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Background & aims: The phase angle (PhA) measured with bioelectrical impedance analysis is considered
to reflect the interrelated components body cell mass and fluid distribution based on technical and
physical aspects of the PhA measurement. However, the biomedical meaning of the PhA remains vague.
Previous studies mainly assessed associations of the PhA with numerous diseases and health outcomes,
but few connected protein markers to the PhA. To broaden our understanding of the biomedical back-
ground of the PhA, we aimed to explore a proteomics profile associated with the PhA and related bio-
logical factors.
Methods: The study sample encompassed 1484 participants (725 women and 759 men) aged 55e74
years from the population-based Cooperative Health Research in the Region of Augsburg (KORA) S4
study. Proteomics measurements were performed with a proximity extension assay. We employed
boosting with stability selection to establish a set of markers that was strongly associated with the PhA
from a group of 233 plasma protein markers. We integrated the selected protein markers into a network
and enrichment analysis to identify gene ontology (GO) terms significantly overrepresented for the
selected PhA protein markers.
Results: Boosting with stability selection identified seven protein markers that were strongly and
independently associated with the PhA: N-terminal prohormone brain natriuretic peptide (NT-proBNP),
insulin-like growth factor-binding protein 2 (IGFBP2), adrenomedullin (ADM), myoglobin (MB), matrix
metalloproteinase-9 (MMP9), protein-glutamine gamma-glutamyltransferase 2 (TGM2), and fractalkine
(CX3CL1) [beta coefficient per 1 standard deviation increase in normalized protein expression values on a
log 2 scale (95% confidence interval): �0.12 (�0.15, �0.08), �0.13 (�0.17, �0.09), �0.14 (�0.18, �0.10),
0.10 (0.07, 0.14), 0.07 (0.04, 0.10), 0.08 (0.05, 0.11), �0.06 (�0.10, �0.03), respectively]. According to the
enrichment analysis, this protein profile was significantly overrepresented in the following top five GO
terms: positive regulation of cell population proliferation (p-value: 1.32E-04), extracellular space (p-
value: 1.34E-04), anatomical structure formation involved in morphogenesis (p-value: 2.92E-04), regu-
lation of multicellular organismal development (p-value: 5.72E-04), and metal ion homeostasis (p-value:
8.86E-04).
Conclusion: Implementing a proteomics approach, we identified six new protein markers strongly
associated with the PhA and confirmed that NT-proBNP is a key PhA marker. The main biological pro-
cesses that were related to this PhA's protein profile are involved in regulating the amount and growth of
Helmholtz Zentrum München, German Research Center for Environmental Health (GmbH), Ingolst€adter Landstr. 1,

-muenchen.de (M.-T. Huemer), agnese.petrera@helmholtz-muenchen.de (A. Petrera), hauck@helmholtz-muenchen.de
. Drey), peters@helmholtz-muenchen.de (A. Peters), thorand@helmholtz-muenchen.de (B. Thorand).

r Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:marie-theres.huemer@helmholtz-muenchen.de
mailto:agnese.petrera@helmholtz-muenchen.de
mailto:hauck@helmholtz-muenchen.de
mailto:Michael.Drey@med.uni-muenchen.de
mailto:peters@helmholtz-muenchen.de
mailto:thorand@helmholtz-muenchen.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clnu.2022.06.038&domain=pdf
www.sciencedirect.com/science/journal/02615614
http://www.elsevier.com/locate/clnu
https://doi.org/10.1016/j.clnu.2022.06.038
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.clnu.2022.06.038
https://doi.org/10.1016/j.clnu.2022.06.038


M.-T. Huemer, A. Petrera, S.M. Hauck et al. Clinical Nutrition 41 (2022) 1818e1826
cells, reinforcing, from a biomedical perspective, the current technical-based consensus of the PhA to
reflect body cell mass.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The phase angle (PhA) measured with bioelectrical impedance
analysis (BIA) is considered to generally reflect the interrelated
components body cell mass (BCM) and fluid distribution, i.e. ratio of
extracellular to intracellular fluid volume (ECF/ICF) [1]. Thereby, an
increased PhA is related to an increased body cell mass (BCM)
(which includes ICF [1]) with concurrently decreased ECF/ICF [2].
Generally, the PhA does not encompass a standardized assignment
to a specific disease nor a distinct biomedical meaning. Among
numerous outcomes that have been examined, the PhA has been
observed to be a prognostic factor for mortality [3] and falls [4] and
participants with a low PhA have been observed to encompass a
higher prevalence of sarcopenia [5]. Primarily though, the PhA has
been described as an indicator of malnutrition based on the
assumption that an impaired nutritional status affects the fluid
distribution displayed in the displacement of water from intracel-
lular to extracellular space [2]. Consequently, BCM decreases with
concurrently increased ECF, leading to lower PhA values [2].

In contrast to the vaguely described biological and medical
meaning, the technical aspects of the PhA measurement can be
clearly described as follows. The opposition of conductors in the
body to an alternating electric current during BIA measurements is
expressed as the impedance, which is influenced by the resistance
(resistive components: fluid and electrolytes) and reactance
(capacitive components: tissue interfaces and cell membranes)
[1,6]. In resistive components, an alternating current passes
consistently, while in capacitive components, the current flow is
delayed as capacitors can temporarily store electrical charge [1].
These detaining properties evoke a time delay of the current
waveform behind the voltage waveform, which is expressed in
degrees as the PhA [4,5]. In over-hydration, characterized as
increased ECF (resistive component) relative to BCM [1], PhA values
decrease [2]. As the PhA reflects the amount of current passing
through capacitive components (reactance), which is relative to the
current’s frequency, PhA values are frequency-dependent [1]. At
low frequencies, the largest part of the current passes through ECF
to avoid cells due to their large capacitive reactance, whereas at
higher frequencies, current penetration through cells augments [7].
This is relevant when comparing PhA values of different device
technologies such as phase-sensitive single-frequency (50 kHz) BIA
and bioelectrical impedance spectroscopy (BIS), which measures
the impedance for a range of frequencies [1].

Approaches to explore the biological and medical meaning as
well as potential applications of the PhA beyond body composition
include the identification of associations to health outcomes, dis-
eases, and protein markers. While associations to health outcomes
and diseases have been studied extensively, only few studies have
yet connected protein levels to the PhA. Based on inverse associa-
tions of the PhA with the proteins interleukin-6 (IL-6), tumor ne-
crosis factor alpha, and C-reactive protein (CRP), a Brazilian study
recognized a possible link to inflammation in elderly women [8]. Of
note, inflammation has been described as a crucial link between the
PhA and its main application malnutrition. This is indicated by the
impact of inflammation on the fluid status as well as the presence of
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inflammation in diseases affecting malnutrition [2]. Moreover, the
proinflammatory marker CRP was inversely related to the PhA in
various other populations [9e11]. IL-6 was inversely related to the
PhA in obese women [12] and an increase in IL-6 was associated
with a decrease in PhA over two years in patients on maintenance
hemodialysis after controlling for fat mass and extracellular water
[13]. The consistent findings of the inverse association between
inflammation markers and the PhA have been explained with the
characteristic of inflammation processes to induce cellular and tis-
sue damage [10]. Previous results regarding the relation of the PhA
with the obesity marker leptin have been inconsistent [11,12,14].

Through novel proteomics technologies, a large number of
protein markers is accessible to expand and accelerate the identi-
fication of markers associated with the PhA; thereby contributing
to a larger, long-term goal to broaden the understanding of the
PhA’s biomedical meaning and possible applications. Our goal was,
therefore, to employ proteomics to explore biomedical factors of
the PhA through first, the identification of protein markers asso-
ciated with the PhA and second, the identification of biological
processes, molecular functions, and cellular components related to
the PhA’s protein profile.

2. Material & methods

2.1. Study population

We analyzed data from the population-based Cooperative
Health Research in the Region of Augsburg (KORA) S4 study
encompassing 4261 residents from Southern Germany [15]. Of the
KORA S4 study cohort, 4178 participants had complete BIA mea-
surement data. Proteomics measurements were only planned for
the age group 55e74 years (n ¼ 1653). After exclusion of partici-
pants with missing proteomics values, 1566 participants remained.
We further excluded participants, who indicated that they had
cancer within the last 12 months before the S4 study as well as
those, who indicated that they did not know it or did not answer
the respective question [16], because we observed cancer to be
strongly associated with the PhA in the pre-analysis. We did not
exclude further participants based on disease status. From the
remaining 1520 participants, we further excluded participants that
entailed missing values for any of the covariates. Afterwards, the
final data set comprised of 1484 participants (725 women and 759
men).

2.2. Proteomics

The proteomics data set used within this article has been used
before for analyzing proteomics of muscle and fat mass [16]. The
plasma samples for the proteomics measurements were collected
from the participants during the KORA S4 study in 1999e2001 and
were analyzed in 2019e2020. Blood sampling and BIA measure-
ments were performed on the same day. We performed analyses
with cardiovascular disease (CVD)- and inflammation-related
plasma protein markers measured with proximity extension
assay (PEA) technology, a targeted proteomics assay. With PEA, the

http://creativecommons.org/licenses/by/4.0/
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proteins are identified by employing pairs of antibodies, which
attach to the proteins. The antibodies are labeled with deoxy-
ribonucleic acid oligonucleotides, which are specific for each pro-
tein marker. If the oligonucleotides are in close proximity and the
pair is a correct match, they bind together, followed by polymeri-
zation. The product is then quantified by microfluidic real-time
polymerase chain reaction [17].

The panels we assessed for protein marker measurement were
Olink® CVDII, CVDIII, and Inflammation (Olink Proteomics,
Uppsala, Sweden). All three panels each covered 92 markers as log
2-normalized protein expression (NPX) values divided by their
respective standard deviation, calculated in the complete data set
prior to exclusions [16]. Out of these 276 protein markers, 233
remained for the final analysis according to the following criteria:
We excluded protein markers due to values below the limit of
detection (LOD) in >25% of the complete data set prior to exclu-
sions, duplicate marker measurements in two of the three panels,
and missing values (only observed in the panel CVDIII). We main-
tained the values < LOD of the remaining 233 markers and did not
exchange these values [16]. Further details regarding the prote-
omics data set and a complete list of all protein markers can be
found in our previous manuscript and the respective supporting
information [16].

We assessed the inflammation and CVD protein marker panels
for associations with the PhA as inflammatory markers have been
frequently associated with the PhA as highlighted in the intro-
duction. Furthermore, the PhA is considered to indicate fluid dis-
tribution, which plays an important role in CVD entities such as
heart failure (HF) and hypertension. Additionally, a number of
previous studies have suggested a link between the PhA and CVD
[18]. However, the allocation of a protein to these marker panels
does not preclude strong relations of these proteins to other disease
entities.
2.3. PhA

The PhA, used as the outcome of the present study, was assessed
by BIA with the phase-sensitive device BIA 2000-S (DATA-INPUT
GmbH, Frankfurt, Germany), which employs a measurement fre-
quency of 50 kHz and a current of 800 mA tomeasure the resistance
and reactance. The PhA is then derived by the device using the
resistance and reactance. PhA values were gathered from the BIA
directly and were not calculated by us.

Before the measurement, participants were asked to empty
their bladder. The measurement was performed in supine position
and the participants were asked to relax, avoid movement, spread
their hands in flat position, and spread their arms and legs apart to
avoid contact to other body parts. The participants were connected
to the BIA through attaching four skin electrodes to their hand (two
electrodes) and foot (two electrodes) of their dominant side.
Thereafter, the BIA generated a weak, alternating current con-
ducting through the participants’ bodies. The accuracy of the BIA
measurement was tested daily before the first and after the last use
of the BIA with a test resistor. In line with the recommendation of
the manufacturer according to the instruction manual, deviations
of ±4 U were within the tolerated range [resistance (R) ¼ 500 (±4)
U and reactance (Xc) ¼ 144 (±4) U]. The BIA measurement was
performed two times for each participant and themean value of the
PhA was used for analysis. Occurrence of potential technical error
for intra-rater repeated measurements was assessed directly after
the two measurements for each participant. If the R or Xc values of
the twomeasurements differed substantially (R > 5U and Xc> 2U),
measurements were repeated (two new measurements) with a
prior check for accuracy using the test resistor as described above.
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2.4. Covariates

In a standardized face-to-face interview, trained medial staff
assessed the sociodemographic and lifestyle variables [15]. The
covariates of this analysis included age, high-density lipoprotein
(HDL) cholesterol, triglycerides, glycated hemoglobin (HbA1c),
estimated glomerular filtration rate (eGFR), albumin, body mass
index (BMI) (all continuous), sex (female/male), smoking status
(never/former/current smoker), and fasting status of more than 8 h
(yes/no). We transformed triglycerides with natural logarithmic
transformation due large discrepancies from normal distribution.
In a sensitivity analysis, we further included the variables hyper-
tension (no/yes), myocardial infarction (no/yes), and intake of
antihypertensive medication (no/yes). We described details
regarding the measurements of HDL cholesterol, triglycerides,
HbA1c, eGFR, albumin, smoking status, and hypertension in the
supporting information elsewhere [16]. Myocardial infarction
(hospitalized) and intake of antihypertensive medicationwere self-
reported by participants during the standardized interview.

2.5. Statistical analysis

The aim of the analysis consisted of the identification of protein
markers that were strongly associated with the PhA as well as
incorporating these markers into a network and enrichment anal-
ysis to determine biological processes, molecular functions, and
cellular components related to the PhA.

We performed boosting with stability selection [19] with the R
package mboost [20] for boosting and the R package stabs [21] for
stability selection using R, V.4.0.5 [22]. This method encompasses
the merging of a component-wise functional gradient descent
boosting on a linear regression model together with stability se-
lection, which implements a resampling method and allows to
control for false discoveries [19]. The selection of the variables is
based on a cut point for the selection frequency of each variable.
The cut point is determined by the algorithm parameters
comprising of the number of variables that were available to be
selected (here, n ¼ 233), number of variables selected within each
iteration (here, n¼ 15), and themaximumnumber of tolerable false
positives (here, n¼ 2) [16,19]. In our analysis, the cut point was 63%,
which lies within the suggested range [19]. We conducted the
stability selection with the assumption “unimodal” and the sam-
pling type complementary pairs. We calculated the boosting with
an offset that included amodel of all 10 covariates (model 2), which
enabled us to select protein markers that were independently
associated with the PhA. Afterwards, we assessed a linear regres-
sion model including all protein markers that were selected by
boosting with stability selection plus the 10 covariates to identify
beta coefficients and directions of association [16]. In a sensitivity
analysis, we assessed the influence of hypertension (n ¼ 1482, 2
missing values), myocardial infarction (n ¼ 1484), and intake of
antihypertensive medication (n ¼ 1481, 3 missing values) on the
association between NT-proBNP (selected marker by boosting with
stability selection) and the PhA by further adjusting the linear
regression model 2 separately for the three variables.

In a second step, we integrated the protein markers selected by
boosting with stability selection into an enrichment analysis and
created a functionally grouped network with ClueGo v2.5.8 [23]
and Cluepedia v1.5.8 [24] in Cytoscape v3.8.2 [25]. In this regard, we
employed the hypergeometric test with Bonferroni step down
correction to identify gene ontology (GO) terms for which the
protein markers were significantly (p-value � 0.05) over-
represented. The data sources consisted of GO biological process,
cellular component, and molecular function, all retrieved on July
14, 2021 in ClueGo v2.5.8 [23]. We allowed GO term fusion and GO



Table 1
Characteristics of the study population.

Characteristic N ¼ 1484

Age (years) a 63.9 ± 5.4
Sex, n (%)
Female 725 (49)
Male 759 (51)

Triglycerides (mmol/L) b 1.40 (1.01)
HDL cholesterol (mmol/L) a 1.49 ± 0.42
HbA1c (mmol/mol) a 39.5 ± 7.9
HbA1c (%) a 5.8 ± 0.7
eGFR (ml/min/1.73 m2) a 82.4 ± 13.3
Albumin (g/L) a 38.2 ± 3.9
BMI (kg/m2) a 28.5 ± 4.3
Hypertension, n (%) c

No 647 (44)
Yes 835 (56)

Myocardial infarction, n (%) d

No 1418 (96)
Yes 66 (4)

Stroke, n (%) e

No 1444 (97)
Yes 40 (3)

Intake of antihypertensive medication, n (%) f

No 942 (64)
Yes 539 (36)

Smoking status, n (%)
Never 711 (48)
Former 563 (38)
Current 210 (14)

Fasting state >8 h, n (%)
Yes 1321 (89)
No 163 (11)

PhA (�) a 5.8 ± 0.8

BMI, body mass index; eGFR, estimated glomerular filtration rate;
HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; PhA, phase
angle.

a Continuous variables are listed as arithmetic mean ± standard
deviation.

b The natural logarithmic transformed variable is listed as geometric
mean (antilog of standard error).

c N ¼ 1482, current hypertension based on ISH-WHO 1999 (�140/
90 mm Hg) or medically controlled, known hypertension.

d Hospitalized myocardial infarction (self-reported).
e Hospitalized stroke (self-reported).
f N ¼ 1481.
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tree levels 3 to 20. We only permitted selection of GO terms that
were associated with at least four of our selected protein markers.
The required proportion of selected markers in relation to all
existing proteins that were associated with a GO termwas set to 0%,
due to the low number of protein markers included in the enrich-
ment analysis. All other parameters remained in the default set-
tings. We focused our main results on the top five most significant
GO terms to obtain a clear visualization of the results.

Our analytical approach was guided by recent publications
analyzing proteomics data in breast cancer and HF [26e28].

We additionally performed the complete analysis again, this
time, with adjustment for the covariates age and sex only (model
1), and compared the results to themain analysis (model with all 10
covariates, model 2).

We employed a sparse selection method with error control
(boosting with stability selection) to identify protein markers
associated with the PhA in order to obtain a specific marker profile
and to minimize false-positive marker selection. In addition,
selecting a high percentage of markers from the original prote-
omics data set could have led to the identification of GO terms that
generally reflect the pattern of markers in the data set. Our prote-
omics data set specifically comprised markers of inflammation and
CVD. As the aim of this analysis was to identify GO terms related to
the PhA and not the specific proteomics pattern of the data set, a
sparse and accurate marker selection was required.

3. Results

The characteristics of the study population (n ¼ 1484) are listed
in Table 1.

3.1. Selected protein markers associated with the PhA

Boosting with stability selection analysis selected seven protein
markers that were strongly associated with the PhA after adjusting
for all 10 covariates (model 2). N-terminal prohormone brain
natriuretic peptide (NT-proBNP), insulin-like growth factor-binding
protein 2 (IGFBP2), adrenomedullin (ADM), and fractalkine
(CX3CL1) were inversely associated with the PhA, whereas
myoglobin (MB), matrix metalloproteinase-9 (MMP9), and protein-
glutamine gamma-glutamyltransferase 2 (TGM2) demonstrated
positive associations with the PhA. The results of the boosting with
stability selection as well as of the linear regression analysis are
listed in Table 2. Adjusting for age and sex only (model 1), boosting
with stability selection again selected seven protein markers, five of
which (NT-proBNP, IGFBP2, MB,MMP9, and TGM2)were equivalent
to the main analysis that included all 10 covariates (model 2).

Results of the sensitivity analysis, further adjusting the asso-
ciation between NT-proBNP and the PhA in the linear regression
model 2 separately for hypertension, myocardial infarction, and
intake of antihypertensive medication, yielded the following beta
coefficients (95% confidence interval) for NT-proBNP: �0.12
(�0.15, �0.08), �0.12 (�0.16, �0.08), �0.11 (�0.15, �0.08),
respectively.

3.2. Biological factors of the PhA’s protein profile

The enrichment analysis identified that the set of selected pro-
tein markers associated with the PhA (Table 2, model 2) was
significantly overrepresented in 20 GO terms, ranked by their p-
values corrected with Bonferroni step down in Table 3. Figure 1
illustrates the functionally grouped network of the top five most
significant GO terms and their associated protein markers. Positive
regulation of cell population proliferation was the most significant
GO term of the PhA-associated protein marker set (Table 3).
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By conducting the enrichment analysis with the markers
selected by boosting with stability selection, this time adjusted for
age and sex only (model 1), the GO terms extracellular space,
positive regulation of cell population proliferation, and anatomical
structure formation involved inmorphogenesis were again selected
as the top three GO terms (Table 4). All eight selected GO terms are
listed in Table 4.

4. Discussion

To our knowledge, this is the first study to explore a proteomic
profile of the PhA. We identified four protein markers that were
inversely (NT-proBNP, IGFBP2, ADM, and CX3CL1) and three
markers that were positively (MB, MMP9, and TGM2) associated
with the PhA. To our knowledge, all protein markers except NT-
proBNP have been identified as markers of the PhA for the first
time. Positive regulation of cell population proliferation was the
most significant biological process associated with the PhA marker
set.

4.1. Selected protein markers associated with the PhA

We identified NT-proBNP along with IGFBP2 as the most
important protein markers of the PhA. Bothmarkers were inversely



Table 2
Protein markers associated with the PhA selected by boosting with stability selection.

Boosting with stability selection Linear regression model

Selected variables Selection frequency b (95% CI) p-value

Model 1
NT-proBNP 100% �0.12 (�0.15, �0.08) 5.69e-10
IGFBP2 100% �0.16 (�0.20, �0.13) <2e-16
MB 100% 0.14 (0.10, 0.18) 1.78e-13
TGM2 93% 0.07 (0.04, 0.10) 2.20e-05
MMP2 77% �0.10 (�0.14, �0.06) 1.80e-07
DLK1 77% 0.05 (0.02, 0.09) 0.00452
MMP9 76% 0.07 (0.04, 0.10) 4.93e-05
Model 2
NT-proBNP 100% �0.12 (�0.15, �0.08) 3.10e-10
IGFBP2 100% �0.13 (�0.17, �0.09) 5.08e-10
ADM 99% �0.14 (�0.18, �0.10) 2.18e-10
MB 83% 0.10 (0.07, 0.14) 1.06e-08
MMP9 80% 0.07 (0.04, 0.10) 5.72e-05
TGM2 73% 0.08 (0.05, 0.11) 3.53e-06
CX3CL1 71% �0.06 (�0.10, �0.03) 0.000874

Beta coefficients are listed per 1 standard deviation increase in normalized protein expression values on a log 2 scale.
Bold font indicates markers that were selected for both, model 1 and model 2.
We adjusted the boosting with stability selection and linear regression for covariates in two models:
Model 1: age and sex.
Model 2: model 1 þ high-density lipoprotein cholesterol, triglycerides, glycated hemoglobin, estimated glomerular filtration rate, albumin, smoking status, body mass index,
and fasting status.
The linear regressionmodels were in addition to the covariates adjusted for all other proteinmarkers listed in the table for the specificmodel, i.e. all markers thatwere selected
by boosting with stability selection for model 1 and model 2, respectively.
ADM, adrenomedullin; b, beta coefficient; CI, confidence interval; CX3CL1, fractalkine; DLK1, protein delta homolog 1; IGFBP2, insulin-like growth factor-binding protein 2;
MB, myoglobin; MMP2, matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9; NT-proBNP, N-terminal prohormone brain natriuretic peptide; TGM2, protein-
glutamine gamma-glutamyltransferase 2.

Table 3
GO terms of selected PhA-associated protein markers after full adjustment (model 2).

Rank GO term GO category p-value corrected with
Bonferroni step down

Associated protein markers

1 Positive regulation of cell population
proliferation

Biological process 1.32E-04 ADM, CX3CL1, IGFBP2, MMP9, TGM2

2 Extracellular space Cellular component 1.34E-04 ADM, CX3CL1, IGFBP2, MB, MMP9, NPPB, TGM2
3 Anatomical structure formation

involved in morphogenesis
Biological process 2.92E-04 ADM, CX3CL1, MMP9, NPPB, TGM2

4 Regulation of multicellular organismal
development

Biological process 5.72E-04 ADM, CX3CL1, MMP9, NPPB, TGM2

5 Metal ion homeostasis Biological process 8.86E-04 ADM, CX3CL1, NPPB, TGM2
6 Inflammatory response Biological process 1.51E-03 ADM, CX3CL1, MMP9, TGM2
7 Response to organic substance Biological process 1.70E-03 ADM, CX3CL1, IGFBP2, MB, MMP9, TGM2
8 Homeostatic process Biological process 2.17E-03 ADM, CX3CL1, MB, NPPB, TGM2
9 Response to organonitrogen compound Biological process 4.24E-03 ADM, IGFBP2, MMP9, TGM2
10 Circulatory system development Biological process 4.83E-03 ADM, CX3CL1, MB, NPPB
11 G protein-coupled receptor signaling

pathway
Biological process 6.93E-03 ADM, CX3CL1, NPPB, TGM2

12 Regulation of apoptotic process Biological process 1.09E-02 ADM, CX3CL1, MMP9, TGM2
13 System development Biological process 1.21E-02 ADM, CX3CL1, MB, MMP9, NPPB, TGM2
14 Regulation of signal transduction Biological process 1.33E-02 ADM, CX3CL1, IGFBP2, MMP9, TGM2
15 Regulation of transport Biological process 1.61E-02 CX3CL1, MMP9, NPPB, TGM2
16 Apoptotic process Biological process 1.97E-02 ADM, CX3CL1, MMP9, TGM2
17 Positive regulation of biological process Biological process 2.16E-02 ADM, CX3CL1, IGFBP2, MMP9, NPPB, TGM2
18 Signal transduction Biological process 2.35E-02 ADM, CX3CL1, IGFBP2, MMP9, NPPB, TGM2
19 Extracellular exosome Cellular component 2.77E-02 IGFBP2, MB, MMP9, TGM2
20 Cell surface receptor signaling pathway Biological process 3.51E-02 CX3CL1, IGFBP2, MMP9, NPPB

NT-proBNP is represented by NPPB, because there is no unique UniProt ID of NT-proBNP that could be included in the analysis. Instead, NT-proBNP belongs to the NPPBs in this
analysis.
ADM, adrenomedullin; CX3CL1, fractalkine; GO, gene ontology; IGFBP2, insulin-like growth factor-binding protein 2; MB, myoglobin; MMP9, matrix metalloproteinase-9;
NPPB, natriuretic peptides B; NT-proBNP, N-terminal prohormone brain natriuretic peptide; TGM2, protein-glutamine gamma-glutamyltransferase 2.
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associated with the PhA. In line with our results, a Korean study
observed in patients with stage 5 chronic kidney disease not un-
dergoing dialysis that NT-proBNP inversely correlated with BIS-
measured PhA using a device that measures the impedance of 50
frequencies (5e1000 kHz). PhA was described as the lag between
voltage waveform at 50 kHz and current waveform [11].
1822
Multifrequency BIA-measured PhA (frequency not indicated) was
also inversely associated with NT-proBNP in hemodialysis patients
in a longitudinal Dutch study [30]. From a clinical perspective,
increased NT-proBNP is a marker of HF. In line with this, an article
investigating PEA proteomics of HF detected NT-proBNP as one of
the keymarkers for HF with a reduced ejection fraction (HFrEF) and



Fig. 1. Functionally grouped network of selected PhA-associated protein markers and their top five GO terms. GO terms are clustered in functional groups based on the kappa score,
which considers the number of protein markers associated with two GO terms [29]. GO terms belonging to the same functional group are illustrated in the same color (black or
grey). A star around the node (i.e. color-filled circle) and bold description indicate the GO term of each functional group with the highest significance. The size of the GO term node
corresponds to the GO term p-value corrected with Bonferroni step down. A larger node indicates a higher significance. The white nodes represent the protein markers. NT-proBNP
is represented by NPPB, because there is no unique UniProt ID of NT-proBNP that could be included in the analysis. Instead, NT-proBNP belongs to the NPPBs in this analysis. ADM,
adrenomedullin; CX3CL1, fractalkine; GO, gene ontology; IGFBP2, insulin-like growth factor-binding protein 2; MB, myoglobin; MMP9, matrix metalloproteinase-9; NPPB, natri-
uretic peptides B; NT-proBNP, N-terminal prohormone brain natriuretic peptide; TGM2, protein-glutamine gamma-glutamyltransferase 2.

Table 4
GO terms of selected PhA-associated protein markers after adjustment for age and sex (model 1).

Rank GO term GO category p-value corrected with
Bonferroni step down

Associated protein markers

1 Extracellular space Cellular component 8.31E-05 DLK1, IGFBP2, MB, MMP2, MMP9, NPPB, TGM2
2 Positive regulation

of cell population
proliferation

Biological process 2.31E-03 IGFBP2, MMP2, MMP9, TGM2

3 Anatomical
structure formation
involved in
morphogenesis

Biological process 4.28E-03 MMP2, MMP9, NPPB, TGM2

4 Response to organic
substance

Biological process 1.72E-02 IGFBP2, MB, MMP2, MMP9, TGM2

5 Animal organ
development

Biological process 2.70E-02 MB, MMP2, MMP9, NPPB, TGM2

6 Signal transduction Biological process 3.29E-02 DLK1, IGFBP2, MMP2, MMP9, NPPB, TGM2
7 Extracellular

exosome
Cellular component 3.69E-02 IGFBP2, MB, MMP9, TGM2

8 Metal ion binding Molecular function 4.68E-02 DLK1, MB, MMP2, MMP9, TGM2

NT-proBNP is represented by NPPB, because there is no unique UniProt ID of NT-proBNP that can be included in the analysis. Instead, NT-proBNP belongs to the NPPBs in this
analysis.
DLK1, protein delta homolog 1; GO, gene ontology; IGFBP2, insulin-like growth factor-binding protein 2; MB, myoglobin; MMP2, matrix metalloproteinase-2; MMP9, matrix
metalloproteinase-9; NPPB, natriuretic peptides B; NT-proBNP, N-terminal prohormone brain natriuretic peptide; TGM2, protein-glutamine gamma-glutamyltransferase 2.
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proposed that relevant selected terms of the enrichment analysis of
HFrEF relate to cell proliferation [27], resembling our results. Pa-
tients with HF are characterized by over-hydration (increased ECF
relative to BCM) [1], which is associated with lower PhA [2], sup-
porting the inverse association of NT-proBNP (i.e. HF marker) with
the PhA. Additionally, besides (higher) NT-proBNP [31], (lower) PhA
was employed as a marker of congestion in patients with acute
decompensated HF [32] since congestion markers largely explained
1823
the data variability of PhA in patients with acute and chronic HF
[33]. The inverse link between IGFBP2 and the PhA might be
explained by the indirect impact of IGFBP2 on BCM due to regu-
lating cell proliferation and growth via influencing the bioavail-
ability of insulin-like growth factors (IGF) [34]. IGFBP2
predominantly inhibits IGF action [35], potentially resulting in
lower BCM (and PhA). IGFBP2 was inversely associated with inci-
dent [36] and prevalent type 2 diabetes (T2D) [37]. As the PhA was
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positively associated with T2D [38], this might support the inverse
association between IGFBP2 and the PhA, potentially explained by
higher skeletal muscle index in prevalent T2D [39]. In summary,
lower IGFBP2 in T2D, which decreases the inhibition of IGF action,
thereby increasing cell proliferation, could potentially result in
increased muscle mass, BCM, and thus PhA.

Increased ADM has also been discussed as a potential marker of
HF [40]. ADM might compensate fluid overload and high fluid
volume could be indicated by increased ADM levels in plasma [40].
This reinforces the inverse association of ADM with the PhA, as a
lower PhA is related to higher fluid overload (higher ECF/ICF)
relative to BCM [1]. Next to volume overload [40], other stimuli of
ADM synthesis are inflammation-related markers [41], which can
induce cell damage, while cell damage can initiate inflammation
[42], potentially decreasing the PhA.

In this article, MB, MMP9, and TGM2 were positively associated
with the PhA, potentially through positive links with muscle mass
and thereby BCM. Quadriceps muscle cross-sectional area (CSA)
and BCM, which is closely related to the PhA [2], correlated posi-
tively with MB in healthy participants [43]. Moreover, MB, BCM,
and CSA were lower in patients with cancer cachexia compared to
healthy controls [43], a condition also exhibiting lower PhA values
[44]. Biological functions of MB comprise oxygen storage as well as
regulation of reactive oxygen species andmitochondrial function in
the muscle [45]. MB appears positively related to cell mass and
health, resembling the positive associationwith the PhA. MMP9 has
been linked to the development of various diseases, in particular
cancer [46] and CVD [47]. The positive association between MMP9
and the PhA might be supported by the observation that overex-
pressed MMP9 caused skeletal muscle hypertrophy in transgenic
mice [48]. The positive association of TGM2with the PhA could also
be explained by muscle growth as TGM2 was observed to increase
myotube protein synthesis and hypertrophy in mice skeletal mus-
cle [49].

CX3CL1, inversely associated with the PhA in our study, pro-
motes cell adhesion in transmembrane form, whereas in soluble
form, the chemokine enhances cell survival. CX3CL1 was reported
to encompass abilities to enhance tumors and metastasis and to
promote anti-tumor immunity [50].

The PhA’s protein profile encompassed markers that have been
related to various disease entities and not to one specific disease or
health outcome. This supports the previous broad application and
research of the PhA for numerous health outcomes.

4.2. Biological factors of the PhA’s protein profile

Due to a high number of selected GO terms, we focused on the
five most significant and related terms. The most significant bio-
logical factor was positive regulation of cell population prolifera-
tion. In fact, the PhA is assumed to indicate BCM in relation to ECF/
ICF [1], which could be affected by cell proliferation. Cell population
proliferation could indicate physiological but also pathophysio-
logical processes as for instance in cancer cells [51]. Also related to
cell mass are the further top five GO terms anatomical structure
formation involved in morphogenesis and regulation of multicel-
lular organismal development. The PhA marker set was also asso-
ciated with (regulation of) apoptotic process, which is again related
to the amount of cell mass. The selected GO term extracellular
space is somewhat contradictory to the biological processes
mentioned above, as extracellular space does not contain cells.
Nevertheless, higher ECF is related to lower PhA values [1]. The
underlying reason for the selection of extracellular space might
however, lie upon the fact that the protein markers included in the
analysis might commonly be represented in extracellular space.
Another top five biological process was metal ion homeostasis.
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Maintaining themetal ion homeostasis in the body is imperative, as
metal ions are important for health, while being able to destruct
proteins and DNA. Furthermore, the imbalance of the metal ion
homeostasis can lead to cell death [52].

The PhA’s protein profile was mainly associated with biological
processes involved in influencing the amount of cell mass, sup-
porting the consensus that the PhA is considered to indicate BCM
[2]. In line with the protein marker set, the most significant bio-
logical factors are not specific to any pathophysiological area. The
potential explanation could entail that factors influencing the cell
growth and amount might affect various outcomes and not one
specific disease.

4.3. Strengths and limitations

Limitations concern the generalizability of the data (primarily
white Europeans aged 55e74 years) and the assessment of relative
and not absolute values of the protein markers. The inflammation-/
CVD-targeted proteomics set might not include other potentially
relevant markers [16] and thus might have restricted identifying
other relevant biological factors.

Strengths included the population-based design, the measure-
ment of the PhA as a directly derived BIA parameter, and the
implementation of boosting with stability selection to select
markers limited the identification of false positive markers and
thereby biological factors falsely related to the PhA. A strength of
the data set included the simultaneously measured high number of
markers.

5. Conclusion

Implementing a proteomics approach, we identified six new
markers that were strongly associated with the PhA and confirmed
that NT-proBNP is a key PhA marker. The main biological processes
that were related to this PhA’s protein profile are involved in
regulating the amount and growth of cells, reinforcing, from a
biomedical perspective, the current technical consensus of the PhA
to reflect BCM.

Ethical statement

The ethics committee of the Bavarian Chamber of Physicians,
Munich (EC No. 99186) approved the study. The ethical standards of
the Declaration of Helsinki were fulfilled. All included participants
signed a written informed consent.

Funding

The KORA study was initiated and financed by the Helmholtz
Zentrum München e German Research Center for Environmental
Health, which is funded by the German Federal Ministry of Edu-
cation and Research (BMBF) and by the State of Bavaria. Data
collection in the KORA study is done in cooperation with the Uni-
versity Hospital of Augsburg. The Helmholtz Institute for Metabolic,
Obesity and Vascular Research e Project Initiative 2018 (HI-MAG)
supported the present study with proteomics measurements.

Author contribution

Marie-Theres Huemer: Conceptualization, Methodology,
Formal analysis, Visualization, Writing - Original Draft; Agnese
Petrera: Resources, Writing - Review & Editing; Stefanie M.
Hauck: Resources, Writing - Review & Editing; Michael Drey:
Writing - Review & Editing; Annette Peters: Resources, Funding
acquisition, Writing - Review & Editing; Barbara Thorand:



M.-T. Huemer, A. Petrera, S.M. Hauck et al. Clinical Nutrition 41 (2022) 1818e1826
Resources, Supervision, Writing - Review & Editing, Funding
acquisition.

Data availability

The informed consent given by KORA study participants does
not cover data posting in public databases. However, data are
available upon request from KORA.PASST (https://helmholtz-
muenchen.managed-otrs.com/external/) by means of a project
agreement. Requests should be sent to kora.passt@helmholtz-
muenchen.de and are subject to approval by the KORA Board.

Conflict of Interest

Marie-Theres Huemer, Agnese Petrera, Stefanie M. Hauck,
Michael Drey, Annette Peters, and Barbara Thorand declare that
they have no conflict of interest.

References

[1] Lukaski HC, Vega Diaz N, Talluri A, Nescolarde L. Classification of hydration in
clinical conditions: indirect and direct approaches using bioimpedance. Nu-
trients 2019;11(4):809. https://doi.org/10.3390/nu11040809.

[2] Lukaski HC, Kyle UG, Kondrup J. Assessment of adult malnutrition and prog-
nosis with bioelectrical impedance analysis: phase angle and impedance ratio.
Curr Opin Clin Nutr Metab Care 2017;20(5):330e9. https://doi.org/10.1097/
MCO.0000000000000387.

[3] Garlini LM, Alves FD, Ceretta LB, Perry IS, Souza GC, Clausell NO. Phase angle
and mortality: a systematic review. Eur J Nutr 2018;73(4):495e508. https://
doi.org/10.1038/s41430-018-0159-1.

[4] Uemura K, Yamada M, Okamoto H. Association of bioimpedance phase angle
and prospective falls in older adults. Geriatr Gerontol Int 2019;19(6):503e7.
https://doi.org/10.1111/ggi.13651.

[5] Di Vincenzo O, Marra M, Di Gregorio A, Pasanisi F, Scalfi L. Bioelectrical
impedance analysis (BIA)-derived phase angle in sarcopenia: a systematic
review. Clin Nutr 2020;40(5):3052e61. https://doi.org/10.1016/j.clnu.2020.
10.048.

[6] Di Vincenzo O, Marra M, Scalfi L. Bioelectrical impedance phase angle in sport:
a systematic review. J Int Soc Sports Nutr 2019;16(1):1e11. https://doi.org/
10.1186/s12970-019-0319-2.

[7] Bera TK. Bioelectrical impedance and the frequency dependent current con-
duction through biological tissues: a short review. IOP Conf Ser Mater Sci Eng
2018;331:12005. https://doi.org/10.1088/1757-899x/331/1/012005.

[8] Tomeleri CM, Cavaglieri CR, de Souza MF, Cavalcante EF, Antunes M,
Nabbuco HCG, et al. Phase angle is related with inflammatory and oxidative
stress biomarkers in older women. Exp Gerontol 2018;102:12e8. https://
doi.org/10.1016/j.exger.2017.11.019.

[9] Moreto F, de França NA, Gondo FF, Callegari A, Corrente JE, Burini RC, et al.
High C-reactive protein instead of metabolic syndrome is associated with
lower bioimpedance phase angle in individuals clinically screened for a life-
style modification program. Nutrire 2017;42(1):1e6. https://doi.org/10.1186/
s41110-017-0043-0.

[10] Barrea L, Muscogiuri G, Pugliese G, Laudisio D, de Alteriis G, Graziadio C, et al.
Phase angle as an easy diagnostic tool of meta-inflammation for the nutri-
tionist. Nutrients 2021;13(5):1446. https://doi.org/10.3390/nu13051446.

[11] Lee JY, Kim J-S, Yang J-W, Choi SO, Sohn JH, Han B-G. Serum leptin level is
associated with phase angle in CKD5 patients not undergoing dialysis. PLoS
One 2018;13(8):e0202055. https://doi.org/10.1371/journal.pone.0202055.

[12] De Luis D, Aller R, Romero E, Due~nas A, Perez Castrillon J. Relation of phase
angle tertiles with blood adipocytokines levels, insulin resistance and car-
diovascular risk factors in obese women patients. Eur Rev Med Pharmacol Sci
2010;14(6):521e6.

[13] Beberashvili I, Azar A, Sinuani I, Kadoshi H, Shapiro G, Feldman L, et al. Lon-
gitudinal changes in bioimpedance phase angle reflect inverse changes in
serum IL-6 levels in maintenance hemodialysis patients. Nutrition
2014;30(3):297e304. https://doi.org/10.1016/j.nut.2013.08.017.

[14] Markaki A, Gkouskou K, Stylianou K, Dermitzaki E, Perakis K, Margioris A,
et al. Relationship between adiposity, adipokines, inflammatory markers and
lipid profile in hemodialysis patients. Eur Rev Med Pharmacol Sci
2014;18(10):1496e8.

[15] Holle R, Happich M, L€owel H, Wichmann H-E, For the MONICA/KORA Study
Group. KORA-A research platform for population based health research.
Gesundheitswesen 2005;67(S 01):19e25. https://doi.org/10.1055/s-2005-
858235.

[16] Huemer M-T, Bauer A, Petrera A, Scholz M, Hauck SM, Drey M, et al. Proteomic
profiling of low muscle and high fat mass: a machine learning approach in the
1825
KORA S4/FF4 study. J Cachexia Sarcopenia Muscle 2021;12(4):1011e23.
https://doi.org/10.1002/jcsm.12733.

[17] Petrera A, von Toerne C, Behler J, Huth C, Thorand B, Hilgendorff A, et al.
Multiplatform approach for plasma proteomics: complementarity of Olink
proximity extension assay technology to mass spectrometry-based protein
profiling. J Proteome Res 2020;20(1):751e62. https://doi.org/10.1021/
acs.jproteome.0c00641.

[18] de Borba EL, Ceolin J, Ziegelmann PK, Bodanese LC, Gonçalves MR, Ca~non-
Monta~nez W, et al. Phase angle of bioimpedance at 50 kHz is associated with
cardiovascular diseases: systematic review and meta-analysis. Eur J Clin Nutr
2022. https://doi.org/10.1038/s41430-022-01131-4.

[19] Hofner B, Boccuto L, G€oker M. Controlling false discoveries in high-
dimensional situations: boosting with stability selection. BMC Bioinf
2015;16(1):1e17. https://doi.org/10.1186/s12859-015-0575-3.

[20] Hothorn T, Buehlmann P, Kneib T, Schmid M, Hofner B. Mboost: model-based
boosting. R package version 2.9-2. 2020. https://CRAN.R-project.org/
package¼mboost.

[21] Hofner B, Hothorn T. Stabs: stability selection with error control, R package
version 0.6-3. 2017. https://CRAN.R-project.org/package¼stabs.

[22] R Core Team. R. A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2021. https://www.
R-project.org/.

[23] Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, et al.
ClueGO: a Cytoscape plug-in to decipher functionally grouped gene ontology
and pathway annotation networks. Bioinform 2009;25(8):1091e3. https://
doi.org/10.1093/bioinformatics/btp101.

[24] Bindea G, Galon J, Mlecnik B. CluePedia Cytoscape plugin: pathway insights
using integrated experimental and in silico data. Bioinform 2013;29(5):
661e3. https://doi.org/10.1093/bioinformatics/btt019.

[25] Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape:
a software environment for integrated models of biomolecular interaction
networks. Genome Res 2003;13(11):2498e504. https://doi.org/10.1101/
gr.1239303.

[26] Tromp J, Boerman LM, Sama IE, Maass SW, Maduro JH, Hummel YM, et al.
Long-term survivors of early breast cancer treated with chemotherapy are
characterized by a pro-inflammatory biomarker profile compared to matched
controls. Eur J Heart Fail 2020;22(7):1239e46. https://doi.org/10.1002/
ejhf.1758.

[27] Tromp J, Westenbrink BD, Ouwerkerk W, Van Veldhuisen DJ, Samani NJ,
Ponikowski P, et al. Identifying pathophysiological mechanisms in heart fail-
ure with reduced versus preserved ejection fraction. J Am Coll Cardiol
2018;72(10):1081e90. https://doi.org/10.1016/j.jacc.2018.06.050.

[28] Sama IE, Woolley RJ, Nauta JF, Romaine SP, Tromp J, Ter Maaten JM, et al.
A network analysis to identify pathophysiological pathways distinguishing
ischaemic from non-ischaemic heart failure. Eur J Heart Fail 2020;22(5):
821e33. https://doi.org/10.1002/ejhf.1811.

[29] Mlecnik B, Galon J, Bindea G. Comprehensive functional analysis of large lists
of genes and proteins. J Proteomics 2018;171:2e10. https://doi.org/10.1016/
j.jprot.2017.03.016.

[30] Jacobs LH, van de Kerkhof JJ, Mingels AM, Passos VL, Kleijnen VW,
Mazairac AH, et al. Inflammation, overhydration and cardiac biomarkers in
haemodialysis patients: a longitudinal study. Nephrol Dial Transplant
2010;25(1):243e8. https://doi.org/10.1093/ndt/gfp417.

[31] McCallum W, Tighiouart H, Kiernan MS, Huggins GS, Sarnak MJ. Relation of
kidney function decline and NT-proBNP with risk of mortality and read-
mission in acute decompensated heart failure. Am J Med 2020;133(1):
115e22. https://doi.org/10.1016/j.amjmed.2019.05.047. e2.

[32] Scicchitano P, Ciccone MM, Iacoviello M, Guida P, De Palo M, Potenza A, et al.
Respiratory failure and bioelectrical phase angle are independent predictors
for long-term survival in acute heart failure. Scand Cardiovasc J 2022;56(1):
28e34. https://doi.org/10.1080/14017431.2022.2060527.

[33] Scicchitano P, Ciccone MM, Passantino A, Valle R, De Palo M, Sasanelli P, et al.
Congestion and nutrition as determinants of bioelectrical phase angle in heart
failure. Heart Lung 2020;49(6):724e8. https://doi.org/10.1016/j.hrtlng.2020.
07.007.

[34] Boughanem H, Yubero-Serrano EM, L�opez-Miranda J, Tinahones FJ, Macias-
Gonzalez M. Potential role of insulin growth-factor-binding protein 2 as
therapeutic target for obesity-related insulin resistance. Int J Mol Sci
2021;22(3). https://doi.org/10.3390/ijms22031133.

[35] Bach LA. 40 years of IGF1: IGF-binding proteins. J Mol Endocrinol 2018;61(1):
T11e28. https://doi.org/10.1530/JME-17-0254.

[36] Thorand B, Zierer A, Büyük€ozkan M, Krumsiek J, Bauer A, Schederecker F, et al.
A panel of 6 biomarkers significantly improves the prediction of type 2 dia-
betes in the MONICA/KORA study population. J Clin Endocrinol Metab
2021;106(4):1647e59. https://doi.org/10.1210/clinem/dgaa953.

[37] Hjortebjerg R, Laugesen E, Høyem P, Oxvig C, Stausbøl-Grøn B, Knudsen ST,
et al. The IGF system in patients with type 2 diabetes: associations with
markers of cardiovascular target organ damage. Eur J Endocrinol 2017;176(5):
521e31. https://doi.org/10.1530/eje-16-0940.

[38] Buffa R, Saragat B, Succa V, Ruggiu R, Carboni L, Putzu PF, et al. Elderly subjects
with type 2 diabetes show altered tissue electrical properties. Nutrition
2013;29(1):132e7. https://doi.org/10.1016/j.nut.2012.05.007.

https://helmholtz-muenchen.managed-otrs.com/external/
https://helmholtz-muenchen.managed-otrs.com/external/
mailto:kora.passt@helmholtz-muenchen.de
mailto:kora.passt@helmholtz-muenchen.de
https://doi.org/10.3390/nu11040809
https://doi.org/10.1097/MCO.0000000000000387
https://doi.org/10.1097/MCO.0000000000000387
https://doi.org/10.1038/s41430-018-0159-1
https://doi.org/10.1038/s41430-018-0159-1
https://doi.org/10.1111/ggi.13651
https://doi.org/10.1016/j.clnu.2020.10.048
https://doi.org/10.1016/j.clnu.2020.10.048
https://doi.org/10.1186/s12970-019-0319-2
https://doi.org/10.1186/s12970-019-0319-2
https://doi.org/10.1088/1757-899x/331/1/012005
https://doi.org/10.1016/j.exger.2017.11.019
https://doi.org/10.1016/j.exger.2017.11.019
https://doi.org/10.1186/s41110-017-0043-0
https://doi.org/10.1186/s41110-017-0043-0
https://doi.org/10.3390/nu13051446
https://doi.org/10.1371/journal.pone.0202055
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref12
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref12
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref12
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref12
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref12
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref12
https://doi.org/10.1016/j.nut.2013.08.017
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref14
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref14
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref14
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref14
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref14
https://doi.org/10.1055/s-2005-858235
https://doi.org/10.1055/s-2005-858235
https://doi.org/10.1002/jcsm.12733
https://doi.org/10.1021/acs.jproteome.0c00641
https://doi.org/10.1021/acs.jproteome.0c00641
https://doi.org/10.1038/s41430-022-01131-4
https://doi.org/10.1186/s12859-015-0575-3
https://CRAN.R-project.org/package=mboost
https://CRAN.R-project.org/package=mboost
https://CRAN.R-project.org/package=mboost
https://CRAN.R-project.org/package=stabs
https://CRAN.R-project.org/package=stabs
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btt019
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1002/ejhf.1758
https://doi.org/10.1002/ejhf.1758
https://doi.org/10.1016/j.jacc.2018.06.050
https://doi.org/10.1002/ejhf.1811
https://doi.org/10.1016/j.jprot.2017.03.016
https://doi.org/10.1016/j.jprot.2017.03.016
https://doi.org/10.1093/ndt/gfp417
https://doi.org/10.1016/j.amjmed.2019.05.047
https://doi.org/10.1080/14017431.2022.2060527
https://doi.org/10.1016/j.hrtlng.2020.07.007
https://doi.org/10.1016/j.hrtlng.2020.07.007
https://doi.org/10.3390/ijms22031133
https://doi.org/10.1530/JME-17-0254
https://doi.org/10.1210/clinem/dgaa953
https://doi.org/10.1530/eje-16-0940
https://doi.org/10.1016/j.nut.2012.05.007


M.-T. Huemer, A. Petrera, S.M. Hauck et al. Clinical Nutrition 41 (2022) 1818e1826
[39] Ferrari U, Then C, Rottenkolber M, Selte C, Seissler J, Conzade R, et al. Longi-
tudinal association of type 2 diabetes and insulin therapy with muscle pa-
rameters in the KORA-Age study. Acta Diabetol 2020;57(9):1057e63. https://
doi.org/10.1007/s00592-020-01523-7.

[40] Voors AA, Kremer D, Geven C, Ter Maaten JM, Struck J, Bergmann A, et al.
Adrenomedullin in heart failure: pathophysiology and therapeutic applica-
tion. Eur J Heart Fail 2019;21(2):163e71. https://doi.org/10.1002/ejhf.1366.

[41] Martínez-Herrero S, Martínez A. Adrenomedullin: not just another gastroin-
testinal peptide. Biomolecules 2022;12(2). https://doi.org/10.3390/biom1
2020156.

[42] Chen Y-Y, Kao T-W, Chou C-W, Wu C-J, Yang H-F, Lai C-H, et al. Exploring the
link between serum phosphate levels and low muscle strength, dynapenia,
and sarcopenia. Sci Rep 2018;8(1):3573.

[43] Weber M-A, Kinscherf R, Krakowski-Roosen H, Aulmann M, Renk H,
Künkele A, et al. Myoglobin plasma level related to muscle mass and fiber
compositionea clinical marker of muscle wasting? J Mol Med 2007;85(8):
887e96. https://doi.org/10.1007/s00109-007-0220-3.

[44] Yoon SL, Grundmann O, Williams JJ, Gordan L, George Jr TJ. Body composition
changes differ by gender in stomach, colorectal, and biliary cancer patients
with cachexia: results from a pilot study. Cancer Med 2018;7(8):3695e703.
https://doi.org/10.1002/cam4.1665.

[45] Kamga C, Krishnamurthy S, Shiva S. Myoglobin and mitochondria: a rela-
tionship bound by oxygen and nitric oxide. Nitric Oxide 2012;26(4):251e8.
https://doi.org/10.1016/j.niox.2012.03.005.
1826
[46] Huang H. Matrix metalloproteinase-9 (MMP-9) as a cancer biomarker and
MMP-9 biosensors: recent advances. Sensors 2018;18(10):3249. https://
doi.org/10.3390/s18103249.

[47] Yabluchanskiy A, Ma Y, Iyer RP, Hall ME, Lindsey ML. Matrix
metalloproteinase-9: many shades of function in cardiovascular disease.
Physiology 2013;28(6):391e403. https://doi.org/10.1152/physiol.00029.
2013.

[48] Dahiya S, Bhatnagar S, Hindi SM, Jiang C, Paul PK, Kuang S, et al. Elevated
levels of active matrix metalloproteinase-9 cause hypertrophy in skeletal
muscle of normal and dystrophin-deficient mdx mice. Hum Mol Genet
2011;20(22):4345e59. https://doi.org/10.1093/hmg/ddr362.

[49] Kitakaze T, Yoshikawa M, Kobayashi Y, Kimura N, Goshima N, Ishikawa T, et al.
Extracellular transglutaminase 2 induces myotube hypertrophy through G
protein-coupled receptor 56. Biochim Biophys Acta Mol Cell Res
2020;1867(2):118563. https://doi.org/10.1016/j.bbamcr.2019.118563.

[50] Conroy MJ, Lysaght J. CX3CL1 signaling in the tumor microenvironment. Tu-
mor microenviron 2020:1e12. https://doi.org/10.1007/978-3-030-36667-4_1.

[51] DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of cancer:
metabolic reprogramming fuels cell growth and proliferation. Cell Metab
2008;7(1):11e20. https://doi.org/10.1016/j.cmet.2007.10.002.

[52] Nelson N. Metal ion transporters and homeostasis. EMBO J 1999;18(16):
4361e71. https://doi.org/10.1093/emboj/18.16.4361.

https://doi.org/10.1007/s00592-020-01523-7
https://doi.org/10.1007/s00592-020-01523-7
https://doi.org/10.1002/ejhf.1366
https://doi.org/10.3390/biom12020156
https://doi.org/10.3390/biom12020156
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref42
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref42
http://refhub.elsevier.com/S0261-5614(22)00232-1/sref42
https://doi.org/10.1007/s00109-007-0220-3
https://doi.org/10.1002/cam4.1665
https://doi.org/10.1016/j.niox.2012.03.005
https://doi.org/10.3390/s18103249
https://doi.org/10.3390/s18103249
https://doi.org/10.1152/physiol.00029.2013
https://doi.org/10.1152/physiol.00029.2013
https://doi.org/10.1093/hmg/ddr362
https://doi.org/10.1016/j.bbamcr.2019.118563
https://doi.org/10.1007/978-3-030-36667-4_1
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1093/emboj/18.16.4361

	Proteomics of the phase angle: Results from the population-based KORA S4 study
	1. Introduction
	2. Material & methods
	2.1. Study population
	2.2. Proteomics
	2.3. PhA
	2.4. Covariates
	2.5. Statistical analysis

	3. Results
	3.1. Selected protein markers associated with the PhA
	3.2. Biological factors of the PhA’s protein profile

	4. Discussion
	4.1. Selected protein markers associated with the PhA
	4.2. Biological factors of the PhA’s protein profile
	4.3. Strengths and limitations

	5. Conclusion
	Ethical statement
	Funding
	Author contribution
	Data availability
	Conflict of Interest
	References


