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Abstract

Background

A targeted proteomics chip has been shown to be useful to discover novel associations of
proteins with cardiovascular disease. We investigated how these proteins change with
aging, and whether this change is related to a decline in kidney function, or to a change in
hemoglobin levels.

Material and methods

In the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study,
including 1,016 participants from the general population aged 70 at baseline, 84 proteins
were measured at ages 70, 75, 80. At these occasions, glomerular filtration rate (eGFR)
was estimated and the hemoglobin levels were measured.

Results

Sixty-one of the 84 evaluated proteins changed significantly during the 10-year follow-up
(multiple testing-adjusted alpha = 0.00059), most showing an increase. The change in
eGFR was inversely related to changes of protein levels for the vast majority of proteins
(74%). The change in hemoglobin was significantly related to the change in 40% of the eval-
uated proteins, with no obvious preference of the direction of these relationships.

Conclusion

The majority of evaluated proteins increased with aging in adults. Therefore, normal ranges
for proteins might be given in age-strata. The increase in protein levels was associated with
the degree of reduction in eGFR for the majority of proteins, while no clear pattern was seen
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for the relationships between the proteins and the change in hemoglobin levels. Studies on
changes in urinary proteins are warranted to understand the association between the reduc-
tion in eGFR and increase in plasma protein levels.

Introduction

It is known that circulating levels of certain proteins, like C-reactive protein (CRP), cardiac
troponin I, growth-differentiation factor-15 (GDF-15) and N-terminal pro b-type natriuretic
peptide (NT-proBNP), increase with aging [1]. However, few studies have attempted to inves-
tigate if this is a common theme for a larger number of proteins. In one study using untargeted
proteomics in a cross-sectional sample, it was shown that thirteen proteins out of more than
one thousand measured were related to age following adjustment for multiple testing [2]. Also,
other studies have shown relationships between the proteome and age [3-5], but as far as we
are aware, no prior studies have addressed associations of multiple proteins to aging in a longi-
tudinal fashion, with repeated protein measurements in the same individuals over a longer
time period in adults. Longitudinal studies of changes in the proteome exist in pediatric popu-
lations [6, 7], but this part of life is characterized by growth and the change in the proteome
would presumably reflect other processes than seen in adult life, especially among elderly.

The kidney is a key regulator of circulating protein levels, since many proteins are excreted
with the urine. Patients with advanced chronic renal failure show elevated levels of many pro-
teins in plasma [8]. It has also been shown that numerous protein biomarkers increase with
declining glomerular filtration rate (GFR) in a cross-sectional study [9]. Furthermore, in the
most extensive cross-sectional testing of the proteome in relation to measured GFR published
so far, many proteins were found to be negatively related to GFR and an increase in protein
levels was more common than a decline when individuals with low GFR was compared to
those with a normal GFR [10]. Based on these previous findings, we hypothesized that the lon-
gitudinal changes in protein levels during ten years of follow-up in our sample would be asso-
ciated with changes in eGFR.

Another general factor that could govern protein levels is the amount of plasma water. Dur-
ing hemoconcentration, plasma concentrations of proteins, including hemoglobin levels, will
increase [11]. Therefore, we also hypothesized that the longitudinal changes in protein levels
between age 70 and 80 would be associated with changes in hemoglobin levels.

Using the proximal extension assay (PEA) technique for measurement of multiple proteins
on a targeted proteomics chip, we have recently discovered new proteins to be related to ath-
erosclerosis and cardiovascular disease in the Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study [12-14]. To gain further insights into how these proteins
change with aging, and how this is linked to changes in kidney function and hemoglobin lev-
els, we performed measurements using the protein array at ages 70, 75 and 80 in the PIVUS
cohort. Our primary aim was to evaluate changes in circulating protein levels over 10 years in
this cohort. Secondly, we wanted to investigate if these changes were associated with changes
in eGFR and hemoglobin levels seen during the same period.

Materials and methods
Sample

The population-based Prospective Investigation of the Vasculature in Uppsala Seniors
(PIVUS) study was initiated in 2001 to collect data on multiple measures of cardiovascular
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function. At the baseline investigation in 2001-2004, 1,016 subjects all aged 70 years were
enrolled (50% women). Follow-up investigations have been performed after five (n = 826) and
ten years (n = 602). A detailed description of the cohort is available online (www.medsci.uu.se/
pivus) and in prior publications [15].

Basic characteristics of the sample are given in Table A in S1 File.

Measurements

The participants were investigated in the morning after an overnight fast. Except for measure-
ments of traditional lipids and fasting glucose-that were measured at the Clinical chemistry
department in fresh samples—plasma was stored in a freezer (-80°C) for later analyses. A his-
tory of diseases and drug use was collected.

Plasma creatinine and cystatin C were measured by a standard enzymatic method and by
an enhanced turbidimetric method, respectively, and a validated formula to estimate eGFR
using both of these markers was used [16]. Hemoglobin levels were analyzed using a CELL-
DYN Sapphire Hematology System (Abbott Laboratories, Abbott Park, IL, US) and reported
in g/L.

Proteins were measured using the proximal extension assay (PEA) technique [17] on a
commercial proteomics array with 92 preselected proteins known/suggested to be involved in
cardiovascular disease (Olink Proseek Multiplex CVD I°*°¢, Olink, Uppsala, Sweden). The
array includes 92 oligonucleotide-labeled antibody probe pairs that are allowed to bind to their
respective target present in the sample. The PEA technique has a major advantage over con-
ventional multiplex immunoassays in that only correctly matched antibody pairs give rise to a
signal, yielding an exceptionally high specificity. PEA is a homogeneous assay that uses pairs of
antibodies equipped with DNA reporter molecules. When binding to their correct targets,
they give rise to new DNA amplicons each ID-barcoding their respective antigens. The ampli-
cons are subsequently quantified using a Fluidigm BioMark HD real-time PCR platform. Data
is normalized and transformed using internal extension controls and inter-plate controls, to
adjust for intra- and inter-run variation as described earlier [17]. The Proseek Multiplex CVD
1°°“® has been shown to have high reproducibility and repeatability with mean intra-assay
and inter-assay coefficients of variation of 8% and 12%, respectively; and the average inter-site
variation has been reported to be 15% [17]. The final assay readout is given in Normalized Pro-
tein eXpression (NPX), which is an arbitrary unit on log,-scale where a high value corresponds
to a higher protein expression. All measurements were performed in the same fashion at all
three occasions. Of the 92 proteins, 84 showed a call rate >75% at all three time points, and
these proteins were included in further analyses. Details regarding the protein arrays, quality
control and processing of data in the PIVUS study has been published previously [13, 14].

Statistical analysis

The distributions of all protein levels were skewed to the right and were therefore log,-trans-
formed to achieve a normal distribution. In the final analysis, the log,-transformed values for
the proteins were transformed to a standard deviation (SD)-scale, so the regression coefficient
(beta) were comparable between the proteins.

Changes in protein levels during aging. First, the change in the 84 proteins over 10 years
(three measurements) were evaluated by mixed random effect models with the proteins
(one protein in each model) as dependent variable, and time as the independent variable and
sex as confounder (age same in all subjects). Thus, the random effect is the individual and the
fixed effects are time and sex. This general model is: protein = time sex (random effect for
individual).
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This primary analysis included all available data from all subjects at all time-points. The
mixed model procedure automatically takes into account the effect of missing data, but as a
sensitivity analysis we also performed the analysis in the 571 subjects with data at all three
time-points.

To evaluate if the changes in proteins were different in males and females, the models were
also run including an interaction term between time and sex.

To evaluate if hemoglobin (as a measure of hemoconcentration) affects the change in pro-
teins over time, we as a secondary analysis also included hemoglobin as a co-variate in the
models (a fixed effect).

The relationship between the molecular weight and the beta-value for change in protein lev-
els over time was assessed by Spearman rank correlation.

To test if the change over time for the proteins were influenced to a major degree by disor-
ders or medication in the sample, a sensitivity analysis was performed in the 303 individuals
free from any medication using the same mixed model as described above. The beta-values for
all 84 proteins in that analysis were related to the beta-values obtained in the total sample be
Pearson s correlation coefficient.

Correlated protein changes. The pairwise Spearman rank correlations between ten-year
absolute changes in protein levels were visualized in a circular plot. The circular plot depicts
proteins on the edge of a circle with lines connecting highly correlated (rank correlation > 0.6)
proteins. While the mixed models use data from all three time-points, this visualization can
only use the 70 and 80-year data.

Association vs the change in eGFR. First, the change in eGFR over 10 years (three mea-
surements) were evaluated by mixed random effect models with eGFR as dependent variable,
and time as the independent variable and sex as confounder (age same in all subjects). Thus,
the random effect is the individual and the fixed effects are time and sex. This general model
is: eGFR = time sex (random effect for individual).

Thereafter, the relationships between changes over 10 years in the levels of the 84 proteins
and the changes over 10 years in eGFR were examined. Also, for this purpose mixed random
effect models were used, and eGFR used as an independent variable. One model was analyzed
for each protein. The independent variable was split into a between-individual component,
which is the first observation for the individual, and a within-individual component, which is
the difference between the measurements at future time points and the first measurement.
Thus, the between-individual component is related to the mean of the three measurements of
the proteins, while the between-individual component, as a single term, relates the change in
each protein to the change in eGFR. The theory and assumptions behind this model, as well as
the detailed formula is provided in the “Longitudinal and cross-sectional information” para-
graph of the chapter “Some aspects of the design of longitudinal studies" in [18]. The general
formula is; Y;; = Zibetay —Xj;betac + (Xj5-Xj;)betar , ej, where Y is a protein, X is eGFR, i is the
individual, j the time, betac is the coefficient for the first observation and beta; is the coeffi-
cient for change over time. Confounders and the intercept are given as Z;beta,,

Thus, baseline GFR (at age 70), the change in GFR and sex are the fixed effect and individ-
ual is the random effect. The general formula is: protein = eGFR_change eGFR_baseline sex
(random effect for individual). We used only a random intercept, since inclusion of also a ran-
dom slope made the models not to converge in most cases. We used the default correlation
matrix of the command “mixed”, which is independent, and works well in cases with a random
intercept.

Association vs the change in hemoglobin. First, the change in hemoglobin over 10 years
(three measurements) were evaluated by mixed random effect models with hemoglobin as
dependent variable, and time as the independent variable and sex as confounder (age same in
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all subjects). Thus, the random effect is the individual and the fixed effects are time and sex.
This general model is: hemoglobin = time sex (random effect for individual).

Thereafter, the relationships between changes over 10 years in the levels of the 84 proteins
and the changes over 10 years in hemoglobin levels were examined in a similar fashion as the
change in eGFR.

Combined association of changes in eGFR and hemoglobin level. We estimated the
relationships between changes over 10 years in the levels of the 84 proteins and the changes
over 10 years in both eGFR and hemoglobin levels in a similar fashion using the general for-
mula; protein = eGFR_change eGFR_baseline hemoglobin_change hemoglobin_ baseline sex
(random effect for individual). In this case, changes in both eGFR and hemoglobin as well as
baseline values of both eGFR and hemoglobin were together with sex the fixed effects.

Significance level. We regarded a Bonferroni-corrected p-value of 0.00059 (0.05/84) as
significant in each of the analyses. Since many of the proteins are highly correlated, we did not
adjust for analyzing two outcomes (eGFR and hemoglobin), to strike a reasonable balance
between risk for false negatives and false positives.

STATA14 was used for analysis (Stata Inc, College Station, TX, USA).

Results
Changes in protein levels during aging

In analyses of the total sample, 62 of the 84 evaluated proteins changed significantly over time,
most showing an increase. (Bonferroni-adjusted alpha<0.00059, Fig 1 and Table 1).

Adrenomedullin (AM), Urokinase plasminogen activator surface receptor (U-PAR), Osteo-
protegerin (OPG), Interleukin-27 subunit alpha (IL27-A), and N-terminal pro-B-type natri-
uretic peptide (NT-pro-BNP) were the five proteins that increased the most over the 10-year
period. As an illustration, levels of the 3 proteins showing the largest increase, and the top pro-
tein showing a decline are shown in Fig 2.

Very similar results were obtained when only data from the 571 subjects with data from all
three timepoints were used in the analysis. In this case, 74 of the proteins changed significantly
with a similar enrichment for protein increases over time.

A significant interaction between time and sex was found for 12 of the proteins (Table B in
S1 File). For 10 of those proteins, the changes over 10 years were more pronounced in men
than in women.

A very similar result as described above was obtained if the hemoglobin level was included
in the model as a co-variate (to adjust for hemoconcentration). In that case, 58 proteins
increased significantly over time, while 13 declined significantly over time.

When the theoretical molecular weights of the different proteins were calculated, no signifi-
cant relationship was seen the molecular weight and the change over time in protein levels
(p=0.17).

We also repeated the analyses in 303 participants free from all prescription medication at
all three time-points in a sensitivity analysis. In these analyses, 61 of the 84 evaluated proteins
changed significantly over time (Bonferroni-adjusted alpha<0.00059). The correlation of
regression coefficients from the main analysis and this sensitivity analysis was 0.98. For this
reason, and to maximize statistical power, the full sample was used for all subsequent analyses.

Correlated protein changes

As seen in a circle plot of highly correlated protein changes (Figure A in S1 File), many protein
levels tracked over the evaluated 10-year period. Judging by the large number of correlated
changes, CD40 ligand (CD40), Cystatin-B (CSTB), Tumor Necrosis Factor receptors 1 and 2
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Changes in proteins in subject free from medication
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Fig 1. Effect sizes (regression coefficients) of changes of 84 proteins over time and the-log;, p-value for corresponding
changes. The Bonferroni-corrected p-value is shown as the horizontal line. The regression coefficient (beta) gives the change

per year on a SD-scale.

https://doi.org/10.1371/journal.pone.0212060.9001

(TNF-R1 and R2), Thrombomodulin (TM), Interleukin-6 receptor subunit alpha (IL-6RA)
and C-C motif chemokine 3 (CCL3) seemed like nodes that were related to the changes of five
or more other proteins.

Association vs the change in eGFR

eGFR declined significantly during the 10 years (p<e-100). The change in eGFR was inversely
related to the change in the majority of the evaluated proteins (74%) (Fig 3). The top five
inverse relationships between change in GFR and change in protein levels were seen for Cysta-
tin-B (CSTB), Tumor necrosis factor receptor 1 (TNF-R1), CD40L receptor (CD40), Tumor
necrosis factor receptor 2 (TNF-R2), TNF-related apoptosis-inducing ligand receptor 2
(TRAIL-R2).

Association vs the change in hemoglobin

At age 70, the hemoglobin level was 138 (SD 11) and declined to 136 (SD 11) g/L after 10 years
(p = 5.3e-04). The change in hemoglobin was significantly related to the change in 40% of the
evaluated proteins (Figure B in S1 File). As could be seen in the figure, there was no obvious
preference of the direction of these relationships.

Combined association of changes in eGFR and hemoglobin level

A positive relationship existed between the change in eGFR and the change in hemoglobin
(beta 0.10, SE 0.03, Pearson s correlation coefficient 0.11, p-value = 7.9e-04).
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Table 1. Change in 84 proteins over 10-year follow-up with measurements at ages 70, 75 and 80 years.

Protein Beta SE p-value
Adrenomedullin (AM) 170 .007 1.0e-122
Urokinase plasminogen activator surface receptor (U-PAR) .138 .006 1.0e-104
Osteoprotegerin (OPG) 136 .006 2.1e-101
Interleukin-27 subunit alpha (IL27-A) 130 .006 8.0e-100
N-terminal pro-B-type natriuretic peptide (NT-pro-BNP) 137 .007 4.5e-93
Tissue-type plasminogen activator (t-PA) .149 .007 7.9e-89
Proteinase-activated receptor 1 (PAR-1) .140 .007 1.4e-84
Caspase-8 (CASP-8) -.140 .008 1.9¢-74
Growth/differentiation factor 15 (GDF-15) 102 .006 1.0e-73
Endothelial cell-specific molecule 1 (ESM-1) 118 .007 2.6e-69
Fibroblast growth factor 23 (FGF-23) .097 .006 2.6e-62
Pentraxin-related protein PTX3 (PTX3) 131 .008 2.2e-58
Matrix metalloproteinase-12 (MMP-12) .089 .006 2.7e-56
Vascular endothelial growth factor D (VEGF-D) 105 .007 2.0e-55
Spondin-1 (SPON1) 123 .008 1.5e-53
Agouti-related protein (AGRP) 113 .008 1.3e-47
Fractalkine (CX3CL1) 102 .007 1.2e-42
CDA40L receptor (CD40) .085 .006 1.8e-42
Proto-oncogene tyrosine-protein kinase Src (SRC) 127 .009 1.6e-41
TNF-related apoptosis-inducing ligand (TRAIL) .102 .007 9.5e-41
Heparin-binding EGF-like growth factor (HB-EGF) .096 .008 1.89¢-33
Hepatocyte growth factor (HGF) .082 .007 1.86e-32
Kallikrein-6 (KLK6) .089 .008 1.28e-30
ST2 protein (ST2) .070 .006 2.21e-30
Interleukin-16 (IL-16) .083 .007 4.05e-30
P-selectin glycoprotein ligand 1 (PSGL-1) .094 .01 3.83e-20
Cystatin-B (CSTB) .069 .007 4.33e-20
Vascular endothelial growth factor A (VEGF-A) 067 .007 6.80e-20
Pappalysin-1 (PAPPA) .064 .007 7.54e-20
Membrane-bound aminopeptidase P (mAmP) -.039 .004 2.41e-18
Macrophage colony-stimulating factor 1 (CSE-1) .069 .008 8.27¢-18
Matrix metalloproteinase-1 (MMP-1) -.053 .007 3.34e-16
Myeloperoxidase (MPO) -.073 .009 6.92¢-16
TNF-related apoptosis-inducing ligand receptor 2 (TRAIL-R2) .049 .006 5.6%-15
Lectin-like oxidized LDL receptor 1 (LOX-1) 071 .009 4.20e-14
Epidermal growth factor (EGF) -.073 .01 9.4le-14
Follistatin (FS) .061 .009 8.49e-12
Protein S100-A12 (EN-RAGE) -.067 .01 2.43e-11
Eosinophil cationic protein (ECP) .051 .008 2.84e-11
Interleukin-6 (IL-6) .054 .008 3.7%-11
Receptor for advanced glycosylation end products (RAGE) .040 .006 1.34e-10
Cathepsin L1 (CTSL1) -.066 .01 1.66e-10
C-C motif chemokine 20 (CCL20) .060 .009 1.85e-10
TNF-related activation-induced cytokine (TRANCE) -.051 .008 7.73e-10
Placenta growth factor (PIGF) .043 .007 2.09e-09
Platelet-derived growth factor subunit B (PDGF subunit B) -.043 .008 1.65e-08
Kallikrein-11 (hK11) .051 .009 1.88e-08
(Continued)
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Table 1. (Continued)

Protein Beta SE p-value

Tissue factor (TF) .047 .008 2.04e-08
Leptin (LEP) -.029 .005 2.49e-08
Monocyte chemotactic protein 1 (MCP-1) .048 .009 3.09¢-08
Fatty acid-binding protein 4 (FABP4) -.028 .006 9.94e-07
Interleukin-6 receptor subunit alpha (IL-6RA) .030 .006 1.25e-06
Chitinase-3-like protein 1 (CHI3L1) .035 .007 1.93e-06
C-X-C motif chemokine 6 (CXCL6) -.036 .008 2.20e-06
Matrix metalloproteinase-3 (MMP-3) -.029 .006 2.78e-06
Galectin-3 (Gal-3) .031 .007 3.28e-06
Tumor necrosis factor receptor 2 (TNF-R2) .030 .007 3.63e-06
T-cell immunoglobulin and mucin domain 1 (TIM-1) 024 .005 6.52e-06
Tumor necrosis factor receptor 1 (TNF-R1) .029 .007 9.51e-06
Tumor necrosis factor ligand superfamily member 14 (TNFSF14) .039 .009 .0000183
Platelet endothelial cell adhesion molecule (PECAM-1) .032 .008 .0000241
C-C motif chemokine 4 (CCL4) .027 .007 0002472
Interleukin-1 receptor antagonist protein (IL-1RA) -.025 .008 .0031852
Angiopoietin-1 receptor (TIE2) -.023 .008 0054946
Growth hormone (GH) .028 .01 .0065182
E-selectin (SELE) -.015 .006 .0075581
Thrombomodulin (TM) -.018 .007 .0076076
Resistin (RETN) -.020 .008 .0077487
C-X-C motif chemokine 16 (CXCL16) .020 .009 .0252256
Tumor necrosis factor receptor superfamily member 6 (FAS) .018 .008 .0260263
Myoglobin (MB) .019 .008 0261793
Galanin peptides (GAL) .011 .006 0564566
C-X-C motif chemokine 1 (CXCL1) -.013 .007 .0733593
C-C motif chemokine 3 (CCL3) .012 .007 1115752
Prolactin (PRL) .010 .007 1855251
Interleukin-18 (IL-18) -.009 .007 1974891
Cathepsin D (CTSD) .008 .007 2256375
Interleukin-8 (IL-8) -.011 .009 .2643662
Matrix metalloproteinase-10 (MMP-10) .010 .009 .267806

Dickkopf-related protein 1 (DKK-1) -.008 .007 .3007548
Ovarian cancer-related tumor marker CA 125 (CA-125) .006 .006 .367675

Heat shock 27 kDa protein (HSP 27) .008 .01 4298231
Renin (REN) 003 005 5746617
Stem cell factor (SCF) .001 .006 .8936469

The betas show the direction and magnitude of the change per year on a SD scale (to increase cross-comparability).

P<0.00059 is regarded as significant (Bonferroni-correction for 84 proteins).

https://doi.org/10.1371/journal.pone.0212060.t001

Therefore, we performed an analysis with the proteins as dependent variables (in separate
models for each protein) and both the change in eGFR and the change in hemoglobin levels
were included in the models as independent variables together with the baseline values (at age
70) and sex.

These results are given in Table C in S1 File. As could be seen, while the relationships
between the changes in the proteins and the change in eGFR generally are inverse, the
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Fig 2. Box plot showing the Normalized Protein eXpression (NPX) values for the 3 proteins showing the most
significant increments over time and the protein showing the most significant decline over time. U-PAR = Urokinase
plasminogen activator surface receptor.
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relationship vs change in hemoglobin levels could either be significantly positive (like for
CASP-8), or negative (like for FGF-23), or insignificant (like for CX3CL1) with no obvious
pattern found.

Discussion

The present study demonstrates that plasma levels of a majority of the investigated cardiovas-
cular-related proteins increased between age 70 and 80. We found an association between the
change in levels of a great number of the proteins and a change in kidney function during the
same period. Furthermore, changes in a number of the proteins were related to changes in
hemoglobin levels, but in this case the relationships could either be positive or negative.

Comparison with the literature

A couple of previous cross-sectional studies in adults have shown that many proteins are
related with age, mainly in a positive fashion, i.e. higher age was associated with higher protein
levels [2-5]. However, as far as we are aware, this is the first longitudinal study of a large num-
ber of proteins conducted in adults a crucial period of aging, providing novel and robust evi-
dence for changes of proteins within adult individuals. Our findings in a fairly large adult
cohort of an increase in the plasma levels in a majority of the investigated proteins support pre-
vious cross-sectional findings in adults.

Lietzen and co-workers described the longitudinal development of the proteome in 15 chil-
dren from 0 to 3 years [6]. They found age to be a prominent factor influencing about half of
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Changes in proteins vs change in GFR
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Fig 3. Associations between the change in kidney function (glomerular filtration rate, GFR) and change in 84 prteins
over time (regression coefficient) and the-log;, p-value for these associations. The Bonferroni-corrected p-value is shown
as the horizontal line. The regression coefficient (beta) gives the relationship between the change in protein levels (on a SD-
scale) vs the change in GFR (in mL/min/1.73m?2).
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the variation of the proteome. They found an increase in 35 proteins and a decline in 85 pro-
teins over time. Liu and co-workers studied changes in the proteome in 10 healthy children
from 9 month to 14 years [7]. Also in this study, about half of the evaluated proteins showed
an age-related change, and of those, about half increased while the other half declined. Thus,
the pattern of an increase in a majority of the proteins seen in our sample of elderly adults and
in adult cross-sectional studies was not noted in these two longitudinal pediatric studies. It is
likely that the changes in feeding pattern and growth development in children would influence
the proteome in a different fashion as compared to adults.

Renal handling of proteins is not fully understood. In a study using untargeted proteomics
of both plasma and urine, 2280 proteins were identified in plasma only, 1128 proteins were
identified in urine only, while 394 proteins were found in both plasma and urine [19]. The pro-
teins identified in plasma only generally had a larger theoretical molecular weight, consistent
with the view that proteins with a high molecular weight are not filtered through the kidney
[20], although some of those proteins could be actively secreted into the urine. The majority of
the proteins found in both plasma and urine showed a theoretical molecular weight in the 15-
45 kDa range, indicating that those proteins are filtered from plasma to the urine, but filtration
is also influenced by the charge and shape of the protein.

Previous cross-sectional studies have shown that many proteins increase with declining
GFR [8, 10]. Our finding of inverse associations between the change in plasma levels of many
of the investigated proteins and the change in GFR gives further evidences for a link between a
poor filtration in the kidneys and increased plasma protein levels. However, the causal
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mechanisms underlying this link are not clear. In the present study, we could not find any
close relationship between the theoretical molecular weight and the change in protein level
over the 10-year follow-up period. Furthermore, several of the proteins investigated in the
present study have previously been shown to be associated with an accelerated future decline
in GFR in a prospective study [21], implying that proteins might affect the future decline in
GFR.

In addition, a reduction in GFR is associated with an altered tubular protein secretion, as
well as synthesis of proteins, with reduced erythropoietin levels as a well-known example [22].
Thus, it is presently not clear if the inverse relationship between the change in plasma levels of
many of the investigated proteins and the change in GFR mainly is due to a decline in filtration
or other mechanisms like tubular secretion, or if high protein levels could affect GFR. To fur-
ther address this uncertainty in causality, future studies are needed that simultaneously mea-
sure the proteome in plasma and urine together with GFR in a longitudinal fashion.

It should also be noted that several of the proteins that were most closely associated with
changes in eGFR, like TNFR-1, TNFR-2 and TRAIL-R2, have been put forward as promising
kidney damage biomarkers in previous studies [21, 23].

We found that the increase over time in several of the proteins were more pronounced in
males than in females. However, since the decline in eGFR over time was not significantly dif-
ferent between males and females, a sex-specific decline in glomerular filtration is not likely to
explain the sex-difference in increase in increase over time in several of the proteins.

We also hypothesized that a change in plasma water, as evaluated by a change in the hemo-
globin value, would have an impact on the change in protein levels. Although we did notice
that the change in hemoglobin levels were related to the change in many of the proteins, no
clear pattern was found, as seen for eGFR. This might be to the fact that the hemoglobin value
is affected by so many other factors then a change in plasma water, so that hemoglobin is not a
valid marker of hemoconcentration, especially in the elderly with concomitant diseases.

Strength and limitations

A major strength of the present study is the repeated measurements of a large number of pro-
teins three times during a 10-year period, which allowed us to investigate the individual
changes in those protein levels, as well as to relate them to changes kidney function and hemo-
globin levels in a longitudinal fashion with a good statistical power. Using a longitudinal
approach like ours is associated with less problems of reverse causality and confounding than
the more commonly used cross-sectional design, although we acknowledge that causality still
cannot be established using observational data. Our study also had several limitations. First,
since we used a target proteomic chip designed with proteins known or suspected to be linked
to cardiovascular disease, we cannot exclude that other proteins would display different longi-
tudinal patterns and associations with examined variables. Second, since we studied individu-
als from Sweden, the generalizability to other ethnicities is unknown. Third, since we studied
the change in proteins in the elderly, it cannot be taken for granted that the same results would
appear in younger subjects. Fourth, only changes in proteins being linear over time were evalu-
ated in the present study. However, with only three measurements performed, non-linear
changes over could not be excluded, but with three measurements this is so far the most
detailed examination of changes in multiple proteins over time.

In conclusion, the majority of evaluated proteins increased with aging. Therefore, normal
ranges for proteins might be given in age-strata. This increase in protein levels was related to
the degree of reduction in eGFR for the majority of proteins, while no clear pattern was seen
for the relationships between the proteins and the change in hemoglobin levels.
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S1 File. Figure A. Correlations of protein level changes over time. Only protein pairs with a
correlation coefficient >0.60 are shown. Figure B. Associations between the change in hemo-
globin level and change in 84 proteins over time (regression coefficient) and the-log;, p-value
for these associations. The Bonferroni-corrected p-value is shown as the horizontal line. The
regression coefficient (beta) gives the relationship between the change in protein levels (on a
SD-scale) vs the change in hemoglobin level (in g/L). Table A. Basic characteristics in the sam-
ple at the three examinations. Table B. Beta, standard error (SE) and p-value for the interac-
tion between time and sex regarding changes in 84 proteins over 10-year follow-up with
measurements at ages 70, 75 and 80 years. A negative beta denotes that the change in the the
protein over the ten years is more pronounced in men than in women. The direction of the
changes in the proteins are given in Table 1 in the main manuscript. P< 0.00059 is regarded as
significant (Bonferroni-correction for 84 proteins). Table C. Relationships between the change
in the 84 proteins (dependent variable) and the changes in both glomerular filtration rate
(GFR) and hemoglobin levels (both independent variables in the same model). The regression
coefficient (beta) gives the relationship between the change in protein levels (on a SD-scale) vs
the change in GFR (in ml/min/1.73m2) or the change in hemoglobin level (in g/L).

(DOCX)

Acknowledgments

The authors would like to thank the participants of the PIVUS cohort for their generous con-
tribution. This study was conducted with support from Knut och Alice Wallenberg Founda-
tion (2013.0126), National Institutes of Health (ROIDK106236), and Uppsala University. The
funding agencies did not have any influence over design, analysis or interpretation of data in
the present study.

Conflicts of interest

Erik Ingelsson has previously received consultancy fees from Olink Proteomics for work unre-
lated to the present project. The company had no influence over design, analysis or interpreta-
tion of data in the present study, and did not provide any funding for the study. This does not
alter our adherence to PLOS ONE policies on sharing data and materials.

Author Contributions

Conceptualization: Lars Lind, Erik Ingelsson.

Data curation: Lars Lind.

Formal analysis: Lars Lind, Erik Lampa.

Funding acquisition: Lars Lind, Erik Ingelsson.

Methodology: Erik Ingelsson.

Project administration: Lars Lind, Erik Ingelsson.

Resources: Lars Lind, Johan Sundstrom, Anders Larsson, Johan Arnlov.
Writing - original draft: Lars Lind.

Writing - review & editing: Johan Sundstrom, Anders Larsson, Johan Arnlév, Erik Ingelsson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212060 February 25, 2019 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0212060.s001
https://doi.org/10.1371/journal.pone.0212060

® PLOS |ONE

Plasma proteins and aging

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Eggers KM, Kempf T, Larsson A, Lindahl B, Venge P, Wallentin L, et al. Evaluation of Temporal
Changes in Cardiovascular Biomarker Concentrations Improves Risk Prediction in an Elderly Popula-
tion from the Community. Clin Chem. 2016; 62(3):485-93. https://doi.org/10.1373/clinchem.2015.
246876 PMID: 26769752

Menni C, Kiddle SJ, Mangino M, Vinuela A, Psatha M, Steves C, et al. Circulating Proteomic Signatures
of Chronological Age. J Gerontol A Biol Sci Med Sci. 2015; 70(7):809—16. https://doi.org/10.1093/
gerona/glu121 PMID: 25123647

Enroth S, Johansson A, Enroth SB, Gyllensten U. Strong effects of genetic and lifestyle factors on bio-
marker variation and use of personalized cutoffs. Nat Commun. 2014; 5:4684. https://doi.org/10.1038/
ncomms5684 PMID: 25147954

Ignjatovic V, Lai C, Summerhayes R, Mathesius U, Tawfilis S, Perugini MA, et al. Age-related differ-
ences in plasma proteins: how plasma proteins change from neonates to adults. PLoS One. 2011; 6(2):
e17213. https://doi.org/10.1371/journal.pone.0017213 PMID: 21365000

LuJ, Huang Y, Wang Y, LiY, Zhang Y, Wu J, et al. Profiling plasma peptides for the identification of
potential ageing biomarkers in Chinese Han adults. PLoS One. 2012; 7(7):e39726. https://doi.org/10.
1371/journal.pone.0039726 PMID: 22802942

Lietzen N, Cheng L, Moulder R, Siljander H, Laajala E, Harkonen T, et al. Characterization and non-
parametric modeling of the developing serum proteome during infancy and early childhood. Sci Rep.
2018; 8(1):5883. hitps://doi.org/10.1038/s41598-018-24019-5 PMID: 29650987

Liu CW, Bramer L, Webb-Robertson BJ, Waugh K, Rewers MJ, Zhang Q. Temporal profiles of plasma
proteome during childhood development. J Proteomics. 2017; 152:321-8. https://doi.org/10.1016/j.
jprot.2016.11.016 PMID: 27890796

Naseeb U, Axelsson J, Jagerbrink T, Shafqgat J, Zarina S, Jornvall H. Complementary LC-MS/MS Prote-
omic Analysis of Uremic Plasma Proteins. J Coll Physicians Surg Pak. 2015; 25(8):606—9. PMID:
26305309

Bjurman C, Petzold M, Venge P, Farbemo J, Fu ML, Hammarsten O. High-sensitive cardiac troponin,
NT-proBNP, hFABP and copeptin levels in relation to glomerular filtration rates and a medical record of
cardiovascular disease. Clin Biochem. 2015; 48(4-5):302-7. https://doi.org/10.1016/j.clinbiochem.
2015.01.008 PMID: 25637776

Christensson A, Ash JA, DeLisle RK, Gaspar FW, Ostroff R, Grubb A, et al. The Impact of the Glomeru-
lar Filtration Rate on the Human Plasma Proteome. Proteomics Clin Appl. 2018; 12(3):e1700067.
https://doi.org/10.1002/prca.201700067 PMID: 29281176

Alis R, Sanchis-Gomar F, Primo-Carrau C, Lozano-Calve S, Dipalo M, Aloe R, et al. Hemoconcentration
induced by exercise: Revisiting the Dill and Costill equation. Scand J Med Sci Sports. 2015; 25(6):
e630—7. https://doi.org/10.1111/sms.12393 PMID: 25557039

Lind L, Arnlov J, Lindahl B, Siegbahn A, Sundstrom J, Ingelsson E. Use of a proximity extension assay
proteomics chip to discover new biomarkers for human atherosclerosis. Atherosclerosis. 2015; 242
(1):205—10. https://doi.org/10.1016/j.atherosclerosis.2015.07.023 PMID: 26204497

Lind L, Siegbahn A, Lindahl B, Stenemo M, Sundstrom J, Arnlov J. Discovery of New Risk Markers for
Ischemic Stroke Using a Novel Targeted Proteomics Chip. Stroke. 2015; 46(12):3340-7. https://doi.
org/10.1161/STROKEAHA.115.010829 PMID: 26542692

Lind L, Sundstrom J, Stenemo M, Hagstrom E, Arnlov J. Discovery of new biomarkers for atrial fibrilla-
tion using a custom-made proteomics chip. Heart. 2017; 103(5):377-82. https://doi.org/10.1136/
heartjnl-2016-309764 PMID: 27609943

Lind L, Fors N, Hall J, Marttala K, Stenborg A. A comparison of three different methods to evaluate
endothelium-dependent vasodilation in the elderly: the Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study. Arterioscler Thromb Vasc Biol. 2005; 25(11):2368-75. https://doi.org/
10.1161/01.ATV.0000184769.22061.da PMID: 16141402

Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al. Estimating glomerular fil-
tration rate from serum creatinine and cystatin C. N Engl J Med. 2012; 367(1):20-9. https://doi.org/10.
1056/NEJMoa1114248 PMID: 22762315

Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen SB, Ekman D, et al. Homogenous 96-
plex PEA immunoassay exhibiting high sensitivity, specificity, and excellent scalability. PLoS One.
2014; 9(4):95192. https://doi.org/10.1371/journal.pone.0095192 PMID: 24755770

Fitzmaurice GML, N.M.; Ware J.H. Applied longitudinal analysis: John Wiley & Sons; 2012.

JiaL, Zhang L, Shao C, Song E, Sun W, Li M, et al. An attempt to understand kidney’s protein handling
function by comparing plasma and urine proteomes. PLoS One. 2009; 4(4):e5146. https://doi.org/10.
1371/journal.pone.0005146 PMID: 19381340

PLOS ONE | https://doi.org/10.1371/journal.pone.0212060 February 25, 2019 13/14


https://doi.org/10.1373/clinchem.2015.246876
https://doi.org/10.1373/clinchem.2015.246876
http://www.ncbi.nlm.nih.gov/pubmed/26769752
https://doi.org/10.1093/gerona/glu121
https://doi.org/10.1093/gerona/glu121
http://www.ncbi.nlm.nih.gov/pubmed/25123647
https://doi.org/10.1038/ncomms5684
https://doi.org/10.1038/ncomms5684
http://www.ncbi.nlm.nih.gov/pubmed/25147954
https://doi.org/10.1371/journal.pone.0017213
http://www.ncbi.nlm.nih.gov/pubmed/21365000
https://doi.org/10.1371/journal.pone.0039726
https://doi.org/10.1371/journal.pone.0039726
http://www.ncbi.nlm.nih.gov/pubmed/22802942
https://doi.org/10.1038/s41598-018-24019-5
http://www.ncbi.nlm.nih.gov/pubmed/29650987
https://doi.org/10.1016/j.jprot.2016.11.016
https://doi.org/10.1016/j.jprot.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27890796
http://www.ncbi.nlm.nih.gov/pubmed/26305309
https://doi.org/10.1016/j.clinbiochem.2015.01.008
https://doi.org/10.1016/j.clinbiochem.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25637776
https://doi.org/10.1002/prca.201700067
http://www.ncbi.nlm.nih.gov/pubmed/29281176
https://doi.org/10.1111/sms.12393
http://www.ncbi.nlm.nih.gov/pubmed/25557039
https://doi.org/10.1016/j.atherosclerosis.2015.07.023
http://www.ncbi.nlm.nih.gov/pubmed/26204497
https://doi.org/10.1161/STROKEAHA.115.010829
https://doi.org/10.1161/STROKEAHA.115.010829
http://www.ncbi.nlm.nih.gov/pubmed/26542692
https://doi.org/10.1136/heartjnl-2016-309764
https://doi.org/10.1136/heartjnl-2016-309764
http://www.ncbi.nlm.nih.gov/pubmed/27609943
https://doi.org/10.1161/01.ATV.0000184769.22061.da
https://doi.org/10.1161/01.ATV.0000184769.22061.da
http://www.ncbi.nlm.nih.gov/pubmed/16141402
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1056/NEJMoa1114248
http://www.ncbi.nlm.nih.gov/pubmed/22762315
https://doi.org/10.1371/journal.pone.0095192
http://www.ncbi.nlm.nih.gov/pubmed/24755770
https://doi.org/10.1371/journal.pone.0005146
https://doi.org/10.1371/journal.pone.0005146
http://www.ncbi.nlm.nih.gov/pubmed/19381340
https://doi.org/10.1371/journal.pone.0212060

@ PLOS | 0 N E Plasma proteins and aging

20. Schenk S, Schoenhals GJ, de Souza G, Mann M. A high confidence, manually validated human blood
plasma protein reference set. BMC Med Genomics. 2008; 1:41. https://doi.org/10.1186/1755-8794-1-
41 PMID: 18793429

21. Carlsson AC, Ingelsson E, Sundstrom J, Carrero JJ, Gustafsson S, Feldreich T, et al. Use of Proteo-
mics To Investigate Kidney Function Decline over 5 Years. Clin J Am Soc Nephrol. 2017; 12(8):1226—
35. https://doi.org/10.2215/CJN.08780816 PMID: 28784837

22. Koiso K, Kitagawa R, Takayasu H. Plasma erythropoietin activity before and after renal homotransplan-
tation in humans. Urol Res. 1975; 2(4):167-73. PMID: 1096398

23. Carlsson AC, Larsson TE, Helmersson-Karlgvist J, Larsson A, Lind L, Arnlov J. Soluble TNF receptors
and kidney dysfunction in the elderly. J Am Soc Nephrol. 2014; 25(6):1313-20. https://doi.org/10.1681/
ASN.2013080860 PMID: 24511129

PLOS ONE | https://doi.org/10.1371/journal.pone.0212060 February 25, 2019 14/14


https://doi.org/10.1186/1755-8794-1-41
https://doi.org/10.1186/1755-8794-1-41
http://www.ncbi.nlm.nih.gov/pubmed/18793429
https://doi.org/10.2215/CJN.08780816
http://www.ncbi.nlm.nih.gov/pubmed/28784837
http://www.ncbi.nlm.nih.gov/pubmed/1096398
https://doi.org/10.1681/ASN.2013080860
https://doi.org/10.1681/ASN.2013080860
http://www.ncbi.nlm.nih.gov/pubmed/24511129
https://doi.org/10.1371/journal.pone.0212060

