
nificantly associated with lower plasma levels of 6 pro-
teins (FABP4, IL-6, leptin, CSTB, IL-1RA, GDF-15), and
higher levels of 3 proteins (galanin, KLK6, HB-EGF) in-
dependent of cardiovascular risk factors and fat mass.
Interestingly, the combination of these 9 explained 27%
of the variance of cardiorespiratory fitness.

Comparison with the Literature

Although there is an increasing interest in the use of
proteomics in the CVD field, we are not aware of any
previous study reporting associations between cardiore-
spiratory fitness and multiplex proteomics of blood
plasma in the general population. However, we are
aware of one previous community-based study that in-
vestigated associations between proteomics of blood
plasma and physical activity measured by self-reported
leisure time by Stattin et al. [39]. In that study, leisure
time physical activity was consistently associated with
four cardiovascular proteins independent of body fat in
two community-based cohorts with more than 6000 par-
ticipants. Of these proteins, three were also associated
with cardiorespiratory fitness in our study: CSTB,
FAPB4, IL-1RA. Cardiorespiratory fitness has been sug-
gested as a more reliable marker of habitual physical ac-
tivity compared to questionnaire-based data [7, 45], but
other studies show that cardiorespiratory fitness and
physical activity may represent some distinct and inde-
pendent associations with cardiovascular health [7].
Whether the differences between the present study and
the study by Stattin et al. is due to specific differences in
the effects on cardiovascular health between cardiorespi-
ratory fitness and physical activity, or whether this dis-
crepancy is due to differences in study populations,
proteomic panels and study design between the two
studies remains to be established. As the replication
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Table 2 The associations between VO2peak normalized for lean mass, and the circulating proteins: sex- and multivariable adjusted
linear regression. Only proteins that met the Bonferroni adjusted threshold (p<0.0006) in the primary sex adjusted analyses are
presented. Proteins that met p<0.05 threshold in the multivariable-adjusted analyses are highlighted in bold

Protein Sex-adjusted Multivariable-adjusted®

beta 95%Cl 95%Cl p-value beta 95%ClI 95%Cl p-value

low high low high

Fatty acid-binding protein 4 (FABP4) -4 -49 -32 <0.0001 -17 =25 -09 <0.0001
Interleukin-6 (IL-6) -34 -43 -25 <0.0001  -21 -31 -.10 0.00015
Leptin -36 -43 -29 <0.0001 -09 =15 -.04 0.001
Galanin 25 16 35 <0.0001 18 07 29 0.002
Cystatin-B (CSTB) —-31 —-40 =21 <00001 -16 =27 -05 0.0046
Interleukin-1 receptor antagonist protein (IL-1RA) -39 -48 -30 <0.0001 -13 -23 -03 0.0085
Kallikrein-6 (KLK6) 18 .08 27 0.0003 15 03 .26 0.012
Heparin-binding EGF-like growth factor (HB-EGF) 18 08 .28 0.00029 12 01 24 0.037
Growth/differentiation factor 15 (GDF-15) -19 -29 -09 0.00013 -11 -23 00 0.049
Tissue-type plasminogen activator (t-PA) -33 —42 —24 <0.0001 =10 =19 00 0.054
Cathepsin D (CTSD) -26 =35 =17 <00001 -04 -4 .06 046
Hepatocyte growth factor (HGF) -25 -35 -16 <0.0001 -02 =13 08 0.67
E-selectin (SELE) -23 -33 -14 <0.0001 -07 -18 04 0.20
Stem cell factor (SCF) 23 A3 32 <0.0001 .10 -01 22 0.073
Vascular endothelial growth factor D (VEGF-D) 18 09 27 <0.0001 06 —-04 16 0.26
Follistatin (FS) =19 -29 -09 0.00012 -07 -18 .05 0.25
Fibroblast growth factor 23 (FGF-23) -17 -27 —-.08 0.0004 —-.10 =21 01 0.084
Tumor necrosis factor ligand superfamily member 14 (TNFSF14)  —17 -27 -07 0.00057 04 -07 15 047

"Multivariable linear regression further adjusted for fat mass (DXA), fasting glucose (mmol/L), LDL (mmol/L), WHR, smoking status, blood pressure (mmHg),

educational level, and Ipnr (lab test sequence number)

cohort in Stattin et al. consisted of only women, our
study, that included both men and women, represents
the first replication of some of their findings in men.

There is also one previous study that has investigated
cardiorespiratory fitness and protein expression in skel-
etal muscle in trained and untrained individuals [46].
They identified 92 proteins that differed in a muscle of
trained compared to untrained at rest, and also found
differences in long-term and acute changes of proteins
involved in energy metabolism.

Potential Mechanisms

We used cross-sectional observational data, and no firm
conclusions regarding underlying mechanisms or causal-
ity can be drawn from our results. Results are modest at
best, and cardiorespiratory fitness accounted for a lim-
ited degree of the variance measured. Yet, there are sev-
eral possible explanations for the association between
cardiorespiratory fitness and the specific proteins in our
study:

First, the inverse association between better cardiore-
spiratory fitness and lower levels of the inflammatory
proteins IL-6 and IL-1RA support the notion of an anti-
inflammatory effect of cardiorespiratory fitness. Even

though exercise is linked to an acute transient inflamma-
tory response, an abundance of studies show that exer-
cise may exert long-term cardioprotective effects by
lowering chronic inflammation [34, 47-52]. There is in-
creasing recognition of inflammation as a key pathogenic
mechanism in atherosclerosis and the development of
cardiovascular disease [50, 53-57]. Adipose tissue has
been suggested to play a key pro-inflammatory role in
mediating associations between physical activity and in-
flammation [47, 58]. In the present study, cardiorespira-
tory fitness was associated with both IL-6 and IL-1RA
independent of body fat, indicating other potential path-
ways as previously discussed [59].

Second, we found association between cardiorespira-
tory fitness and three proteins involved in energy
homeostasis; specifically, we found inverse relationships
with the adipokines leptin and FABP-4 and positive as-
sociations with the peptide hormone galanin. These as-
sociations remained significant after adjustment for body
fat mass and WHR. FABP-4 and leptin are hormonal
bioactive molecules secreted by adipose tissue that con-
trol energy balance, have been linked to metabolic and
inflammatory pathways, and are associated with the
development of insulin resistance and atherosclerosis
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[60-62]. Higher levels of physical activity and cardiore-
spiratory fitness are associated with decreased FABP-4
and leptin levels largely driven by a decrease in body fat,
although associations appear to be independent of
weight loss [39, 63-67]. The gut and central nervous
system-derived hormone galanin exerts metabolic effects
including regulating glucose metabolism and involved
metabolic syndrome by alleviating insulin resistance [68].
In experimental studies, exercise upregulates galanin ex-
pression, resulting in improvement in insulin sensitivity
[69]. All three proteins might modulate CVD risk by being
involved in insulin resistance, and higher levels of FABP-4
and leptin have been associated with cardiac pathophysi-
ology and poorer cardiovascular outcome [61, 70, 71].

Third, the positive association between cardiorespira-
tory fitness and the protease KLK6 and the inverse asso-
ciation between VO,peak and the protease inhibitor
CSTB indicate a role for cardiorespiratory fitness in the
regulation of protease activity. Protease activity and its
inhibition appear to play key roles in the atherosclerotic
process [72-74]. Higher levels of physical activity in
adults and higher fitness in children have been associ-
ated with lower CSTB levels [39, 75, 76]. KLK6 and
CSTB have been suggested as biomarkers reflecting car-
diovascular disease [39, 75-77] and neurodegenerative
diseases [78-80].

Fourth, higher cardiorespiratory fitness was associated
with higher levels of HB-EGF. HB-EGF is an epidermal
growth factor that is one of the ligands that activates
epidermal growth factor receptor (EGFR), which regu-
lates key cellular processes of cell biology, including mi-
gration and proliferation of vascular smooth muscle,
tissue homeostasis, and tumorigenesis [81-83]. EGFR
signaling by its ligands is essential for normal cardiac de-
velopment and may have the potential to modulate the
function of cells involved in the atherosclerotic process
[82, 84]. Increased plasma HB-EGF has been associated
with obesity and coronary artery disease [85, 86]; how-
ever, no studies have addressed whether modulation of
EGFR signaling impacts atherogenesis [82]. HB-EGF
function and its role in cardiovascular biology and dis-
ease pathogenesis are only beginning to be elucidated.
One study has previously shown that HB-EGF is upregu-
lated in skeletal muscle by exercise and has been pro-
posed to contribute glucose homeostasis and insulin
sensitivity [87]. Findings highlight the complexity of car-
diovascular biology, and more research is needed to
understand this relationship.

Fifth, cardiorespiratory fitness had a negative associ-
ation with GDF-15. GDEF-15 is a member of the trans-
forming growth factor-p cytokine superfamily. It is
believed to have a role in energy balance and glucose
homeostasis. Increased levels are associated with cardio-
vascular disease such as atherosclerosis, obesity, insulin
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resistance, and diabetes [88—91]. It is a strong predictor
of all-cause mortality [92, 93]. GDF-15 has been sug-
gested to be a marker for those at risk for diabetes or
obesity and is proposed as an emerging cardiometabolic
biomarker [91, 94, 95]. To our knowledge there are no
studies that have investigated cardiorespiratory fitness
association with GDF-15. In small studies, higher levels
of GDF-15 have been observed directly after exercise
and exercise interventions, however, it is currently un-
clear how exercise-induced alternations in GDF 15
might be associated with metabolic improvements fol-
lowing exercise training [96, 97]. In this study higher
level of cardiorespiratory fitness is associated with lower
levels of GDF-15, adding novel knowledge to the field.

Finally, analyses suggest that there may be some effect
modification by sex between leptin, FGF23, CSTD, and
FABP4 and fitness, and additional studies are warranted
to confirm whether the underlying biology for these as-
sociations are different in men and women.

Strength and Limitations

Strengths of the study include the high-quality pheno-
typing of study participants and the use of objective
methods to assess cardiorespiratory fitness and body
composition. A state-of-the art antibody-based proteo-
mics assays with rigorous quality control steps was used
to measure proteins. Limitations include the use of a
multiplex proteomic assay limited to 82 plasma proteins
that were primarily designed to be relevant for cardio-
vascular disease pathology and inflammation. Additional
studies, using larger untargeted proteomic platforms are
warranted to get additional insights on the interplay be-
tween cardiorespiratory fitness and the circulating prote-
ome. The moderately sized study sample consisting of
50-year-old healthy men and women living in the region
of Uppsala limits the generalizability of findings. Due to
the cross-sectional design, it is not possible to test causal
effects of the proteins, and the observed associations
could be due to causation, confounding, or reverse caus-
ation. Tissue of origin and regulation of the circulating
levels of the proteins in the present study is largely un-
known. The proteomics assays provided relative, rather
than absolute concentrations, which make direct com-
parisons with other studies difficult. Another limitation
is that this study cannot differentiate between genetically
determined cardiorespiratory fitness from fitness due to
an increased level of physical activity.

Conclusion

We identified multiple novel associations between car-
diorespiratory fitness (VO,peak) and plasma proteins in-
volved in several aspects of the atherosclerotic process
and key cellular mechanisms such as inflammation, en-
ergy homeostasis, and protease activity, which may bring
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new insights into how exercise asserts its beneficial ef-
fects on cardiovascular health. We are not aware of any
previous study reporting association between cardiore-
spiratory fitness and multiplex proteomics of blood
plasma in the general population. Our findings will
hopefully advance our knowledge and lead to further
studies. Our findings encourage additional studies in
order to understand the underlying causal mechanisms
for these associations.
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