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Abstract: Obesity and sarcopenia are major causes of morbidity and mortality among seniors.
Vitamin D deficiency is very common especially among seniors and has been associated with
both mUscle health and obesity. This study investigated if 25-hydroxyvitamin D (25(OH)D) status
is associated with body composition and insulin resistance using baseline data of a completed
RCT among relatively healthy community-dwelling seniors (271 seniors age 60+ years undergoing
elective surgery for unilateral total knee replacement due to osteoarthritis). Cross-sectional analysis
compared appendicular lean mass index (ALMI: lean mass kg/height m2) and fat mass index
(FMI: fat mass kg/height m2) assessed by DXA and insulin resistance between quartiles of serum
25(OH)D concentration using mUltivariable linear regression adjusted for age, sex, smoking status,
physical activity, and body mass index (BMI). Participants in the lowest serum 25(OH)D quartile
(4.7–17.5 ng/mL) had a higher fat mass (9.3 kg/m2) compared with participants in the third
(8.40 kg/m2; Q3 = 26.1–34.8 ng/mL) and highest (8.37 kg/m2; Q4 = 34.9–62.5 ng/mL) quartile
(poverall = 0.03). Higher serum 25(OH)D quartile status was associated with higher insulin sensitivity
(poverall = 0.03) and better beta cell function (p = 0.004). Prevalence of insulin resistance tended to be
higher in the second compared with the highest serum 25(OH)D quartile (14.6% vs. 4.8%, p = 0.06).
Our findings suggest that lower serum 25(OH)D status may be associated with greater fat mass and
impaired glucose metabolism, independent of BMI and other risk factors for diabetes.

Keywords: ageing; elderly; body composition; diabetes; insulin resistance; metabolic syndrome;
vitamin D

1. Introduction

Age-related loss of strength and mUscle mass coupled with higher body fat mass contribute to
mobility disability and frailty at an older age [1]. In its extremes, loss of mUscle mass and relative
gain in fat mass has been conceptualized as sarcopenic obesity [2], meaning the concomitant presence
of sarcopenia and obesity coupled with insulin resistance [3]. The prevention of both conditions,
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namely shifting the population towards a healthier body composition, may have enormous public
health benefits by decreasing mobility disability and frailty [4], and many contributing co-morbid
conditions [5].

Supplementation of vitamin D may be a simple, safe, and cost-effective strategy to support a
healthier body composition at an older age. Vitamin D deficiency is very common among seniors [6]
and has been linked to both low mUscle mass [7] and high fat mass [8,9] as well as metabolic
disturbances such as insulin resistance [10].

Mechanistically, the vitamin D receptor (VDR) is expressed in mUscle tissue [11–13],
and its activation results in de novo mUscle protein synthesis, as confirmed in a randomized
placebo-controlled clinical trial among postmenopausal women [14]. The VDR has also been found in
fat tissue [15], and in-vitro experiments have suggested a vitamin D-induced increase of intracellular
calcium in adipocytes and thereby a decrease in lipogenesis and increase in lipolysis [16].

Also, at a clinical level, vitamin D has been linked to better mUscle health and glucose
metabolism [17,18]. Vitamin D deficiency has been associated with mUscle mass loss [19,20],
proximal mUscle weakness [21], and impaired lower extremity function [22]. Further, vitamin D
deficiency has been linked to higher insulin resistance [10], lower insulin sensitivity, earlier feelings of
hunger, and higher food intake [23].

Despite these earlier findings, to our knowledge, data on the study of mUscle mass, fat mass,
and insulin resistance in relation to 25-hydroxyvitamin D (25(OH)D) status in one population of
seniors is missing. Therefore, the aim of the present study was to investigate the association between
serum 25(OH)D concentration and fat mass, mUscle mass, as well as insulin resistance in relatively
healthy community-dwelling senior men and women undergoing elective surgery for severe unilateral
knee osteoarthritis.

2. Materials and Methods

2.1. Study Design and Population

The present study is a secondary, cross-sectional observational analysis using baseline data
from the Zurich mUltiple Endpoint Vitamin D Trial in Knee Osteoarthritis Patients (NCT00599807;
clinicaltrials.gov), a 2-year double-blind randomized controlled trial that tested two different vitamin D
supplementation regimens (2000 vs. 800 IU/day cholecalciferol) in senior knee osteoarthritis patients.
In brief, 273 patients age 60 years and older were enrolled 6–10 weeks after undergoing unilateral total
knee replacement due to severe knee osteoarthritis. Baseline measurements took place 6–10 weeks after
surgery at the Centre on Aging and Mobility at the University of Zurich, Switzerland, from October
2007 to February 2013. Most important exclusion criteria for the present analysis included history of
chronic corticosteroid use, history of malabsorption disorder, current cancer, and inability to walk
at least 3 m with or without a walking aid. The protocol of the clinical trial was approved by the
Cantonal Ethical Commission of Zurich, Switzerland (Protocol identifier STZ 20/07). The study was
in accordance with the principles as outlined in the Declaration of Helsinki, and all participants
gave written informed consent. For the present study, two participants were excluded due to missing
information on serum 25(OH)D concentration, resulting in an analytical sample size of 271 participants.

2.2. Assessment of Serum 25(OH)D Concentration

Fasting blood samples were taken in the morning when the participants arrived at the study
center. Serum 25(OH)D concentration was measured using liquid chromatography-tandem mass
spectrometry-based mUltiple reaction monitoring (LC-MS/MS MRM, coefficient of variation of
±15%) [24,25] performed by DSM Nutritional Products Ltd., R & D Analytics, Quantitative
Bioanalytics (Basel, Switzerland) and included in the NIST/NIH Vitamin D Metabolites Quality
Assurance Program [26]. Specifically, separation and quantification were performed on an Agilent
1290 ultra-high-performance liquid chromatography (Agilent Technologies, Santa Clara, CA, USA)
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coupled with an API 4000 mass spectrometer (AB Sciex, Framingham, MA, USA) using mUltiple
reaction monitoring transitions. Serum 25(OH)D concentrations are stated in ng/mL with 1 ng/mL
being equivalent to 0.4 nmol/L. According to local specifications, serum 25(OH)D concentrations
<20 ng/mL were considered as deficiency and <10 ng/mL as severe deficiency.

2.3. Assessment of Participant Characteristics and Covariates

Body weight (BW, kg) and height (cm), as well as age, sex, and smoking status (non, past,
and current smokers), were assessed by questionnaire. We calculated body mass index (BMI) by
dividing body weight by height squared (kg/m2). Physical activity was assessed objectively using
an ankle-worn ambulatory activity monitor (StepWatch™ Step Activity Monitor, Cyma, Seattle, WA,
USA), which records the number of steps taken every minute. The StepWatch™ monitor has been
validated for the use in older adults [27] and has been used to monitor physical activity in several
patient groups including patients with knee osteoarthritis [28]. Participants were asked to wear the
monitor during wakeful hours for seven consecutive days. We considered a measurement as valid if at
least three days with ≥10 h of recording were available, omitting blocks of >180 min of consecutive
zeros, which was interpreted as device not worn. Minutes spent in moderate-to-vigorous physical
activities (MVPA) were defined as the average minutes per day with ≥30 steps/min according to the
manufacturer’s software manual (StepWatch™ 3.1 Software Manual).

2.4. Assessment of Measures of Insulin Resistance

Fasting plasma blood concentration of glucose was measured in fluoride plasma by enzymatic
reference method with hexokinase using the MODULAR P system analyzer (coefficient of variation
of 1.7% at 5.4 mmol/L and 1.2 at 12.6 mmol/L) from Roche/Hitachi (Roche Diagnostics AG,
Rotkreuz, Switzerland). Fasting serum blood concentration of insulin was measured in serum
by chemiluminescence enzyme immunoassay using Immulite 2500 (CV of 5.7% at 88.8 pmol/L
and 3.2% at 914.9 pmol/L) from Diagnostic Products Corporation (Siemens Diagnostic AG, Zurich,
Switzerland). All these blood analyses were performed at the Institute of Clinical Chemistry, University
Hospital Zurich, Switzerland. We used the updated homeostasis model assessment (HOMA2) with
a threshold of ≥1.8 for insulin resistance [29] to estimate parameters of glucose metabolism: insulin
resistance as both a continuous and a binary variable (HOMA2-IR, index value, the lower the better),
beta cell function (HOMA2%B, percentage, the lower the better), and insulin sensitivity (HOMA2%S,
percentage, the higher the better).

2.5. Assessment of Body Composition

Total and appendicular lean mass as well as total fat mass were measured by dual-energy X-ray
absorptiometry (DXA) with a coefficient of variation of 0.78% for fat mass and 0.52% for lean mass
(Hologic QDR 4500A fan-beam densitometer; Hologic, Inc., Bedford, MA, USA; Hologic Discovery
version 12.4 software). From these measurements, lean mass index (LMI), appendicular lean mass
index (ALMI), and fat mass index (FMI) were calculated by the following equations:

ALMI = appendicular lean mass [kg]/ height [m]2 (1)

FMI = fat mass [kg]/ height [m]2 (2)

LMI = lean mass [kg]/ height [m]2 (3)

2.6. Statistics

Statistical analysis was performed using SAS 9.4 (SAS Institute, Inc., Cary, NC, USA). Distributions
of continuous variables were examined for normality. To analyze differences between men and women,
we used Student’s t test for continuous variables and a χ2 test for categorical variables.
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Multivariable-adjusted analysis of covariance (ANCOVA) models were used to compare
least-square mean values (LSM) of the outcome variables ALMI, FMI, fasting blood glucose,
fasting blood insulin, HOMA2-IR, HOMA2%B, and HOMA2%S between quartiles of serum 25(OH)D
concentration in the total population or stratified by sex. All models were adjusted for BMI, age, sex,
smoking status, and physical activity; except for the model of FMI (which was adjusted for age, sex,
smoking status, LMI, and physical activity) and ALMI (which was adjusted for age, sex, smoking
status, FMI, and physical activity). Linear regression analysis was performed to test for a linear trend
across the serum 25(OH)D quartiles by using the median values of each quartile as a continuous
variable. One participant with an outlying ALMI value (>2 standard deviations above the mean ALMI)
was excluded from all analyses on the ALMI.

Generalized linear models (using the logit link function) unadjusted and adjusted for age, sex,
physical activity, smoking status, and BMI were used to analyze differences in the prevalence of
insulin resistance (HOMA2 IR ≥1.8) and diabetes (fasting blood glucose >7 mmol/L) between serum
25(OH)D quartiles.

Notably, as all endpoints showed the same pattern for men and women, all results are presented
for the total population adjusted inter alia for sex.

Statistical significance was set at p < 0.05 with reported p values being two-sided.

3. Results

3.1. Participants’ Characteristics

Participants’ characteristics (53.5% women; mean age 70.3 ± 6.4 years) are presented by sex
(Table 1). Mean serum 25(OH)D concentration of the total population was 27.3 ± 12.4 ng/mL with
85 (31.4%) participants being vitamin D deficient (<20 ng/mL). Mean serum 25(OH)D levels did not
differ significantly between men and women. Quartiles of serum 25(OH)D concentration (ng/mL)
among 271 participants were as follows: 4.7–17.5 (quartile 1), 17.6–26.0 (quartile 2), 26.1–34.8 (quartile 3),
34.9–62.5 (quartile 4). Men were taller, heavier, more likely to be overweight, and more physically active
(45.1 ± 22.8 vs. 38.0 ± 21.2 min MVPA/day; p = 0.009) than women and were also more frequently
current or past smokers than women. Women had higher fat mass (37.7% vs. 26.7%; p < 0.0001),
less total lean mass (60.0% vs. 70.0%; p < 0.0001), and less appendicular mUscle mass (25.3% vs. 31.0%;
p < 0.0001) than men. Moreover, fasting blood glucose (5.3 vs. 5.9 mmol/L; p < 0.0001) and insulin (7.0 vs.
9.0 mU/L; p = 0.03) concentration as well as insulin resistance (0.9 vs. 1.2 HOMA2 IR; p = 0.005) and
prevalence of diabetes (0.0% vs. 8.0%; p = 0.0004) were significantly lower, whereas insulin sensitivity
(195.7 vs. 143.3 HOMA2%S; p = 0.0005) was significantly higher among women than men.

3.2. Association between Quartiles of Serum 25(OH)D and Fat Mass (FMI)

For fat mass (Table 2, Figure 1), adjusting for age, sex, smoking status, LMI, and physical activity,
the FMI of participants in the lowest serum 25(OH)D quartile was higher compared with participants in
the third (9.3 kg/m2 vs. 8.4 kg/m2; p = 0.049) and highest (9.3 kg/m2 vs. 8.4 kg/m2; p = 0.04) quartile.

3.3. Association between Quartiles of Serum 25(OH)D and mUscle Mass (ALMI)

For mUscle mass (Table 2), adjusting for age, sex, smoking status, FMI, and physical activity,
the ALMI was not associated with quartiles of serum 25(OH)D.

3.4. Association between Quartiles of Serum 25(OH)D and Glucose Metabolism

For fasting insulin concentration (Table 3), adjusting for age, sex, smoking status, BMI,
and physical activity, insulin concentration did not differ significantly between quartiles of serum
25(OH)D.



Nutrients 2018, 10, 1826 5 of 12

Table 1. Characteristics of participants of the Zurich Knee Osteoarthritis trial by sex.

Variables Unit Men Women Sex Difference (p) Total Participants

Subjects [n (%)] 126 (46.5) 145 (53.5) 0.25 271
Age [year] 70.3 (6.9) 70.3 (6.0) 0.94 70.3 (6.4)

Height [m] 1.8 (0.1) 1.6 (0.1) <0.0001 1.7 (0.1)
Weight [kg] 85.3 (12.4) 70.7 (11.3) <0.0001 77.5 (13.9)

BMI [kg/m2] 27.6 (3.8) 26.9 (4.1) 0.14 27.2 (3.9)
Not overweight (BMI <25 kg/m2) [n (%)] 30 (23.8) 54 (37.2) 0.002 84 (31.0)

Overweight (BMI ≥25–29.99 kg/m2) 76 (60.3) 56 (38.6) 132 (48.7)
Obese (BMI ≥30) 20 (15.9) 35 (24.2) 55 (20.3)
Physical activity [min MVPA/day] 45.1 (22.8) 38.0 (21.2) 0.01 41.3 (22.2)
Smoking status

Non-smoker [n (%)] 38 (30.2) 98 (67.6) <0.0001 136 (50.2)
Past smoker 69 (54.7) 41 (28.3) 110 (40.6)

Current smoker 19 (15.1) 6 (4.1) 25 (9.2)
Baseline 25-hydroxyvitamin D [ng/mL] 26.3 (11.3) 28.2 (13.3) 0.20 27.3 (12.4)

<10 [n (%)] 7 (5.6) 10 (6.9) 0.65 17 (6.3)
<20 38 (30.2) 47 (32.4) 0.69 85 (31.4)

Glucose metabolism
Glucose [mmol/L] 5.9 (1.4) 5.3 (0.6) <0.0001 5.6 (1.1)
Insulin [mU/L] 9.0 (8.8) 7.0 (6.1) 0.03 7.9 (7.5)

Beta cell function [HOMA2%B] 75.3 (38.5) 71.7 (38.2) 0.45 73.3 (38.3)
Insulin sensitivity [HOMA2%S] 143.3 (105.9) 195.7 (129.5) 0.0005 171.1 (121.6)
Insulin resistance [HOMA2 IR] 1.2 (1.2) 0.9 (0.7) 0.005 1.1 (1.0)
Prevalent diabetes [n (%)] 10 (8.0) 0 (0) 0.0004 10 (3.7)

DXA variables
Total lean mass [kg] 59.3 (6.8) 42.0 (4.8) <0.0001 50.1 (10.4)

[%] 70.0 (4.6) 60.0 (5.3) <0.0001 64.7 (7.0)
Lean mass index [kg/m2] 19.2 (1.8) 16.0 (1.6) <0.0001 17.5 (2.3)

Appendicular lean mass [kg] 26.3 (5.1) 17.7 (2.4) <0.0001 21.7 (5.8)
[%] 31.0 (4.5) 25.3 (2.6) <0.0001 27.9 (4.6)

Appendicular lean mass index [kg/m2] 8.5 (1.5) 6.7 (0.8) <0.0001 7.6 (1.5)
Total fat mass [kg] 23.2 (7.0) 27.1 (7.7) <0.0001 25.3 (7.6)

[%] 26.7 (4.9) 37.7 (5.5) <0.0001 32.6 (7.6)
Fat mass index [kg/m2] 7.5 (2.3) 10.3 (2.9) <0.0001 9.0 (3.0)

Data (n = 271) are crude means (± SD) or n (%). Differences between men and women were assessed by using
Student’s t test for continuous variables and a χ2 test for categorical variables. p values are two-sided; statistical
significance is set at p < 0.05. 1 ng/mL 25-hydroxyvitamin D being equivalent to 0.4 nmol/L. Abbreviations:
25(OH)D, 25-hydroxyvitamin D; BMI, Body Mass Index; DXA, dual-energy x-ray absorptiometry; MVPA, moderate
to vigorous physical activity; HOMA, homeostatic model assessment.

Table 2. Body composition parameters by 25-hydroxyvitamin D [ng/mL] quartiles (Q1–Q4) for
total participants.

Parameter Q1 (4.7–17.5)
(n = 67)

Q2 (17.6–26.0)
(n = 69)

Q3 (26.1–34.8)
(n = 67)

Q4 (34.9–62.5)
(n = 68)

Fat mass index [kg/m2]
LSM (95% CI) 9.31 (8.77, 9.84) 8.69 (8.17, 9.20) 8.40 (7.87, 8.94) 8.37 (7.88, 8.87)

p † Ref 0.28 0.049 0.04
poverall

‡ 0.03
ptrend linear 0.65

Appendicular lean mass index [kg/m2]
LSM (95% CI) 7.74 (7.54, 7.95) 7.68 (7.48, 7.87) 7.80 (7.59, 8.00) 7.54 (7.35, 7.73)

p † Ref 0.96 0.98 0.46
poverall

‡ 0.26
ptrend linear 0.06

Data (n = 271 for FMI; n = 270 for ALMI) are LSM (95% CI) from mUltivariable linear regression models. Models
were adjusted for age, sex, MVPA, smoking status (non, past, and current smoker) and BMI (model for FMI was
adjusted for lean mass index instead of BMI). p for a linear trend across the 25(OH)D quartiles was calculated
from linear regression models using the median values of individual 25(OH)D quartiles as a continuous variable.
p values are two-sided. Statistical significance is set at p < 0.05. 1 ng/mL 25-hydroxyvitamin D being equivalent
to 0.4 nmol/L. Abbreviations: Q1–Q4, quartiles of serum 25-hydroxyvitamin D concentration [ng/mL], 25(OH)D,
25-hydroxyvitamin D; MVPA, moderate to vigorous physical activity (min/day); FMI, fat mass index; LSM,
least-square means; Ref, reference quartile with each p-value referring to this quartile. † p value for the difference
between two 25(OH)D quartiles with the first quartile being the reference. ‡ p value for the overall differences
among all 25(OH)D quartiles.
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equivalent to 0.4 nmol/L. Bars represent least-square means (with whisker for standard error) from 
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Figure 1. Fat mass index by serum 25(OH)D quartiles (n = 271), 1 ng/mL 25-hydroxyvitamin D
being equivalent to 0.4 nmol/L. Bars represent least-square means (with whisker for standard error)
from mUltivariable linear regression models. Models were adjusted for age, sex, MVPA, smoking
status (non, past, and current smoker) and LMI. 25(OH)D, 25-hydroxyvitamin D; LMI, lean mass index;
MVPA, moderate to vigorous physical activity (min/day).

Table 3. Parameters of glucose metabolism by 25-hydroxyvitamin D [ng/mL] quartiles (Q1–Q4) for
total participants.

Parameter Q1 (4.7–17.5) Q2 (17.6–26.0) Q3 (26.1–34.8) Q4 (34.9–62.5)

Fasting glucose [mmol/L] (n = 63) (n = 66) (n = 64) (n = 67)
LSM (95% CI) 5.46 (5.17, 5.75) a 5.47 (5.21,5.74) a 5.76 (5.48, 6.05) a 5.54 (5.28, 5.81) a

p † Ref 1.00 0.36 0.97
poverall

‡ 0.31
ptrend linear 0.44

Fasting insulin [mU/L] (n = 66) (n = 69) (n = 66) (n = 56)
LSM (95% CI) 7.40 (5.57, 9.23) a 8.21 (6.49, 9.93) a 8.33 (6.51, 10.16) a 5.64 (3.93, 7.35) a

p † Ref 0.90 0.86 0.48
poverall

‡ 0.09
ptrend linear 0.13

Beta cell function [HOMA2%B] (n = 63) (n = 66) (n = 63) (n = 64)
LSM (95% CI) 70.6 (60.7, 80.5) ab 77.9 (68.7, 87.1) a 69.8 (60.0, 79.5) ab 59.6 (50.5, 68.7) b

p † Ref 0.65 1.00 0.34
poverall

‡ 0.04
ptrend linear 0.03

Insulin sensitivity [HOMA2%S] (n = 63) (n = 66) (n = 63) (n = 64)
LSM (95% CI) 170.7 (141.1, 200.2) ab 152.8 (125.4, 180.2) a 192.6 (163.5, 221.8) ab 215.3 (188.2, 242.5) b

p † Ref 0.78 0.66 0.10
poverall

‡ 0.01
ptrend linear 0.004

Data (n = 260 for fasting glucose; n = 266 for fasting insulin; n = 256 for all HOMA2 values) are LSM (95%
CI) from mUltivariable linear regression models. Models were adjusted for age, sex, MVPA, smoking status
(non, past, and current smoker) and body mass index. p for a linear trend across the serum 25(OH)D quartiles
was calculated from linear regression models using the median values of individual 25(OH)D quartiles as a
continuous variable. LSM with different superscript letters (a b) are significantly different from each other. p values
are two-sided. Statistical significance is set at p < 0.05. 1 ng/mL 25-hydroxyvitamin D being equivalent to
0.4 nmol/L. Abbreviations: Q1–Q4, quartiles of serum 25-hydroxyvitamin D concentration [ng/mL], 25(OH)D,
25-hydroxyvitamin D; LSM, least-square means; MVPA, moderate to vigorous physical activity (min/d); HOMA,
homeostatic model assessment. Ref, reference quartile with each p-value referring to this quartile. † p value for
the difference between two 25(OH)D quartiles with the first quartile being the reference. ‡ p value for the overall
differences among all 25(OH)D quartiles.

For beta cell function (Table 3, Figure 2), adjusting for age, sex, smoking status, BMI, and physical
activity, participants in the second serum 25(OH)D quartile had a higher HOMA2%B (77.9% vs. 59.6%;
p = 0.02) compared with participants in the highest serum 25(OH)D quartile, with an inverse linear
relationship between 25(OH)D quartiles and HOMA2%B (plinear trend = 0.03).
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Figure 2. Beta cell function (HOMA2%B) by serum 25(OH)D quartiles (n = 256), 1 ng/mL
25-hydroxyvitamin D being equivalent to 0.4 nmol/L. Bars represent least-square means (with
whisker for standard error) from mUltivariable linear regression models. Models were adjusted
for age, sex, MVPA, smoking status (non, past, and current smoker) and body mass index. 25(OH)D,
25-hydroxyvitamin D; MVPA, moderate to vigorous physical activity (min/day).

For insulin sensitivity (Table 3, Figure 3), adjusting for age, sex, smoking status, BMI, and physical
activity, HOMA2%S of participants in the second serum 25(OH)D quartile was lower (152.8% vs.
215.3%; p = 0.005) compared with participants in the highest quartile. Moreover, HOMA2%S increased
with higher quartiles of serum 25(OH)D (plinear trend = 0.004).

For insulin resistance, adjusting for age, sex, smoking status, BMI, and physical activity,
HOMA2-IR did not differ significantly between serum 25(OH)D quartiles.
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Figure 3. Insulin sensitivity (HOMA2%S) by serum 25(OH)D quartiles (n = 256), 1 ng/mL
25-hydroxyvitamin D being equivalent to 0.4 nmol/L. Bars represent least-square means (with
whisker for standard error) from mUltivariable linear regression models. Models were adjusted
for age, sex, MVPA, smoking status (non, past, and current smoker) and body mass index. 25(OH)D,
25-hydroxyvitamin D; MVPA, moderate to vigorous physical activity (min/day).

3.5. Serum 25(OH)D Status and Prevalence of Insulin Resistance and Diabetes

For insulin resistance (Table 4), in unadjusted analysis, the prevalence differed significantly
between serum 25(OH)D quartiles (p = 0.05). Notably, in the lowest serum 25(OH)D quartile, prevalence
of insulin resistance was 3.8 times higher than in the highest 25(OH)D quartile (23.8% vs. 6.3%, p = 0.01).
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Adjusted for age, sex, physical activity, smoking status, and BMI, the prevalence of insulin resistance
did not differ significantly between serum 25(OH)D quartiles overall (p = 0.29). However, notably in
the second serum 25(OH)D quartile, there was a signal that the prevalence of insulin resistance may be
higher than in the highest 25(OH)D quartile (p = 0.06).

For prevalence of diabetes (Table 4), in unadjusted analysis, the prevalence did not differ
significantly between serum 25(OH)D quartiles (p = 0.57).

Table 4. Prevalence of insulin resistance and diabetes by 25-hydroxyvitamin D [ng/mL] quartiles
(Q1–Q4) *.

Q1 (4.7–17.5) Q2 (17.6–26.0) Q3 (26.1–34.8) Q4 (34.9–62.5) Total Participants

Unadjusted model
Insulin resistance (HOMA2 IR ≥ 1.8)

n (%) 15 (23.8) 14 (21.2) 12 (19.0) 4 (6.3) 45
poverall

† 0.05
p ‡ 0.01
p § 0.02

Diabetes (fasting glucose >7.0
mmol/L)

n (%) 3 (4.8) 2 (3.0) 4 (6.3) 1 (1.5) 10
poverall

† 0.57
p ‡ 0.31
p § 0.56

Adjusted model
Insulin resistance (HOMA2 IR ≥ 1.8)

% (95% CI) 9.4 (3.8, 21.2) 14.6 (7.2, 27.1) 11.9 (5.3, 24.4) 4.8 (1.6, 13.7)
poverall

† 0.29
p ‡ 0.29
p § 0.06

Data (n = 256 for HOMA2 IR or n = 260 for diabetes) are n (%) and % (95% CI) for the prevalence of insulin resistance
(HOMA2 IR ≥ 1.8) and diabetes (fasting blood glucose >7.0 mmol/L) by quartiles of serum 25-hydroxyvitamin D
derived from generalized linear models (logit link function) unadjusted and adjusted for age, sex, MVPA, smoking
status (non, past, and current smoker) and body mass index. p values are two-sided and p < 0.05 was considered
statistically significant. 1 ng/mL 25-hydroxyvitamin D being equivalent to 0.4 nmol/L. Abbreviations: Q1–Q4,
quartiles of serum 25-hydroxyvitamin D concentration [ng/mL], MVPA, moderate to vigorous physical activity
(min/day); HOMA, homeostatic model assessment.* For insulin resistance: Q1 (n = 63), Q2 (n = 66), Q3 (n = 63),
Q4 (n = 64); for diabetes: Q1 (n = 63), Q2 (n = 66), Q3 (n = 64), Q4 (n = 67) † p value for the overall difference between
quartiles. ‡ p value for the difference between Q1 and Q4

§ p value for the difference between Q2 and Q4.

4. Discussion

In this cross-sectional, secondary analysis using baseline data of a completed RCT among
271 senior men and women, we found that a higher 25(OH)D status may be associated with lower
body fat mass, higher insulin sensitivity, and better beta cell function, independent of BMI and other
risk factors of diabetes including age, sex, smoking status, and an objective measure of physical
activity. Alternatively, despite our adjustment for BMI, we cannot exclude that weight and fatness may
influence both 25(OH)D level and glucose metabolism. Notably, for mUscle mass, we did not find an
association with 25(OH)D status, possibly because of an extended period of decreased mobility in our
participants due to total knee replacement for severe knee osteoarthritis in our study.

Our result that lower serum 25(OH)D concentration was associated with higher body fat mass
is in line with several other observational studies [8,30–32] among middle-aged and older adults.
By quartiles of 25(OH)D serum concentrations, we documented that fat mass, was highest in the
lowest 25(OH)D quartile (≤17.5 ng/mL) and lowest in the highest 25(OH)D quartile (≥34.9 ng/mL).
Similarly, better insulin sensitivity and beta cell function were associated with the highest serum
25(OH)D quartile (≥34.9 ng/mL). A vitamin D status in the lowest or second quartile for 25(OH)D
status (≤17.6–26.0 ng/mL) was associated with a least desirable glucose metabolism.

To our knowledge, this is the first study to explore the association of 25(OH)D status and glucose
metabolism among relatively healthy European senior adults. Among our study participants, unselected
for their body mass index, we found that in unadjusted analysis, prevalence of insulin resistance
(HOMA2 IR ≥ 1.8) was 3.8-fold higher among participants in the lowest compared with the highest
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25(OH)D quartile. However, after adjustment for age, sex, physical activity, smoking status, and BMI,
this observation only approached statistical significance (p = 0.06). Previous studies performed mostly
among adults between the ages 53 to 75 years, reported an inverse association between blood 25(OH)D
concentration and HOMA IR in men only [33], in both men and women [34–36], or not at all [37,38].
Our findings on prevalence of insulin resistance being lowest in the highest quartile of 25(OH)D status
among men and women (mean age 70.3 years), would fit well with the observed significant association
of better insulin sensitivity, better beta cell function, and lower fat mass with higher 25(OH)D status
in our study participants. The loss of statistical significance after adjusting for potential confounders
could be due to the rather small number (n = 45) of insulin-resistant individuals among our participants,
also preventing our analyses to extend to diabetes prevalence. While our results demonstrate a
relatively consistent association between 25(OH)D status and several components of body composition,
including fat mass and glucose metabolism, the underlying premise that vitamin D status drives body
composition cannot be established due to the cross-sectional study design. Alternatively, a higher
body weight and greater body fatness may influence both 25(OH)D level and glucose metabolism.
In fact, it has been well documented that overweight individuals have lower blood concentration of
25(OH)D than normal-weight individuals [39]. This cannot be explained only by lower vitamin D
intake [40] or less sun exposure among heavier people [41], and probably reflects the larger tissue pool
size over which the metabolite is distributed [42]. Also, it has been hypothesized that vitamin D and
its metabolites are sequestered in fat tissue [43]. We tried to adjust for this concern by including BMI
as an adjustment in our analyses, but still cannot exclude this alternative association.

Contrary to our expectations, we did not find an association between serum 25(OH)D
concentration and mUscle mass, neither among men nor among women. Prior studies largely support
a positive association between higher serum 25(OH)D concentration and better mUscle mass in senior
adults [19,32,44–46], however not consistently so [47]. A possible explanation for missing such an
association in our study may be the fact that our participants had undergone total knee replacement in
the last 6 to 10 weeks prior to assessment. This may have masked an association between 25(OH)D
status and mUscle mass due to extended periods of pain and surgery-related reduced mobility imposed
by their symptomatic knee osteoarthritis.

Our study has several strengths. First, to our knowledge, this is the first study to explore the
association of 25(OH)D status and several components of body composition and glucose metabolism
in a larger sample of relatively healthy European senior adults age 60 years and older. Second,
our findings on fat mass and several key components of glucose metabolism (significant for insulin
sensitivity and beta cell function, and a non-significant signal for insulin resistance) show a consistent
association with 25(OH)D status D. Third, our findings were independent of sex and other key
covariates that may influence body composition, including an objective high-quality measure of
physical activity. Finally, for measurements of fat and mUscle mass, we used DXA, which is considered
the gold standard of these measures.

Our study also has limitations. The cross-sectional study design does not allow to draw causal
relationships as addressed above. Further, our study may not be generalizable to adults younger than
60 years of age or frailer/less healthy older adults, since information on history of chronic diseases
was not gathered. Also, we may have missed an association between mUscle mass and 25(OH)D status
due to the specific selection of participants mentioned above. Finally, the diet of the participants could
have been a considerable confounder. Participants with more fat mass are likely to have a different
diet than those with less fat mass, a factor that we were not able to adjust for.

In summary, our study documents a consistent association between 25(OH)D serum concentration
and several components of body composition and glucose metabolism in relatively healthy senior
adults. A 25(OH)D status in the highest 25(OH)D quartile range (≥ 34.9 ng/mL; range 34.9–62.5) was
associated with lower fat mass, better insulin sensitivity, better beta cell function, and a non-significant
signal of a lower prevalence of insulin resistance. On the other hand, for fat mass, a vitamin D-deficient
state represented by the lowest quartile of 25(OH)D status (≤17.5 ng/mL; range 4.7–17.5), and for
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glucose metabolism, a vitamin D status represented in the lowest or second (17.6–26.0 ng/mL)
quartile of 25(OH)D was associated with the highest fat mass and less advantageous glucose
metabolism, respectively.

In conclusion, our cross-sectional study provides consistent signals that a better 25(OH)D status
may be associated with a healthier glucose metabolism and body composition in relatively healthy
adults age 60 years and older, and independent of BMI and other risk factors for diabetes. Further
validation of our findings is needed in longitudinal studies.
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