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Context: In type 2 diabetes mellitus, fracture risk is increased despite preserved areal bone mineral
density. Although this apparent paradox may in part be explained by insulin resistance affecting
bone structure and/or material properties, few studies have investigated the association between
insulin resistance and bone geometry.

Objective: We aimed to explore this association in a cohort of nondiabetic men at the age of peak
bone mass.

Design, Setting, and Participants: Nine hundred ninety-six nondiabetic men aged 25 to 45 years
were recruited in a cross-sectional, population-based sibling pair study at a university research
center.

Main Outcome Measures: Insulin resistance was evaluated using the homeostasis model assessment
of insulin resistance (HOMA-IR), with insulin and glucose measured from fasting serum samples.
Bone geometry was assessed using peripheral quantitative computed tomography at the distal
radius and the radial and tibial shafts.

Results: In age-, height-, and weight-adjusted analyses, HOMA-IR was inversely associated with
trabecular area at the distal radius and with cortical area, periosteal and endosteal circumference,
and polar strength strain index at the radial and tibial shafts (8 = —0.13, P < 0.001). These
associations remained essentially unchanged after additional adjustment for dual-energy X-ray
absorptiometry—derived body composition, bone turnover markers, muscle size or function
measurements, or adiponectin, leptin, insulin-like growth factor 1, or sex steroid levels.

Conclusion: In this cohort of nondiabetic men at the age of peak bone mass, insulin resistance is
inversely associated with trabecular and cortical bone size. These associations persist after ad-
justment for body composition, muscle size or function, or sex steroid levels, suggesting an independent
effect of insulin resistance on bone geometry. (J Clin Endocrinol Metab 102: 1807-1815, 2017)

he prevalence of type 2 diabetes mellitus (T2DM) has
Treached epidemic proportions. In addition to well-
known microvascular and macrovascular complica-
tions, skeletal fragility is being increasingly recognized as
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another important diabetes-associated condition. Indeed,
despite having a comparable areal bone mineral density
(aBMD) as measured by dual-energy X-ray absorpti-
ometry (DXA), individuals with T2DM present with an

Abbreviations: 25(0H)D, 25-hydroxyvitamin D; aBMD, areal bone mineral density; CSA,
cross-sectional area; CTX, C-terminal telopeptide of type | collagen; CV, coefficient of
variation; DXA, dual-energy X-ray absorptiometry; ECpc, endosteal circumference addi-
tionally adjusted for periosteal circumference; FE2, free estradiol; FT, free testosterone;
HOMA-IR, homeostasis model assessment of insulin resistance; IGF-1, insulin-like growth
factor 1; P1NP, procollagen type 1 N-terminal propeptide; pQCT, peripheral quantitative
computed tomography; PTH, parathyroid hormone; SHBG, sex hormone-binding glob-
ulin; SSlp, polar strength strain index; T2DM, type 2 diabetes mellitus; vBMD, volumetric
bone mineral density; B, regression coefficient.
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up to 1.7-fold increased risk of hip fractures as compared
with nondiabetic subjects (1, 2).

This apparent paradox may in part be explained by
indirect mechanisms, such as an increased risk of falls
due to treatment-induced hypoglycemia and/or to diabetic
retinopathy and neuropathy. Additionally, T2DM is of-
ten accompanied by obesity and excess body fat, which
not only lead to higher impact forces during a fall, but
also adversely affect bone characteristics (3, 4). Direct
mechanisms may also play a role, as T2DM has been
associated with alterations in bone structure and material
properties, including cortical bone size deficits (5-7),
higher cortical porosity (8-10), and compromised bone
material strength (11). The pathophysiology underlying
these structural and qualitative deficits remains incom-
pletely understood. Diabetes-associated hyperglycemia,
leading to the accumulation of advanced glycation end
products, has been suggested to exert negative effects on
bone metabolism and may be responsible for alterations
of the bone material properties during the course of the
disease. Nonetheless, the role of an adequate glycemic
control in the prevention of diabetic bone fragility re-
mains controversial (12). Alternatively, decreased bone
strength may develop early as a consequence of the
pathophysiology underlying T2DM, which is charac-
terized by insulin resistance. Indeed, an inverse associa-
tion of fasting insulin levels with periosteal circumference
at the tibia has been reported in healthy adolescents (13),
whereas insulin resistance [expressed as the homeostasis
model assessment of insulin resistance (HOMA-IR)]
correlated inversely with periosteal and endosteal cir-
cumference but positively with cortical thickness and
trabecular microarchitecture at the ultradistal radius and
tibia in nondiabetic postmenopausal women (14). Until
now, our understanding of the mechanisms underlying
these findings remains limited, and no studies have in-
vestigated this in adult men. The present study therefore
aims to examine the associations of insulin resistance
with bone geometry in a cohort of nondiabetic men at the
age of peak bone mass. We hypothesized that (1) insulin
resistance would be inversely associated with cortical
bone size, and that (2) this association would be in-
dependent of body composition, muscle size or mechanical
function, or sex steroid levels, suggesting a direct effect of
insulin resistance on cortical bone accrual.

Subjects and Methods

Study design and population

This study is part of a population-based study designed to
investigate determinants of peak bone mass in men, focusing on
general lifestyle, sex hormone status, body composition, and
genetic background (SIBLOS study). The detailed study design
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has previously been described (15). Briefly, 1114 apparently
healthy men aged 25 to 45 years, who had a brother within the
same age range also willing to participate, were recruited from
the population registries of the semirural to urban communities
around Ghent, Belgium, between March 2002 and July 2010.
All participants completed questionnaires about medical his-
tory, medication use, education, smoking, and calcium intake.
Physical activity was scored using the questionnaire as proposed
by Baecke et al. (16). Participants were screened for the presence
of diabetes based on fasting glucose levels and medication use,
but no participants were on antidiabetic drugs or had fasting
glucose levels = 7 mmol/L. After implementation of the ex-
clusion criteria, including illnesses or medication use affecting
body composition, sex hormone status, or bone metabolism,
1001 men were included in the study cohort. Five participants
with nonfasting serum samples were additionally excluded from
the present study, leaving a study sample of 996 men. The study
protocol was approved by the Ethical Committee of the Ghent
University Hospital, and written informed consent was ob-
tained from all participants.

Biochemical measurements

Venous blood samples were obtained between 8:00 and
10:00 AM after an overnight fast. Serum samples were stored
at —80°C until batch analysis. Commercial assays were used to
determine serum levels of glucose (hexokinase method), insulin
(Roche Diagnostics, Mannheim, Germany), leptin (Linco Re-
search, St. Louis, MO), adiponectin (BioVendor, Brno, Czech
Republic), insulin-like growth factor 1 (IGF-1; Diagnostic
System Laboratories, Webster, TX and Cisbio Bioassays,
Codolet, France), and sex hormone-binding globulin (SHBG;
Orion Diagnostica, Espoo, Finland). C-terminal telopeptide of
type I collagen (CTX), procollagen type 1 N-terminal pro-
peptide (P1NP), N-mid fragment of osteocalcin, and intact
parathyroid hormone (PTH) were measured using an electro-
chemiluminescence immunoassay (Roche Diagnostics, Man-
nheim, Germany). 25-Hydroxyvitamin D [25(OH)D] was
determined after extraction by radioimmunoassay (DiaSorin,
Stillwater, MN). Total testosterone and estradiol were de-
termined using liquid chromatography—tandem mass spec-
trometry (AB Sciex 5500 triple-quadrupole mass spectrometer;
AB Sciex, Toronto, ON, Canada). Free testosterone (FT) and
free estradiol (FE2) were calculated from total testosterone,
estradiol, SHBG, and albumin concentrations using a previously
validated equation derived from the law of mass action (17, 18).
Intraassay and interassay coefficients of variation (CVs) were
<10% for all measurements. Insulin resistance was evalu-
ated using HOMA-IR, calculated by multiplying insulin (mU/L)
and glucose levels (mmol/L) and dividing the result by 22.5 (19).
Higher HOMA-IR values indicate higher levels of insulin
resistance.

Areal and volumetric bone mineral density and
bone geometry

aBMD (mg/cm?) was measured at the total body (without
head), lumbar spine, and left proximal femur (total hip region
and femoral neck) using DXA, with a Hologic QDR-4500A
device (software version 11.2.1; Hologic, Bedford, MA). The
CVs for spine and whole-body calibration phantoms were <1%
as calculated from daily and weekly phantom measurements.
Volumetric BMD (vBMD), bone geometry, and estimates of
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bone strength were assessed using a peripheral quantitative
computed tomography (pQCT) device (XCT-2000; Stratec
Medizintechnik, Pforzheim, Germany). Cortical bone param-
eters, including cortical vBMD (mg/cm?®), cortical bone area
(mm?), periosteal circumference (mm), endosteal circumference
(mm), and cortical thickness (mm) were measured at the
dominant lower leg and forearm (tibial and radial shaft, 66 % of
bone length from distal end), with polar strength strain index
(SSIp, mm?>) calculated as previously described (20). Trabecular
bone parameters, including trabecular vBMD (mg/cm®) and
trabecular bone area (mm?) were measured at the nondominant
forearm (distal radius, 4% of bone length from distal end).
Single tomographic slices of 2.0-mm thickness were taken at a
voxel size of 0.800 mm at the tibial and radial shaft and 0.590 mm
at the distal radius, with a scan speed of 20 mm/second. Imag-
ing and the calculation of numerical values were performed
using the manufacturer’s software package (version 5.4). Cross-
sectional area (CSA) of the radius or tibia was determined after
detecting the outer bone contour at a threshold of 280 mg/cm?.
At the distal radius, 55% of this cross-sectional bone area
was peeled off to separate trabecular bone from the corti-
cal shell. For determining cortical vBMD, the threshold was
set at 710 mg/cm?®, whereas for trabecular bone it was set at
180 mg/cm?®. Periosteal and endosteal circumferences and
cortical thickness were estimated using a circular ring model.
The CV for the calibration phantom was <1% as calculated
from daily measurements.

Body composition and muscle measurements

Body weight was measured to the nearest 0.1 kg in light
indoor clothing without shoes. Standing height was measured to
the nearest 0.1 cm using a wall-mounted Harpenden stadiometer
(Holtain, Crymych, UK). Whole body soft tissue composition
was measured using DXA; measurements include total body
(minus head) fat and lean mass (kg). Muscle CSA (cm?) was
assessed at the dominant lower leg and forearm (66% of bone
length from distal end) using pQCT, with a threshold below
water equivalent linear attenuation set at 0.22/cm. This threshold
eliminated skin and fat mass with lower linear attenuation in the
cross-sectional slice. From the remaining area, bone area was
subtracted, showing the muscle at its maximum CSA. Isokinetic
peak torque of the biceps and quadriceps muscle (Nm) was
assessed at the dominant limb, using an isokinetic dynamometer
(Biodex, New York, NY) at a preset constant angular velocity of
60°/second. Grip strength (kg) was measured at the dominant
hand using an adjustable hand-held standard grip device
(JAMAR hand dynamometer; Sammons & Preston, Boling-
brook, IL). The CV for grip strength was 4.08% as calculated
from 3 repeated measurements for all participants, with the
highest value used in further analyses. In a subset of participants,
peak jump force (kN) was measured during multiple 1-legged
hopping on the dominant limb, using a Leonardo Mechanograph
ground reaction force platform (software version 4.2; Novotec
Medical, Pforzheim, Germany).

Statistical analysis

Descriptives are expressed as mean * standard deviation or
median (25th to 75th percentile) when criteria for normality
were not fulfilled. Skewed variables (HOMA-IR, bone turn-
over markers, leptin, and adiponectin) were log transformed
in subsequent linear models. Cross-sectional associations were
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evaluated using linear mixed-effects modeling, with family number
as a random effect and other predictor variables as fixed effects,
taking the interdependence of measurements within families into
account. A variance components residual correlation structure was
used for random effects, and missing data were deleted listwise.
Continuous variables were standardized to obtain standardized
regression coefficients (8). Parameters of fixed effects were esti-
mated using maximum likelihood estimation and reported as
standardized B with their respective 95% confidence intervals.
Unless stated otherwise, analyses were adjusted for age, height, and
weight. To further explore whether the observed associations of
HOMA-IR with bone geometry were independent of body
composition, analyses were repeated with adjustment for total
body lean and total body fat mass instead of weight. To explore
whether the associations of HOMA-IR with bone geometry were
independent of other metabolic parameters (leptin, adiponectin,
IGF-1, or SHBG levels), muscle size or function, sex steroid levels,
or bone turnover, these variables were alternately forced into the
age-, height-, and weight-adjusted models. Analyses including
endosteal circumference were additionally adjusted for periosteal
circumference to provide an estimate of endosteal expansion in-
dependently of periosteal apposition (ECpc). Associations were
considered statistically significant at P < 0.05; all P values were
2-tailed. No adjustments were applied for multiple testing. All
analyses were performed using SPSS version 23.0 (IBM,
Armonk, NY).

Results

Characteristics of the study population

The study sample comprised 415 brother pairs, 89
singleton participants, 23 triplets, and 2 sets of 4 brothers.
Their general characteristics, body composition and muscle
parameters, and biochemical measurements are summa-
rized in Table 1. Most participants (54.5%) had a normal
body mass index, 37.3% were overweight, and 8.1% were
obese. Mean relative body fat and lean mass were 19.6% =+
54% and 76.9% = 5.1%, respectively. Based on a
HOMA-IR cut-off value of 2.17, which was recently pro-
posed as the optimal cut-off value to predict incident T2DM
in men (21), 198 participants (20.0%) would be defined as
insulin resistant. Parameters reflecting bone geometry and
strength are displayed in Table 2. The associations of body
composition and muscle parameters with bone geometry in
this population have previously been described (3, 15).

Associations of insulin resistance with bone
geometry and strength

The associations of HOMA-IR with parameters
reflecting bone geometry and strength are shown in
Table 3. In age-, height-, and weight-adjusted analyses,
HOMA-IR was inversely associated with trabecular area
at the distal radius, with cortical area, periosteal and
endosteal circumferences, and SSIp at both the radial and
tibial shafts, and with cortical thickness at the tibia.
Additionally, positive associations with ECpc were ob-
served at both measurement sites. As compared with
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Table 1. Characteristics of the Study Population
(n = 996)

Table 2. Parameters Reflecting Bone Geometry
and Strength (n = 996)

Mean + Standard
Deviation or Median
(25th-75th percentile)

General characteristics

Age, y 345 55
Height, cm 179.6 = 6.5
Weight, kg 809 = 11.6
Body mass index, kg/m? 25.1 = 3.5

Body composition and muscle
parameters
Total body fat mass, kg

15.4 (11.6-19.8)

Total body lean mass, kg 61.8 = 6.7
Appendicular lean mass, kg 28.1 + 34
Forearm muscle CSA, cm? 451 = 6.0
Lower leg muscle CSA, cm? 82.6 +11.4
Grip strength, kg 52.7 79
Biceps flexion torque, Nm 56.7 = 10.1
Quadriceps extension torque, Nm 200.3 = 42.1
Jump force, kN 23*x04
Biochemical parameters
Fasting glucose, mmol/L 47 = 0.5

Fasting insulin, pmol/L

44.0 (31.1-62.8)

HOMA-IR 1.35(0.91-1.93)
Leptin, pg/L 4.1(2.6-6.9)

Adiponectin, mg/L 8.3 (6.3-10.8)

IGF-1, ng/mL 346.7 = 120.5
Osteocalcin, pg/L 21.8 (18.5-26.4)
P1NP, wg/L 50.8 (41.8-63.8)
CTX, pg/L 0.41 (0.31-0.52)
PTH, ng/L 33.4 (26.8-41.9)
25(0OH)D, ng/mL 18.7 (14.2-23.9)

Data on jump force were available in 177 participants.

noninsulin-resistant men, insulin-resistant subjects pre-
sented with a smaller trabecular area at the distal radius,
a smaller cortical thickness and increased endosteal ex-
pansion at the radial shaft, and a smaller cortical area,
smaller periosteal and endosteal circumferences, and lower
bone strength at both the radial and tibial shafts (Fig. 1).

HOMA-IR correlated inversely with 25(OH)D levels
and the bone turnover markers osteocalcin, PINP, and
CTX in unadjusted analyses (8 = —0.17, P < 0.001; 8 =
—0.13,P < 0.001; 8= —0.13, P < 0.001,and 8 = —0.10,
P =0.001), whereas a positive correlation was found with
PTH (8 = 0.15, P < 0.001). Except for the association
with 25(OH)D, these associations however lost signifi-
cance after adjustment for age, height, and weight. The
previously described associations of HOMA-IR with
bone geometry were unaffected when the bone markers
were introduced into the statistical models (data not
shown).

Possible confounders
After adjustment for lean and fat mass instead of
weight, the inverse associations of HOMA-IR with

Radius Tibia
Trabecular area, mm? 185.6 * 25.6 —
Cortical area, mm? 100.7 = 13.5 364.9 = 46.8
Cortical thickness, mm 2.47 = 0.33 450 = 0.55

Periosteal circumference, mm 48.8 = 3.9 954 *+ 6.1
Endosteal circumference, mm 33.2 + 4.7 67.1 £6.9
SSIp, mm? 397.4 = 81.8 3016.7 = 523.2

Data are mean = standard deviation.

trabecular area, cortical area, periosteal and endosteal
circumferences, and SSIp remained significant (Table 3).
With the exception of a weak inverse interaction between
HOMA-IR and fat mass for SSIp at the radius (P = 0.020),
we observed no interactions between HOMA-IR and fat
or lean mass.

As shown in Table 4, the associations of HOMA-IR
with trabecular and cortical bone geometry were un-
changed when analyses were adjusted for physical ac-
tivity, muscle torque, or grip strength. Adjustment for
lean mass or muscle CSA attenuated the association of
HOMA-IR with cortical thickness at the tibia, without
affecting other associations. After adjustment for jump
force, in the subgroup of 177 participants for whom these
data were available, the inverse associations of HOMA-
IR with periosteal and endosteal circumferences and SSIp
at the tibia remained significant, whereas associations
with cortical area and ECpc were attenuated. An inverse
interaction between HOMA-IR and leg lean mass was
observed for cortical area at the tibia (suggesting a
weaker association between lean mass and cortical area
in subjects with higher HOMA-IR values; P = 0.022),
whereas a positive interaction was observed between
HOMA-IR and jump force for periosteal circumference
at the tibia (P = 0.017).

HOMA-IR correlated positively with IGF-1 and
leptin (8 = 0.09 and 8 = 0.59, both P < 0.001; un-
adjusted analyses) and inversely with adiponectin and
SHBG (B8 = —0.26 and 8 = —0.37, both P < 0.001).
Furthermore, HOMA-IR correlated inversely with FT
(B =-0.09, P =0.003) and positively with FE2 levels
(B = 0.08, P = 0.007). The observed associations of
HOMA-IR with bone geometry were unaltered after
additional adjustment for adiponectin, IGF-1, SHBG,
or FT and FE2 levels (data not shown). After adjust-
ment for leptin, the associations of HOMA-IR with
endosteal circumference at the radius, with cortical
thickness at the tibia, and with ECp¢ at both the radius
and the tibia were attenuated, whereas other associ-
ations remained significant (8 = —0.08, P = 0.025 for
trabecular area; 8 = —0.08, P = 0.023 for endosteal
circumference at the tibia; 8 = —0.07, P = 0.037 for
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Table 3. Associations of HOMA-IR With Parameters Reflecting Bone Geometry and Strength
Radius Tibia
Model 1 Model 2 Model 1 Model 2
B (95% CI) P B (95% C1) P B (95% CI) P B (95% CI) P

Trabecular area —0.17 (-0.23;-0.10) <0.001 —0.09 (—0.16;—0.03) 0.006 — —

Cortical area -0.19(-0.26;-0.13) <0.001 —0.09 (-0.15;—-0.03) 0.006 —0.19(-0.25;-0.13) <0.001 —0.08 (-0.14;-0.02) 0.005
Cortical thickness —0.07 (=0.14,0.003) 0.059 —0.02 (—0.09;0.05) 0.611 —0.09 (-0.16;-0.02) 0.010 —0.02 (—0.08;0.05) 0.645
Periosteal circumference  —0.20 (=0.27;-0.14)  <0.001 -0.11(-0.18;-0.15)  0.001 —0.20 (-0.26;,—-0.15) <0.001 —0.12 (=0.18;-0.07) <0.001
Endosteal circumference  —0.14 (-0.21;-0.07)  <0.001 —0.09 (-0.16;,-0.01) 0.018 —0.13(-0.20;—-0.07) <0.001 —0.10(=0.16;,—0.03) 0.004
ECpc 0.05 (0.02;0.08) 0.001 0.02 (—0.006;0.05) 0.119 0.06 (0.03;0.10) 0.001 0.03 (—0.008;0.06) 0.139
SSlp —0.21(-0.28;-0.15) <0.001 -0.10(-0.16;-0.04) 0.002 —0.21(-0.27;,-0.16) <0.001 —0.11(-0.16;—-0.06) <0.001

Model 1: model including HOMA-IR and age, height, and weight as predictors. Model 2: model including HOMA-IR and age, height, and total body lean

and fat mass as predictors.

Abbreviation: Cl, confidence interval.

cortical area at radius and tibia; 8 = —0.08, P < 0.034 for
periosteal circumference at radius and tibia; 8 = —0.08,
P = 0.020 for SSIp at radius and tibia). Inverse in-
teractions between leptin and HOMA-IR (indicating
stronger associations between HOMA-IR and bone ge-
ometry in subjects with higher leptin levels) were ob-
served for trabecular area (P = 0.024), for cortical area

and endosteal circumference at the radius (P = 0.001 and
P =0.022), and for periosteal circumference and SSIp at
the radius (P = 0.001 and P < 0.001) and tibia (P = 0.041
and P = 0.028).

HOMA-IR was not associated with smoking status
[categorized as never (n = 568), former (n = 214), or
current (n = 214) smoker; P = 0.857), and the observed

RADIUS (4%)
Trabecular area I © 1 p=0.014
RADIUS (66%)
Cortical area —_— p <0.001
Periosteal circumference ——a—- p<0.001
Endosteal circumference k © | p=0.023
ECpc —e— p=0.003
Cortical thickness ! © { p=0.048
SSip I S i p<0.001
TIBIA (66%)
Cortical area a1 p =0.005
Periosteal circumference —e— p<0.001
Endosteal circumference A p<0.001
ECpc H—&—1 p=0.188
Cortical thickness —-x—71— p=0.359
SSip I < | p <0.001
T T
-10 -5 0

Age, height and weight-adjusted % mean difference with 95% CI

Figure 1. Age-, height-, and weight-adjusted relative differences in bone geometry and strength in insulin-resistant (HOMA-IR = 2.17) vs

noninsulin-resistant (HOMA-IR < 2.17) men.
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Table 4. Associations of HOMA-IR With Parameters Reflecting Bone Geometry and Strength, Adjusted for
Muscle Measurements or Physical Activity

Arm Lean
Mass-Adjusted
(95% ClI)

Forearm Muscle
CSA-Adjusted B
(95% ClI)

Grip
Strength-Adjusted
B (95% CI)

Biceps
Torque-Adjusted
B (95% CI)

Physical
Activity—Adjusted
B (95% CI)

Radius

Trabecular area

Cortical area

Cortical thickness

Periosteal
circumference

Endosteal
circumference

ECpc

SSlp

Tibia

Cortical area

Cortical thickness

Periosteal
circumference

Endosteal
circumference

ECpc

SSlp

-0.11 (-0.18; =0.05y
-0.10 (-0.17; —=0.04y
~0.009 (-0.08; 0.07)
-0.15 (-0.22; —-0.08)°

-0.12 (-0.20; -0.05y
0.03 (-0.006; 0.06)
-0.12 (-0.19; -0.06)°

Leg Lean
Mass-Adjusted
B (95% 1)

-0.13 (-0.19; —-0.06)°
-0.14 (-0.20; —0.08)°

-0.05 (-0.12; 0.02)
-0.15 (-0.22; =0.09)°

-0.11 (-0.18; -0.04)°

0.04 (0.01; 0.07)?
-0.16 (-0.22; =0.10)°

Lower Leg

Muscle CSA-Adjusted

B (95% Cl)

-0.14 (-0.20; -0.08)°
-0.16 (-0.22; —=0.10)°

-0.05 (-0.12; 0.02)
-0.18 (-0.24; =0.11)°

-0.12 (-0.19; -0.05)
0.05 (0.02; 0.08)?
-0.18 (-0.24; —-0.12)°

Jump
Force-Adjusted
B (95% Cl)

-0.15 (-0.22; —-0.08)°
-0.16 (-0.22; —=0.09)°
-0.05 (-0.12; 0.02)
-0.18 (-0.24; -0.11)°

-0.12 (-0.20; -0.05y
0.05 (0.02; 0.08)?
-0.18 (-0.24; —-0.12)°

Quadriceps
Torque-Adjusted
B (95% Cl)

-0.15 (-0.21; —=0.08)°
-0.17 (-0.24; -0.10)°

-0.06 (-0.13; 0.01)
-0.18 (-0.25; =0.11)°

-0.12 (-0.20; -0.05)?
0.05 (0.02; 0.08)
-0.19 (-0.25; —=0.12)°
Physical

Activity—Adjusted
B (95% CI)

-0.10 (-0.16; -0.04)°
-0.04 (-0.11; 0.03)

-0.12 (-0.18; =0.07)°
-0.09 (-0.16; —0.02)°

0.04 (0.002; 0.07)°
-0.12 (-0.18; =0.07)°

-0.15 (-0.20; —0.09)°
-0.06 (-0.12; 0.01)

-0.18 (-0.23; -0.12)°
-0.13 (-0.19; -0.06)°

0.05 (0.01; 0.08)?
-0.18 (-0.23; -0.12)°

-0.09 (-0.25; 0.07)
0.05 (-0.12; 0.23)

-0.26 (-0.43; -0.10y°
-0.24 (-0.42; -0.06y°

-0.008 (-0.10; 0.08)
-0.20 (-0.35; -0.05)°

-0.18 (-0.24; —-0.12)°
-0.09 (-0.16; —0.02)

-0.19 (-0.25; -0.13)°
-0.12 (-0.19; —0.06)°

0.06 (0.02; 0.09)?
-0.21(-0.27; -0.15)°

-0.17 (-0.23; =0.11)°
-0.08 (-0.15; —0.01)°

-0.19 (-0.25; -0.13)°
-0.13 (-0.19; -0.06)°

0.06 (0.02; 0.09)?
-0.20 (-0.25; —0.14)°

Models are additionally adjusted for age, height, and weight. Data on jump force were available in 177 participants.

Abbreviation: Cl, confidence interval.
P < 0.01.

bp < 0.001.

‘P < 0.05.

associations of HOMA-IR with bone geometry were
unchanged after adjustment for smoking status.

Associations of insulin resistance with areal and
volumetric BMD

In age-, height-, and weight-adjusted analyses, HOMA-
IR was inversely associated with aBMD at the total body
(B =-0.16, P < 0.001), spine (8 = —0.10, P = 0.002), total
hip (8 = —0.12, P < 0.001), and femoral neck (8 = —0.13,
P < 0.001); however, these associations lost significance
after adjustment for body composition. Furthermore, no
associations were observed between HOMA-IR and trabe-
cular or cortical vBMD.

Discussion

In the present study, we investigated the associations of
insulin resistance with bone geometry in nondiabetic men
at the age of peak bone mass. Our results indicate that
insulin resistance is inversely associated with trabecular
and cortical bone size as well as with cortical bone
strength, as reflected by inverse associations of HOMA-
IR with trabecular area, cortical area, periosteal and
endosteal circumferences, and SSIp. These associations
persist after adjustment for potential confounders,

including body composition, muscle size or function, and
adiponectin, leptin, IGF-1, SHBG, or sex steroid levels,
suggesting an independent adverse effect of insulin resis-
tance on bone size and strength.

Our data corroborate the few other studies in-
vestigating the associations of insulin resistance with
bone geometry. Inverse associations of HOMA-IR with
periosteal and endosteal circumferences at the ultradistal
radius and tibia have been reported in nondiabetic
postmenopausal women (14), whereas fasting insulin
levels were inversely associated with midtibial periosteal
circumference and SSI in adolescents (13), and with
midtibial total and cortical bone area and SSI in older
adult men (22). Our findings are moreover largely in
agreement with the existing literature on bone geometry
in T2DM, with 2 pQCT studies reporting a smaller bone
area at the distal and midshaft radius and tibia in in-
dividuals with vs without T2DM (5, 6). Studies using
high-resolution pQCT at ultradistal sites have been more
conflicting, with 1 study describing a smaller cortical area
at the tibia (7) whereas others found no bone size dif-
ferences (8, 10). However, these high-resolution pQCT
studies are limited by very small sample sizes.

Several indirect mechanisms may underlie the inverse
association between insulin resistance and bone size.
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First, excess body fat is associated with a more un-
favorable bone geometry (3, 23-26), at least when muscle
parameters are taken into account. This might be ex-
plained by an altered adipokine secretion pattern and
increased secretion of inflammatory cytokines, increased
PTH and reduced 25(OH)D levels, a disturbed sex steroid
profile, and/or a lower bone turnover, all of which are
also associated with insulin resistance. However, in line
with the findings of Sayers et al. (13), we demonstrated
that the associations between HOMA-IR and bone ge-
ometry remained significant after adjustment for fat
mass, although correlations were somewhat weaker in
body composition— as compared with weight-adjusted
models. Similar results were observed after adjustment
for leptin, whereas adjustment for adiponectin, PTH or
25(OH)D levels, bone turnover markers, SHBG, or sex
steroid levels did not affect the associations between
insulin resistance and bone geometry. Thus, insulin re-
sistance may exert its effects on bone at least in part
independently of fat mass or adiposity-associated path-
ways. Moreover, we observed inverse interactions be-
tween HOMA-IR and leptin for several bone size
measurements, indicating that the adverse effects of in-
sulin resistance on bone geometry may even be aggra-
vated in the presence of high leptin concentrations or
vice versa.

Second, bone geometry is strongly dependent on
mechanical load-induced strains, which primarily result
from regional muscle contractions and for which muscle
size and function measurements are common surrogates
(15, 27-30). Even in nondiabetic subjects, muscle size
and function are inversely associated with insulin re-
sistance (31-33), so bone size deficits associated with
insulin resistance could result from reduced strains.
Furthermore, insulin resistance might modulate the
muscle-bone relationship through downregulation of
the anabolic effects of IGF-1 exposure in muscle tissue,
as suggested in a cohort of prepubertal girls (34). In our
study, adjustment for physical activity or muscle func-
tion, but not IGF-1, had a limited effect on the associ-
ations between insulin resistance and bone geometry.
However, an inverse interaction between HOMA-IR
and leg lean mass was observed for tibial cortical area,
suggesting that the positive effects of muscle on bone
geometry might be attenuated with increasing levels of
insulin resistance. Thus, modulation of the muscle-bone
relationship may play a role in explaining the relationship
between insulin resistance and bone geometry at weight-
bearing sites, underscoring the importance of physical
activity in insulin-resistant subjects not only for general
health, but also for bone health.

Other putative indirect mechanisms whereby insulin
resistance may affect bone geometry involve a suggested
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role of hyperinsulinemia in bone ageing (35, 36), and
reduced blood flow to the bone tissue, which in turn
adversely affects bone remodeling (37).

Impaired insulin signaling may also have direct effects
on bone metabolism. Although the exact role of insulin in
skeletal development remains incompletely understood, it
has been shown that osteoblast-specific disruption of the
insulin receptor leads to impaired osteoblast differenti-
ation and reduced trabecular bone formation (38, 39).
Moreover, experimental studies indicated that similar to
skeletal muscle, hepatic, and adipose tissue, insulin re-
sistance can develop in bone tissue, and that this com-
promised insulin signaling is associated with decreased
bone remodeling (40). In our study, we indeed observed
inverse correlations between insulin resistance and bone
turnover markers, although they were not independent of
body weight, and the associations between insulin re-
sistance and bone geometry remained significant after
adjustment for bone turnover. Future research is needed
to elucidate whether insulin resistance exists in human
bone and, if so, how it affects bone acquisition.

Our findings relate to a relatively young population,
but if confirmed and prolonged over time, the adverse
effects of insulin resistance on cortical bone geometry
might impair future bone strength, which could in part
explain the increased fracture risk observed in individuals
with T2DM. Furthermore, our study supports the as-
sumption that rather than being a late complication of
T2DM and its associated chronic hyperglycemia, diabetic
bone fragility may develop as an early consequence of its
underlying pathophysiology. Given the cross-sectional
design of this study, however, we acknowledge that
rather than reflecting an ongoing phenomenon, the ob-
served association between insulin resistance and bone
geometry might also result from certain predisposing
factors leading to both higher insulin resistance and a
smaller bone size during growth.

A major strength of this study is the well-defined,
population-based sample of adult men. Because all
study subjects were between 25 and 45 years of age, we
assume that they had already reached peak bone mass but
were not yet subjected to major degenerative changes of
the skeletal or the muscular system at the time of the
study. The inclusion of apparently healthy subjects en-
abled us to investigate the effects of insulin resistance on
bone geometry without the potentially confounding ef-
fects of chronic diseases. Participants furthermore un-
derwent extensive phenotypic characterization with
respect to bone geometry as well as possible confounders,
using state-of-the-art techniques. An important limitation
is that insulin sensitivity was not measured using the
hyperinsulinemic-euglycemic clamp technique; however,
HOMA-IR is considered a valid alternative to estimate
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insulin sensitivity in epidemiologic studies and has been
shown to predict incident T2DM (21, 41). No statisti-
cal correction was applied for multiple testing, but the
reported associations were robust and internally co-
herent. Obviously, the cross-sectional design does not
allow drawing conclusions about causality. As our study
population only includes male subjects, the results of this
study cannot be readily extrapolated to women, and
future research is needed to assess whether insulin re-
sistance also affects peak bone mass in women.

In conclusion, this study showed that in nondiabetic men
at the age of peak bone mass, insulin resistance is inversely
associated with trabecular as well as cortical bone size. These
associations persist after adjustment for body composition,
muscle size or function, and sex steroid levels, suggesting an
independent effect of insulin resistance on bone geometry.
Our findings support the hypothesis that adverse effects of
insulin resistance on bone geometry contribute to the in-
creased fracture incidence associated with T2DM, as well as
the assumption that rather than being a late complication of
T2DM, diabetic bone fragility may develop as an early
consequence of its underlying pathophysiology.
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