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Abstract

Background: Poor muscle strength is a major public health concern in older persons, predisposing to functional
limitations, increased fall risk, and higher mortality. Understanding risk factors for muscle strength decline may
offer opportunities for prevention and treatment. One of the possible causes of muscle strength decline is
imbalance between catabolic and anabolic signaling. This study aims to examine whether high levels of multiple
catabolic and low levels of multiple anabolic biomarkers predict accelerated decline of muscle strength.
Methods: In a representative sample of 716 men and women aged �65 years in the InCHIANTI study we
measured C-reactive protein, interleukin-6 (IL-6), IL-1 receptor antagonist (IL-1RA), tumor necrosis factor-a
receptor 1 as well as dehydroepiandrosterone sulfate (DHEA-S), insulin-like growth factor-1, and bioavailable
testosterone. Biomarker values were divided into tertiles and the numbers of catabolic=anabolic biomarkers in
the highest=lowest tertile were calculated. Hand-grip strength was measured at baseline and 3- and 6-year
follow up.
Results: In adjusted linear mixed models, higher concentration of IL-6 ( p¼ 0.02) and IL-1RA ( p¼ 0.04) as well as
lower levels of DHEA-S ( p¼ 0.01) predicted muscle strength decline. After combining all inflammatory markers,
the rate of decline in grip strength was progressively greater with the increasing number of dysregulated
catabolic biomarkers ( p¼ 0.01). No effect on accelerated muscle strength decline was seen according to number
of dysregulated anabolic hormones.
Conclusions: Having multiple elevated catabolic biomarkers is a better predictor of muscle strength decline than
a single biomarker alone, suggesting that a catabolic dysregulation is at the core of the mechanism leading to
muscle strength decline with aging.

Introduction

Poor muscle strength is a major public health concern
in older persons because it predisposes to functional

limitations, increased fall risk, and higher mortality.1–3 Thus,
understanding risk factors for muscle strength decline may
offer opportunities for prevention and treatment. The most
important cause for a decline in muscle strength with aging
is the tendency to acquire a physically sedentary behavior.
Beyond the effects of sedentary state, nutritional deficiencies,
chronic diseases, age-related changes in immunological, and

neural and hormonal signals also contribute to the progres-
sive muscle impairment with aging.4

An extensive literature has shown that the proin-
flammatory state that often affects older persons is associated
with decreased muscle strength,5–7 but longitudinal studies
that addressed this relationship have produced inconsistent
findings.5–8 High concentrations of inflammatory markers
such as interleukin-6 (IL-6) and C-reactive protein (CRP) are
associated with decline in physical function, measured by
walking speed, and predict the development of mobility dis-
ability, disability in activities of daily living, and mortality.9,10
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Visser et al.9 and Reuben et al.10 reported that multiple ele-
vated inflammatory markers have an additive negative effect
on muscle impairment and decline in physical function.
These findings suggest that the effect of inflammatory
markers is additive, perhaps through increasing catabolic
signaling. If this hypothesis is correct, then the effect of in-
flammatory markers should be examined in the context of
the multiple pathways that modulate the balance between
anabolism and catabolism in the muscle tissue.

In addition to proinflammatory state, aging is associated
with a gradual decline in several anabolic steroids and so-
matotrophic hormones, especially in men.11 Low levels of
anabolic hormones have found to be associated with low
muscle mass and strength in older persons,12–14 but whether
the level of single hormones predicts accelerated decline of
muscle strength and physical performance in older persons is
not clear.15 In an analogous matter as multiple elevated in-
flammatory markers are associated with risk of accelerated
physical performance decline, we hypothesize that the effect
of anabolic hormones on muscle impairment can be detected
only by looking at multiple hormones dysregulation. Recent
studies have shown that multiple anabolic hormone defi-
ciency, and not single hormone levels, is associated with
frailty16 and predicts mortality in the older population.17,18

However, no study has examined the effect of multiple an-
abolic hormones dysregulation on muscle strength decline.
To address a gap in the literature, the aim of this prospective
study is to examine the hypotheses that high levels of mul-
tiple catabolic and low levels of multiple anabolic biomarkers
predict muscle strength decline in older men and women.

Methods

Study population

The InCHIANTI is an epidemiological study of a repre-
sentative sample of 500 men and 760 women aged 65 years
and older living in Tuscany, Italy. We selected from this
population 862 persons who had data on the biomarkers
examined in this paper and hand-grip strength at baseline.
Of these, 146 did not have either 3- or 6-year follow-up data:
96 died, 44 refused or were unable to participate in the study,
and 6 moved away from the area during the 6 years of follow
up. Thus, the final analytical sample included was 716 par-
ticipants. The baseline data were collected in 1998–2000; the
3-year follow up took place in 2001–2003 and the 6-year
follow up in 2004–2006. The design of the study and data
collection have been previously described in detail.19

Participants received an extensive description of the study
and participated after providing written informed consent.
The Italian National Institute of Research and Care on Aging
Ethical Committee approved the study protocol, which
complied with the principles stated in the Declaration of
Helsinki.

Assessment of physical performance

Maximal isometric hand grip strength was measured in
kilograms using a hand-held dynamometer (hydraulic hand
‘‘BASELINE’’; Smith & Nephew, Agrate Brianza, Milan, Ita-
ly). The subject was seated in front of a bench with the tested
arm supported on the bench and the elbow flexed to 458.
Participants were asked to perform the task twice with each

hand, and the maximum strength attained during the four
trials was used for the present analyses. Grip strength was
chosen as an indicator of overall muscle strength because of
its excellent reproducibility.18 There is also strong evidence
that grip strength is highly correlated with strength of other
muscle groups19 and is a strong correlate of mobility dis-
ability in older persons.20

To measure walking speed, subjects were asked to walk 4
meters at their usual pace as if they were walking down the
street, starting from a standing position. Use of a cane or
walker was permitted. Walking speed is a valid and widely
used measure of mobility limitation for both healthy and
impaired older persons21 with high predictive validity for
subsequent disability, hospitalization, and mortality.22,23

Grip strength and walking speed measurements were
performed using identical methods at baseline and at 3- and
6-year follow ups, and all follow-up information was used in
the analyses.

Assessment of biomarkers

Baseline blood samples were collected in the morning after
a 12-h fast and after a 15-min rest. Serum and plasma were
stored in a deep freezer at �808C and were not thawed until
analyzed. The catabolic and anabolic biomarkers used in this
study were chosen a priori, based on the current knowledge
about the association of different biomarkers and muscle
strength.

Catabolic biomarkers

Catabolic biomarkers used in this study were all markers
of inflammation. High-sensitivity (hs) CRP levels were
measured by enzyme-linked immunoabsorbent assay (ELI-
SA) using purified protein and polyclonal anti-CRP anti-
bodies (Roche Diagnostics, GmbH, Mannheim, Germany).
For hsCRP, the minimum detectable concentration (MDC)
was 0.03 mg=L and the interassay coefficient of variation
(CV) was 5%. Serum IL-6, interleukin-1 receptor antagonist
(IL-1RA), and tumor necrosis factor-a receptor 1 (TNF-aR1)
concentrations were determined by high-sensitivity ELISA
using commercial kits (Human Ultrasensitive, BioSource In-
ternational Inc., Camarillo, CA). For IL-6, the MDC was
0.1 pg=mL, and the interassay CV 4.5%. For IL-1RA the MDC
was 4.00 pg=mL and the mean interassay CV 8.2%. For TNF-
aR1, the MDC was approximately 8 pg=mL and the inter-
assay CV 10%. IL-1RA and TNF-aR1 were used instead of
IL-1 and TNF-a because measurements of soluble receptors
are more sensitive and easier than those for the respective
cytokines.24,25 All cytokine assays were done in duplicate
and were repeated if the second measure was >10% or <10%
compared to the first. The average of the two measures was
used in the analyses.

Anabolic biomarkers

Dehydroepiandrosterone sulfate (DHEA-S), total insulin-
like growth factor-1 (IGF-1), and total testosterone concen-
trations were measured in duplicate by immunoradiometric
assays, using commercial reagents (Diagnostic Systems La-
boratories Corporation, Webster, TX). For DHEA-S, the
MDC was 1.7 mg=dL; intraassay and interassay CV values for
three different concentrations were 4.1%, 5.3%, and 4.7%,
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and 4.8%, 7.0%, and 4.6%, respectively. For total IGF-1, the
MDC was 0.80 ng=mL and interassay and intraassay CV
values for three concentrations were all less than 10%. For
total testosterone, the MDC was 0.86 ng=dL; intraassay and
inter assay CV values for three different concentrations (low,
medium, and high) were 9.6%, 8.1%, and 7.8% and 8.6%,
9.1%, and 8.4%, respectively. Concentrations of bioavailable
testosterone (serum-free and albumin-bound testosterone,
but not sex hormone-binding globulin) were calculated using
the Vermeulen formula.

Because there are no commonly used cutoffs to describe
elevated inflammation or deficiency in anabolic hormones in
this age group, we divided values into tertiles based on their
distribution. To take into account different levels of anabolic
hormones in men and women, gender-specific tertiles of all
biomarkers were used. Tertile limits for men and women are
shown in Table 2 (below). In inflammatory markers, the
highest tertile indicates the ‘‘highest catabolic state’’ and in
anabolic markers the lowest tertile indicates the ‘‘lowest an-
abolic state.’’

Covariates and other variables

Diseases were ascertained by a trained geriatrician ac-
cording to standard, preestablished criteria and algorithms,
based on those used in the Women’s Health and Aging
Study, that combine information from self-reported physi-
cian diagnoses, current pharmacological treatment, medical
records, clinical examinations, and blood tests.24 The fol-
lowing diseases were included in the current analyses: Cor-
onary heart disease, diabetes, asthma, chronic bronchitis, and
knee osteoarthritis.

Body mass index (BMI) was calculated as measured
weight in kilograms divided by measured height in meters
squared (kg=m2). Waist circumference was measured at the
midpoint between the lower rib margin and the iliac crest.
The level of physical activity in the 12 months prior to the
interview was assessed through an interviewer-administered
questionnaire25 and was coded as sedentary (inactivity or
light-intensity activity less than 1 h=week), light physical
activity (light-intensity activity 2–4 h=week), and moderate-
high physical activity (light-intensity activity at least
5 h=week or moderate activity at least 1–2 h=week). Average
daily intake of energy (kcal) was estimated using the Euro-
pean Prospective Investigation into Cancer and Nutrition
food frequency questionnaire. Smoking history was deter-
mined based on self-reports and categorized into never
smokers, former smokers, and current smokers.

Statistical analysis

Study population characteristics according to sex are re-
ported as mean and median values for continuous variables
and proportions for categorical variables. Sex differences
were examined with the chi-squared test for categorical
variables, Kruskal–Wallis test for skewed continuous vari-
ables, and t-test for normally distributed continuous vari-
ables. The association of individual catabolic and anabolic
biomarkers and the combination of these biomarkers on the
magnitude of muscle strength decline over the follow-up
time was calculated with linear mixed-effect regression
models by using compound symmetry as the covariance
structure. The analysis was completed with the MIXED

procedure in SAS. The major advantages of using mixed
models in longitudinal studies are that the technique takes
into account the correlation between serial measures ob-
tained in the same subjects as well as the missing observa-
tions, thus allowing all available data on each subject to be
used.26,27 Thus, in this study, we were able to use muscle
strength information from baseline, 3-year follow-up, and 6
year follow-up measurements. In the results, we will present
the beta estimates for each comparable group indicating the
slope (change per year). Models were adjusted for baseline
age, sex, physical activity, daily energy intake, smoking,
BMI, coronary heart disease, diabetes, asthma, chronic
bronchitis, and knee osteoarthritis.

Furthermore, to describe the change in absolute terms, the
change in muscle strength over 6-year follow up was calcu-
lated by subtracting the 6-year follow-up value from the
baseline value. The association of multiple inflammatory and
anabolic biomarkers on absolute change in muscle strength
was calculated with analysis of covariance using generalized
linear models (GLM). The models were adjusted for baseline
muscle strength as well as for the above-mentioned covari-
ates. Adjusted means are reported as the least-square means
estimating the marginal means over a balanced population.
To test for trend, categorical variables were entered in the
linear regression model as ordinal variables.

To examine whether catabolic and anabolic biomarkers
have different effect of muscle strength decline in men and
women, an interaction term ‘‘sex*biomarker’’ was included
in the linear mixed-effect models. All of the interaction terms
with individual biomarkers and with an ordinal variable for
multiple dysregulated catabolic and anabolic biomarkers
were nonsignificant. Thus, men and women were combined
in our analysis, and analyses were adjusted for sex. Finally,
interactions between cumulative anabolic and catabolic bio-
markers on muscle strength decline were tested, as well as
potential age, physical activity, and BMI differences in the
studied relationship. No statistically significant interactions
were found. The SAS 9.1 Statistical Package was used for all
analyses (SAS Institute, Inc., Cary, NC).

Results

Mean ages of male and female study participants were
73.1 [standard deviation (SD) 6.4] and 74.2 (6.6) years, re-
spectively. In general, men had more chronic diseases than
women, except for knee osteoarthritis, which was more com-
mon in women. The median level of catabolic biomarkers
was similar for men and women, except that IL-6 was higher
in men than in women ( p¼ 0.02). The median level of the
anabolic biomarkers was higher in men than in women. The
average annual decline in grip strength was �0.4 kg (SD 1.9)
in men and �0.02 kg (1.5) in women. Other baseline char-
acteristics are shown in Table 1.

In Table 2 the annual grip strength decline in different
biomarker tertile is presented based on the linear mixed-
effect models adjusted for multiple lifestyle factors and dis-
eases. Of the catabolic biomarkers, increasing levels of IL-6
was significantly associated with greater grip strength de-
cline: tertile I, 0.01 kg=year; tertile II, �0.23 kg=year; and
tertile III, �0.33 kg=year ( p for trend 0.02). A higher con-
centration of IL-1RA was also associated with greater grip
strength decline ( p for trend 0.04). Although both CRP and
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TNF-aR1 showed a slight trend toward greater strength de-
cline, the trends were not statistically significant. After
combining all catabolic biomarkers, the rate of decline in grip
strength was progressively greater with the increasing
number of catabolic biomarkers in the highest serum tertile
levels (Table 3 and Fig. 1A). Participants with high levels in
one or more biomarkers experienced significantly greater
( p< 0.05) decline in grip strength compared to those without
increased catabolic biomarkers. The effect remained statisti-
cally significant after adjusting for lifestyle factors and
chronic diseases.

Similar analyses were conducted with anabolic hormones
(Tables 2 and 3). Of the anabolic biomarkers, only decreasing
levels of DHEA-S were associated with greater muscle
strength decline ( p for trend 0.01). Increasing IGF-1 and
bioavailable testosterone values were not consistently asso-
ciated with greater decline in muscle strength. Subjects who
had deficiencies in one or more anabolic hormones did not
show any greater decline in grip strength compared to those
who did not have low anabolic hormones at all (Table 3 and
Fig. 1B).

Finally, to examine whether the effect of multiple dysre-
gulated catabolic and anabolic biomarkers on muscle
strength translates into an accelerated decline in functional
performance, a similar analysis was carried out using

walking speed as outcome. Of the individual catabolic and
anabolic markers, only increased level of TNF-aRI and lower
levels of DHEA-S were associated with significant walking
speed decline ( p< 0.05). After combining all catabolic bio-
markers, the number of catabolic markers in the highest
tertile levels was associated with greater walking speed de-
cline ( p¼ 0.18). Similarly, the number of anabolic hormones
in the lowest tertile was not significantly associated with
greater walking speed decline ( p¼ 0.06).

Discussion

This study shows that accumulated burden of multiple
inflammatory markers predicts grip strength decline more
than single inflammatory marker alone in older community-
dwelling persons. Unexpectedly, simultaneous deficiencies
in several anabolic hormones were not associated with
greater strength decline than deficiency in one anabolic
hormone.

Our study is based on a view that aging is intrinsically a
dysregulation in multiple systems in the body. Thus, it is
unlikely that much of the variability between individuals in
muscle strength decline may be accounted for by changes in
a single biomarker alone. By combining four different cata-
bolic markers, we were able to show that elevation in several

Table 1. Baseline Characteristics of the Study Population by gender (N¼ 716)

Men (n¼ 310) Women (n¼ 406)

Characteristic Mean SD Mean SD pa

Age, years 73.1 6.4 74.2 6.6 0.03
Body mass index, kg=m2 26.8 3.2 28.0 4.5 <0.001
Waist circumference, cm 94.8 8.7 90.9 10.7 <0.001
Total energy intake, kcal=day 2224.6 545.3 1760.4 488.6 <0.001
Baseline grip strength, kg 38.8 10.2 22.2 7.6 <0.001
Grip strength decline, kg �0.4 1.9 �0.02 1.5 <0.001

Median IQR Median IQR

Interleukin-6, pg=mL 1.5 0.9–2.3 1.3 0.8–2.0 0.02
Interleukin-1 receptor antagonist, pg=mL 133.0 98.0–180.6 131.9 97.5–178.7 0.98
C-reactive protein, mg=L 2.8 1.2–5.0 2.4 1.3–5.4 0.64
Tumor necrosis factor-a receptor 1, pg=mL 1337.5 1080.2–1686.6 1273.4 1056.7–1563.8 0.96
Dehydroepiandrosterone sulfate, mg=dL 71.3 44.2–112.3 61.6 34.7–112.4 0.07
Insulin-like growth factor 1, ng=mL 124.5 90.0–160.5 103.4 74.6–142.7 <0.001
Bioavailable testosterone, ng=dL 92.1 71.4–120.4 9.5 5.9–15.2 <0.001

% %

Current smoking 23 7.6
Physical activity <0.001

Sedentary 8.4 21.6 <0.001
Moderate 34.6 53.3
Active 57.0 25.1

Coronary heart disease 9.5 4.9 0.02
Diabetes 14.5 11.1 0.17
Asthma 8.1 2.5 0.001
Chronic bronchitis 16.1 1.0 <0.001
Knee osteoarthritis 3.6 11.1 <0.001

Values are shown in mean (SD) and medians (IQR) for continuous variables and N (%) for categorical variables.
aComparisons across groups were examined with chi-squared test for categorical variables, Kruskal–Wallis test for skewed continuous

variables, and t-test for normally distributed continuous variables.
Abbreviations: SD, Standard deviation; IQR, interquartile range.
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Table 2. The Effect of Catabolic and Anabolic Biomarkers on Grip Strength Decline:

Linear Mixed-Effect Model

Model 1a Model 2a

b Estimateb SE b Estimateb SE

Catabolic markers
Interleukin-6, pg=mL

I M: <1.1 0.02 0.08 0.01 0.09
F: <1.0

II M: 1.1–1.9 �0.29 0.09 �0.23 0.09
F: 1.0–1.7

III M: >1.9 �0.33 0.09 �0.33 0.09
F: >1.7

p for trend 0.01 0.02

Interleukin-1 receptor antagonist, pg=mL
I M: <107.9 �0.25 0.09 �0.24 0.09

F: <105.1
II M: 107.9–161.4 �0.02 0.09 0.005 0.09

F: 105.1–163.4
III M: >161.4 �0.31 0.08 �0.29 0.09

F: >163.4
p for trend 0.04 0.04

C-reactive protein, mg=L
I M: <1.5 �0.19 0.09 �0.17 0.09

F: <1.6
II M: 1.5–3.9 �0.14 0.09 �0.13 0.09

F: 1.6–4.2
III M: >3.9 �0.23 0.09 �0.19 0.09

F: >4.2
p for trend 0.78 0.88

Tumor necrosis factor-a receptor 1, pg=mL
I M: <1166.6 �0.12 0.09 �0.12 0.09

F: <1128.3
II M: 1166.6–1569.2 �0.21 0.09 �0.19 0.09

F: 1128.3–1479.7
III M: >1569.2 �0.23 0.09 �0.20 0.09

F: >1479.7
p for trend 0.62 0.80

Anabolic markers

Dehydroepiandrosterone sulfate, mg=dL
I M: <53.9 �0.39 0.09 �0.41 0.09

F: <42.7
II M: 53.9–93.7 �0.12 0.09 �0.07 0.09

F: 42.7–92.3
III M: >93.7 �0.10 0.08 �0.07 0.09

F: >92.3
p for trend 0.03 0.01

Total insulin-like growth factor 1, ng=mL
I M: <100.6 �0.15 0.09 �0.12 0.09

F: <85.7
II M: 100.6–148.4 �0.06 0.09 �0.04 0.09

F: 85.7–128.4
III M: >148.4 �0.34 0.09 �0.35 0.09

F: >128.4
p for trend 0.06 0.04

Bioavailable testosterone, ng=dL
I M: <77.0 �0.09 0.09 �0.02 0.09

F: <7.1
II M: 77.0–109.0 �0.32 0.09 �0.36 0.09

F: 7.1–13.3
III M: >109.0 �0.19 0.09 �0.17 0.09

F: >13.3
p for trend 0.18 0.03

aModel 1 is adjusted for age and sex. Model 2 is additionally adjusted for physical activity, daily energy intake, smoking, body mass index,
coronary heart disease, diabetes, asthma, chronic bronchitis, and knee osteoarthritis.

bBeta estimates for different biomarker tertile are derived from linear mixed-effect models and they indicate the average change in hand
grip strength change per year in that specific category.

Abbreviations: M, Male; F, female; SE, Standard error.



inflammatory factors is associated with greater decline in
muscle strength. A few studies have reported similar, al-
though cross-sectional, associations with muscle strength.6,10

The advantage of using a combination of inflammatory
markers instead of only one marker is to increase the

chance of capturing the severity of inflammation and possi-
bly also its overall and interactive effect on the catabolic
equilibrium.28

To explain the additive effect of multiple inflammatory
markers on muscle strength, it is important to consider that
inflammatory markers are not independent from each other.
For example, IL-1, IL-6, and TNF-a expression is modulated
mainly by the nuclear factor-kB (NF-kB),29,30 and increasing
cytokines are responsible for increasing CRP levels in circu-
lation.30 We may hypothesize that the additive effect of
multiple inflammatory markers is due to different converg-
ing catabolic pathways. Another possibility is that by mea-
suring multiple biomarkers that address the same pathway,
the catabolic signal is assessed more precisely, and therefore
the relationship with muscle strength decline is more robust.

We also observed in this study that the effect of multiple
dysregulated catabolic biomarkers on muscle strength does
not translate into an accelerated decline in more advanced
physical performance, such as walking speed. Changes in
walking speed are probably observed with delay, and we
would have needed a longer follow up to see significant
changes. In addition to muscle strength, there are many other
factors affecting walking performance, such as balance and
joint flexibility. This allows older people to compensate for
impairment in one subsystem with good performance in
other subsystems.

Although the results of the present study support the idea
of catabolic markers as a prognostic tool for identifying
persons at increased risk of muscle strength decline, it is still
not clear whether intervention aimed at lowering these
markers can prevent or alleviate the muscle strength loss that
normally occurs over the aging process. So far, muscle
strength training has been proved to be the most effective
way to improve muscle strength or reduce strength decline.31

Furthermore, physical activity has found to be associated
with lower levels of inflammatory markers.32 Although in-
tervention studies have not provided clear evidence about
the effectiveness of physical exercise in lowering inflamma-
tion,33,34 the research in this field is very active.35 Second,

Table 3. The Effect of Multiple Dysregulated

Catabolic and Anabolic Biomarkers on Grip

Strength Decline. Linear Mixed-Effect Model

Model 1a Model 2a

N b Estimateb SE b Estimateb SE

Catabolic biomarkersc

0 227 �0.05 0.09 �0.07 0.09
1 204 �0.25 0.09 �0.19 0.09
2 153 �0.24 0.11 �0.22 0.11
3 95 �0.26 0.14 �0.25 0.14
4 37 �0.44 0.22 �0.41 0.22
p for trend 0.03 0.01

Anabolic biomarkersd

0 263 �0.09 0.08 �0.07 0.08
1 247 �0.35 0.08 �0.37 0.09
2 150 �0.19 0.11 �0.13 0.11
3 51 �0.01 0.19 0.02 0.20
p for trend 0.11 0.05

aModel 1 is adjusted for age and sex. Model 2 is additionally
adjusted for physical activity, daily energy intake, smoking, body
mass index, coronary heart disease, diabetes, asthma, chronic
bronchitis, and knee osteoarthritis.

bBeta estimates for different biomarker tertile are derived from
linear mixed-effect models and they indicate the average change in
hand grip strength change per year in that specific category.

c Number of catabolic biomarkers in the highest tertile (CRP, IL-6,
IL-1RA, TNF-aR1).

dNumber of anabolic biomarkers in the lowest tertile (DHEA-S,
IGF-1, bioavailable testosterone).

Abbreviations: SE, Standard error; CRP, C-reactive protein; IL-
1RA, interleukin-1 receptor antagonist; TNF-aR1, tumor necrosis
factor-a receptor.

FIG. 1. The mean strength decline according to the number of dysregulated biomarkers. Adjusted for age, sex, baseline grip
strength, physical activity, daily energy intake, smoking, body mass index, coronary heart disease, diabetes, asthma, chronic
bronchitis, and knee osteoarthritis. (A) Multiple dysregulated catabolic biomarkers. (B) Multiple dysregulated anabolic
biomarkers.
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there is evidence that weight loss in obese persons produces
a decrease in inflammatory markers through reduction of
metabolically active adipose tissue. A combination of diet
and exercise has proven to be most effective strategy to re-
duce inflammation.35

Among the tested anabolic hormones, DHEA-S was the
only hormone that showed a significant association with
muscle strength decline as well as decline in walking speed.
This is the first population-based study confirming the lon-
gitudinal association with anabolic hormone and muscle
strength decline, broadening our knowledge based on cross-
sectional studies.12 DHEA and DHEA-S concentrations de-
cline significantly with aging,36 and such a decline has
complex consequences because DHEA-S acts as a pro-
hormone to biologically active androgens and estrogens.37

Because of these premises, we expected to see an association
between bioavailable testosterone and muscle strength de-
cline as well. The nonsignificant linear association of bio-
available testosterone on muscle strength decline found in
this study, although unpredicted, confirms previous findings
from Schaap et al.15 In spite of the replicated evidence, this
finding remains puzzling and difficult to explain with our
current understanding of muscle biology.

In the light of recent research, it was unexpected that we
did not see stronger association of multiple anabolic hormone
deficiency on muscle strength decline. In the Women’s Health
and Aging Studies, Cappola et al.16 found that persons who
had deficiencies in two or three hormones, including DHEA-S,
IGF-1, and free testosterone, were more likely to be frail than
those with deficiency in one or zero anabolic hormones. Fur-
thermore, on the basis of the InCHIANTI Study, Maggio
et al.18 showed that deficiency in multiple anabolic hormones
is an independent predictor of mortality.

One explanation for why we did not see the association
between burden of anabolic hormone deficiency and muscle
strength decline in this study may partly be due to our
outcome measure. Although the grip strength measurement
in this study was performed in a maximal manner and using
a highly standardized protocol, the measure may not be
sensitive enough to capture the ‘true’ maximal voluntary
strength and thus changes in it. In exercise physiology,
maximal voluntary strength is usually defined and measured
as the one repetition maximum (1 RM) in which a subject is
able to lift=press only one time. However, as a proxy mea-
sure of maximal strength, grip strength has shown to be
highly correlated with maximal isometric strength of other
muscle groups.19 Moreover, another potential explanation
for why we could not truly see a progressive effect in rate of
muscle strength decline with an increasing number of defi-
cient anabolic hormones could be that our method for
summarizing the effect of multiple anabolic hormones is
relatively crude. Although the same method has also been
used in previous studies,17,18 detecting changes in muscle
strength may require more advanced techniques to combine
the effects of multiple biomarkers. The relationships and
biological processes of these anabolic biomarkers that un-
derlie the decline of muscle strength are very complex. Fi-
nally, due to the nonsignificant sex*biomarker interaction on
strength decline, we combined men and women together in
our analysis. Thus, despite the fact that women had signifi-
cantly lower baseline levels of anabolic hormones compared
to men (see Table 1), the effect on strength appears to be

similar in men and women. However, in separate analyses
including only men, we did not also see significant effect of
multiple anabolic hormones on strength decline.

Although longitudinal design with repeated muscle
strength measurements comprise the main strengths of this
study, longitudinal studies especially those with long follow
up have intrinsic limitations. Compared with the 716 par-
ticipants included in the longitudinal analysis, those who
were lost to follow up (n¼ 146) were older ( p< 0.001) and
had lower baseline muscle strength ( p< 0.001), as well
higher levels of CRP, IL-6, IL-1RA, and TNF-aR1 ( p for all
<0.01). Thus, the oldest and most disabled persons lost to
follow up were also participants with the highest proin-
flammatory cytokine levels at baseline, probably causing
underestimation of the studied associations. It is possible
that with a larger sample size we could have detected a
stronger association between multiple anabolic hormones
and muscle strength decline.

Second, in our analyses we were only able to use the
baseline information about the biomarker levels. Changes
over time in biomarker levels may be stronger predictors
than baseline levels, especially given the relatively long fol-
low up. The effect of change in biomarkers on muscle
strength decline should be examined in future studies and
may help us in revealing the mechanisms that may lead to
muscle strength decline. In addition, this being only an ob-
servational study, there is need for interventional studies to
confirm the causality of elevated levels of inflammatory
markers and muscle strength decline. Our findings clearly
warrant further studies examining the effect of multiple
catabolic and anabolic biomarkers on muscle strength de-
cline in larger study population, possible with numerable
measures of biomarkers and longer follow-up.

In conclusion, having multiple elevated inflammatory
markers was found to be better predictor of muscle strength
decline over a 6-year follow up than single inflammatory
markers alone. These findings suggest that a catabolic dys-
regulation is at the core of the mechanism leading to muscle
strength decline with aging. A better understanding of the
potential interactions between biomarkers and their effect on
muscle strength and physical performance in the older
population is needed.
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