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Abstract

Context: Insulin-like growth factor-1 (IGF-1) is involved in the growth of muscle and bone
mass and contributes to glucose homeostasis. The offspring of mothers with diabetes
during pregnancy have an increased risk of insulin resistance (IR).

Objective: We hypothesized that bone mass was decreased in the offspring of mothers
with type 1 diabetes (T1D), and that the IGF-1-bone mass relationship would be negatively
influenced by IR.
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Design: Data from the Epigenetic, Genetic and Environmental Effects on Growth,
Metabolism and Cognitive Functions in Offspring of Women with Type 1 Diabetes
(EPICOM) study performed from 2012 to 2013 were included.

Setting: This work is a follow-up study of a nationwide register study.

Patients: A total of 278 adolescent index offspring whose mothers had T1D and
303 matched controls were studied.

Main Outcome Measure: Bone mineral content (BMC) determined by a dual-energy
x-ray absorptiometry scan and the interaction with IGF-1 and insulin sensitivity were
measured.

Results: There was no difference in BMC, bone mineral density, height (SD score [SDS]),
or BMC/height between index and control offspring. IGF-1 (SDS) did not differ between
the groups but insulin-like growth factor-binding protein 3 (SDS) was higher in index
boys compared to controls (B=.31 [95% CI, 0.06-0.57], P=.02). The statistical path
analysis showed that IGF-1 predicted BMC/height (B =.24 [95% CI, 0.02-0.45], P=.03),
but lean mass was a mediator of this. IGF-1 and the homeostatic model assessment of IR
were positively associated (B =.75[95% CI, 0.37-1.12], P < .001).There was no moderating
effect of the interaction between IR and IGF-1 on lean mass in the entire cohort (B =.005
[95% CI, -0.03 to 0.04], P=.81) or when analyzing index cases and controls separately.
Conclusion: We found that lean mass was an intermediary factor in the IGF-1-bone mass
relationship in a large cohort of adolescents, and this relationship was not moderated

by IR.

Freeform/Key Words: insulin-like growth factor-1 (IGF-1), insulin sensitivity, bone mineral content

Fluctuation of insulin sensitivity occurs during pubertal
development reflecting the interplay between insulin me-
tabolism, the growth hormone/insulin-like growth factor-1
(GH/IGF-1) axis, and sex steroids. Insulin sensitivity de-
creases before physical signs of puberty and before in-
creases in sex steroid levels are detectable (1). The decrease
in insulin sensitivity may partly be explained by increasing
adiposity before puberty but also by the physiological acti-
vation of the GH/IGF-1 axis, which contributes to a relative
insulin resistance (1). IGF-1 levels increase through child-
hood with a steep incline during puberty until Tanner stage
4 is reached and decreases in Tanner stage 5 at the end of
puberty (2). Changes in insulin sensitivity and IGF-1 con-
centrations during puberty follow the same pattern with a
peak in midpuberty (2, 3).

IGF-1 is an important hormone for childhood growth
involved in development, regulation, and cell proliferation
of skeletal muscle and bone mass (4, 5). There is substan-
tial evidence that IGF-1 plays an important role in osteo-
blast and osteoclast cell proliferation (6-8). However, it has
also been suggested that IGF-1 promotes bone growth in-
directly by the effect on skeletal muscle via the increased
mechanical load to which the bone adapts its structure and
mass. A study of transgenic mice that overexpressed IGF-1
in muscle found that the increased muscle mass was asso-
ciated with increased cortical bone (9). Human studies of a
longitudinal cohort of 258 girls followed through puberty

found that IGF-1 was indirectly associated with bone mass
accrual measured by peripheral quantitative computed
tomography (pQCT) through stimulating muscle growth
(10), and similarly Kindler et al concluded that lean mass
was an intermediary factor in the IGF-1 bone relationship
in 9- to 11-year-old girls (11).

Increasing evidence suggests that IGF-1 plays an im-
portant role in glucose metabolism (12). IGF-1 and insulin
receptors share some homology and downstream signaling
pathways, and insulin resistance may therefore have adverse
effects on IGF-1-dependent processes. Studies have shown
that obesity and increased insulin resistance during puberty
may have a negative impact on bone mass and density
in children (13-17). Insulin resistance has been proposed
to be followed by “IGF-1 resistance” (18) and thereby it
could be hypothesized that bone development is comprom-
ised both directly by the decreased proliferative effect of
IGF-1 on osteoblasts (6) and also indirectly via suboptimal
IGF-1-dependent muscle development in insulin-resistant
children. One former study evaluated bone mass in the off-
spring of mothers with type 1 diabetes (T1D), who had
a less favorable metabolic profile than controls, but they
found no difference in areal bone mineral density (BMD)
or volumetric BMD between offspring and controls (19).

The aim of the present study was to explore the as-
sociation between IGF-1 and bone mineral content for
height (BMC/height) including the mediating effect of
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lean mass and the moderating effect of insulin resistance
in the Epigenetic, Genetic and Environmental Effects on
Growth, Metabolism and Cognitive Functions in Offspring
of Women with Type 1 Diabetes (EPICOM) cohort. In the
EPICOM cohort, we studied 278 index offspring age 13.0
to 20.4 years whose mothers had T1D during pregnancy
and an age-matched control group of 303 adolescents (20,
21). We have previously shown that the index cases had
a less favorable metabolic profile and higher frequency of
prediabetes than the control group. We therefore hypothe-
sized that the index cases would have decreased bone mass
due to lack of the anabolic effect of IGF-1 and insulin on
osteoblast proliferation and that the IGF-1-bone mass
relationship would be negatively influenced by insulin

resistance.

Materials and Methods

A nationwide registry, with data on all pregnancies in
women with T1D in Denmark from 1993 to 1999, was
used to invite the offspring of mothers with T1D to par-
ticipate in a follow-up study during 2012 to 2013. For
the present study only singletons and only the first child
per mother were included and 746 children of women
with T1D (index children) from the original cohort were
eligible for the follow-up examination and invited to par-
ticipate in the study (reported in detail previously [20]).
A total of 278 index offspring and 303 control individ-
uals from the background population were included in
the study. Maternal pregestational or gestational diabetes
was an exclusion criterium in the group of control individ-
uals. The protocol was in accordance with the Declaration
of Helsinki and approved by the local ethics committee
(M-20110239). The study was registered at Clinicaltrials.
gov (ID: NCT01559181).

Clinical examination

The participants were examined in 3 university hospital set-
tings in Denmark (Copenhagen, Odense, and Aarhus) from
April 2012 until October 2013, and the participants had a
mean age of 16.7 years (range, 13.0-20.4 years). Participants
were studied after an overnight fast. Anthropometric meas-
urements (height, weight, and waist circumference) were
performed as previously described (20) and a standard
2-hour oral glucose tolerance test (OGTT) was performed
after collection of fasting blood samples. Height, weight,
and body mass index (BMI) SD scores (SDS) were calcu-
lated using normal Danish reference material (22), and
pubertal development was evaluated by inspection and pal-
pation according to Marshall and Tanner (23, 24).

Total body fat percentage, lean mass, BMC, and BMD
were determined using dual-energy x-ray absorptiometry
(DEXA). The DEXA scans were performed using a GE
Healthcare Lunar Prodigy whole-body scanner (model
DF+350646; GE Medical Systems) in Copenhagen; and a
Hologic whole-body scanner model Discovery A (Odense)
or Discovery W (Aarhus), as previously described (21).
Bone mass increases during puberty mainly because of in-
creased statural growth and thereby increase in bone size
(25). We therefore used the size-adjusted bone mass: BMC
divided by height (g/cm).

Biochemical analyses

Plasma glucose was measured using a hexokinase-glucose-
6-phosphate dehydrogenase assay (Abbott Diagnostics).
Serum insulin was measured by the enzyme-linked im-
munosorbent assay method using dual-monoclonal anti-
bodies (ALPCO Diagnostics). Serum IGF-1 and insulin-like
growth factor-binding protein 3 (IGFBP-3) concentra-
tions were determined by chemiluminescence technology
(Immunodiagnostics Systems [IDS]-iSYS IGF-I and IDS-
iSYS IGFBP-3 assays, IDS Ltd) on the IDS-iSYS Multi-
Discipline automated analyzer (IDS-iSYS). The level of
detection for serum IGF-1 and IGFBP-3 were 10 ng/mL and
80 ng/mL, respectively. None of the measurements of IGF-1
and IGFBP-3 were below the level of detection in this co-
hort. IGF-1 (SDS) and IGFBP-3 (SDS) were calculated using
a normal reference population (unpublished data). Insulin
sensitivity was evaluated by the OGTT-derived model for
assessment of insulin sensitivity index (BIGTT-SI0-30-120)
(26) and the homeostatic model assessment of insulin re-
sistance (HOMA-IR) (27). To assess B-cell function, we cal-
culated the OGTT-derived index of acute insulin response
(BIGTT-AIR-0-30-120) (26).

Statistical analyses

Histograms of all variables were evaluated for outliers and
non-normal distribution. Nonnormal distributions were
corrected by log (HOMA-IR, fat mass, lean mass) trans-
formations. A linear model was fitted for each of the out-
comes with index/control status as an independent variable
reporting the differences between the groups as estimates
with 95% CI and P values. Data were adjusted for sex,
age (excluding SDS indices), and pubertal stage. Log-
transformed data are presented as differences between the
groups given as a percentage.

A path analysis (model 4 mediation as described by
Preacher et al [28]) was performed to determine whether
the significant association between IGF-1 and BMC/height
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was mediated through lean mass. Furthermore, we tested
the moderating effect of HOMA-IR on the lean mass—-me-
diated relationship between IGF-1 and BMC/height. BMC/
height was regressed on lean mass, IGF-1, HOMA-IR, and
IGF-1xHOMA-IR. Lean mass was regressed on IGF-I,
HOMA-IR, and IGF-IxHOMA-IR. Pubertal staging was a
covariate in all analyses. All P values less than .05 were
considered statistically significant, and we used SPSS, ver-
sion 25 (IBM Corp). Path analyses were performed using
the SPSS PROCESS program (28).

Results

The entire cohort consisted of 581 participants (346 fe-
males): 278 index offspring and 303 control offspring.
There was no difference in pubertal staging comparing the
index cases to the controls (Pearson chi-square P = .49), and
90% of the participants were Tanner 4 or 5. BMC/height,
lean mass, IGF-1, and HOMA-IR fluctuated throughout
puberty (Fig. 1). BMC/height and lean mass increased from
Tanner stage 2 to 5 (Fig. 1A), and the boys had higher
BMC/height and lean mass than girls, especially in Tanner
stages 4 and 5 (Fig. 1B). There was no difference for both
sexes in height (SDS), BMC, BMC/height, or BMD between
the index and control offspring adjusted for Tanner stage
(Table 1). As previously shown, we found a higher weight
(SDS), BMI (SDS), fat percentage, and HOMA-IR in the
index group compared to controls (see Table 1), but this
reached significance only among the girls. Insulin resistance
determined by HOMA-IR was stable throughout puberty
both in boys and girls, with a slightly higher HOMA-IR in
girls than in boys (Fig. 1D). Insulin sensitivity determined
by BIGTT-SI and insulin secretion determined by BIGTT-
AIR were also stable throughout puberty for both sexes
(data not shown), and BIGTT-SI was lower in the index
group compared to controls (see Table 1). BIGTT-AIR was
higher among the index cases, but this was significant only
among the girls (see Table 1). Serum IGF-1 concentrations
increased from Tanner 2 to 3 in girls and then declined
during Tanner stages 4 and 5, with lower levels in girls than
in boys (Fig. 1C). The boys had stable IGF-1 levels through
the Tanner stages. IGF-1 (SDS) did not differ between the
groups (see Table 1) but IGFBP-3 (SDS) was higher in index
boys compared to controls (B =.31 [95% CI, 0.06-0.57],
P =.02) (see Table 1). There was no difference in IGF-1
(SDS) and IGFBP-3 (SDS) between index and control girls.

In the path model, adjusting for pubertal stage and sex,
IGF-1 (SDS) predicted lean mass (B =.008 [95% CI, 0.002-
0.01], P = .01) in the entire cohort, which in turn predicted
BMC/height (B=19.6 [95% CI, 16.9-22.3], P <.0001)
(Fig. 2). IGF-1 (SDS) predicted BMC/height adjusted for

pubertal stage (B =.24 [95% CI, 0.02-0.45], P =.03) (see
Fig. 2), but when testing lean mass as a mediator of this
relationship, we found that the indirect effect of IGF-1
(SDS) on BMC/height was no longer significant (B =-.09
(=0.2 to 0.1), P = .60) (see Fig. 2). The path model was per-
formed on the index group and controls separately. The
findings were similar to the findings for the entire cohort
with significant associations between IGF-1 and lean mass
in each group, and in both groups the association between
IGF-1 and BMC/height was mediated by lean mass (data
not shown).

In the entire cohort, serum IGF-1 (SDS) was positively
associated with insulin resistance (HOMA-IR) (B=.75
[95% CI, 0.37-1.12], P <.0001) and negatively associ-
ated with BIGTT-SI-0-30-120 (B =-.06 [95% CI, -0.08 to
-0.03], P <.0001). IGF-1 (SDS) was positively associated
with insulin secretion determined by BIGTT-AIR-0-30-120
(B=.59 [95% CI, 0.15-1.02], P =.009), reflecting that
IGF-1 concentrations are negatively associated with insulin
sensitivity and positively associated with insulin secre-
tion. All analyses were adjusted for pubertal stage and sex.
IGF-1 (SDS) was not associated with fat mass (adjusted for
sex and pubertal stage) (B =.22 [95% CI, -0.15 to 0.07],
P =.32). However, fat mass was associated both with BMC/
height (B = 3.8 [95% CI,2.9-4.7], P < .0001) and lean mass
(B=19.2[95% CI, 16.7-21.7] P < .0001) (adjusted for pu-
bertal stage and sex).

In the entire cohort, HOMA-IR was not significantly
associated with BMC/height (B =-.30 [95% CI, -1.19 to
0.59], P = .51),and the results did not change when dividing
the cohort according to sex. The moderating effect of the
interaction between insulin resistance and IGF-1 (HOMA-
IRxIGF-1) on lean mass was calculated (see Fig. 2). IGF-1
(SDS) and HOMA-IR (B = -.04 [95% CI, —-0.08 to —0.01],
P =.02) were both significantly associated with lean mass,
but the interaction was not significant (B =.008 [95% CI,
-0.02 t0 0.03], P = .60), indicating that moderation was not
present (Table 2). The moderating effect of HOMA-IR re-
mained nonsignificant when dividing the cohort according
to index and controls (data not shown).

Discussion

In this large cohort of offspring of mothers with T1D,
we found no difference in serum IGF-1, bone mass, and
muscle mass compared to controls, whereas fat mass was
significantly increased among female offspring of women
with T1D. In the entire cohort, we found a strong posi-
tive relation between IGF-1 and insulin resistance, but no
effect of insulin resistance on bone mass. In contrast, IGF-1
levels were associated with BMC, and this association was
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Figure 1. The cohort divided according to sex (girls: light gray dots, boys: dark gray dots) and Tanner stages 2 to 5: A, Bone mineral content/height
(g/cm); B, lean mass (kg); C, insulin-like growth factor-1 (IGF-1) concentration (ng/L); and D, homeostatic model assessment of insulin resistance

(HOMA-IR).

mediated by lean mass. In conclusion, lean mass was an
intermediary factor in the IGF-1 bone relationship, which
was not modulated by insulin resistance. Therefore, we can
refute our primary hypothesis that insulin resistance nega-
tively influences the muscle-dependent IGF-I-bone axis in
neither the entire cohort nor when index cases and controls
were analyzed separately.

During pubertal development transient insulin resist-
ance follows the increased activity in the GH/IGF-I axis by
an increase early in puberty, reaching the highest levels at
Tanner stages 3 to 4 and decreasing thereafter (2, 3). The
reduction in insulin sensitivity is more pronounced among
girls, but can only partly be explained by increasing adi-
posity (1). In the present cohort of healthy adolescents, we
found that IGF-1 levels especially among girls peaked at
Tanner 3 and declined thereafter. Insulin resistance deter-
mined by HOMA-IR was stable throughout the pubertal
stages both for boys and girls and did not follow the pattern
of IGF-1. This may reflect that index cases and controls are

both presented in the same figure. Our previous analyses
on metabolism in this cohort showed that the difference in
insulin sensitivity between the index cases and the controls
increased with age (21), which thereby could explain the
lack of decline in insulin resistance at Tanner 5 in the entire
cohort. As reported previously, our cohort of offspring of
mothers with T1D had a higher prevalence of components
included in metabolic syndrome and prediabetes with re-
duced insulin sensitivity and relative insulin secretion defi-
ciency compared with controls (20).

IGF-1 exerts anabolic effects on the skeleton by pro-
moting osteoblastogenesis and inhibiting osteoblast
apoptosis (29), increases osteoclastogenesis (30), bone re-
sorption, and bone remodeling, and is key to acquisition of
bone mass during adolescence (31). In the EPICOM cohort
of adolescents, we found a significant correlation between
IGF-1 and bone mass (BMC/height). However, in the causal
path analysis, we found that this correlation disappeared
when including lean mass, pointing toward lean mass as
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Figure 2. The dotted line represents the direct effect of insulin-like growth factor-1 (IGF-1) on bone mineral content for height (BMC/height) in the
entire cohort. The solid lines represent the model with lean mass as a mediator of the relationship between IGF-1 and BMC/height. Unstandardized
regression coefficients are presented as B (95% CI). All analyses include pubertal stage and sex as covariates. The broken line indicates the effect of
the interaction between IGF-1 and homeostatic model assessment of insulin resistance (HOMA-IR) on lean mass.

Table 2. Linear regression analysis to determine the effect
of interaction between insulin-like growth factor-1 and

homeostatic model assessment of insulin resistance on lean

mass

B (95% CI) SE P
Constant 1.47 (1.42 to 1.52) 0.02 P <.0001
IGF-1, SDS 0.019 (0.01 t0 0.03)  0.004P <.0001
Log HOMA-IR -0.04 (-0.08 to -0.01) 0.02 P =.02

IGF-1 (SDS)xlog HOMA-IR 0.005 (-0.03 to 0.04) 0.02 P=.81

Data are reported as estimates from linear regression (B) with 95% CI, SE,
and P values.

Abbreviations: HOMA-IR, homeostatic model assessment of insulin resist-
ance; IGF-1, insulin-like growth factor-1; SDS, SD score.

an intermediary factor in the IGF-1-bone relationship in
line with former studies (10, 11). A study of girls age 9 to
11 years by Kindler et al found that the HOMA-IR by IGF-1
interaction negatively predicted lean mass, and this moder-
ating effect of HOMA-IR was stronger in participants with
a better insulin sensitivity (HOMA-IR < 4.0) (11). When
testing the moderating effect of the interaction between in-
sulin resistance and IGF-1 on lean mass in the EPICOM
cohort, we found there was no effect of insulin resistance,
indicating that the effect of IGF-1 on skeletal muscle is in-
dependent of the sensitivity to insulin in adolescents. Our
cohort was older and included both sexes compared to the
cohort studied by Kindler and colleagues. Age and sexual

maturation may play a significant role for this moderating
effect in addition to sex, but our analysis of the moderating
effect was still nonsignificant when dividing the cohort ac-
cording to sex. Our present study confirmed the results of
a study by Mughal et al, who examined 67 offspring of
mothers with T1D with DEXA and pQCT) and found that
they had higher bone area and BMC compared to controls
(19). However, areal BMD and volumetric BMD did not
differ between offspring and controls, indicating that the
offspring had larger bones compared to the controls but the
mineral content per unit area or volume did not differ. This
cohort were smaller than our cohort but, in many ways,
was comparable as the offspring had a higher BMI and a
significantly higher fat percentage than controls, but this
study did not include data on insulin sensitivity.

In the present study, insulin resistance and IGF-1 were
positively associated in the entire cohort. Insulin pro-
motes hepatic IGF-1 production, and additionally IGF-1
shares structural homology with insulin; they can bind
the same receptors, but with major differences in affinity,
and they share downstream signaling pathways (32).
In studies of GH treatment of children born small for
gestational age, we and others found that insulin resist-
ance and IGF-1 levels were positively associated and that
growth response during GH treatment was negatively as-
sociated with insulin resistance (33-35). In the EPICOM
study we found no difference in height (SDS) between the
index cases and controls. However, among the boys the
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index cases had higher IGF-1 (SDS) and IGFBP-3 (SDS)
levels compared to the controls, but only the difference
in IGFBP-3 (SDS) reached significance. IGFBP-3 is 1 of
6 binding proteins that bind IGF-1 and thereby modu-
late IGF bioavailability. Traditionally, IGFBP-3 has been
thought to be involved in metabolic regulation due to
the binding of IGF-1, but recently studies have reported
that IGFBP-3 may have a metabolic role independent
of the IGF axis. However, the exact role of IGFBP-3 in
glucose and lipid metabolism is still poorly understood.
Overexpression of IGFBP-3 in transgenic mice resulted
in fasting hyperglycemia, glucose intolerance, and insulin
resistance (36), whereas data on IGFBP-3 knockout mice
have been inconsistent. One study found that IGFBP-3
knockout mice who were fed a high-fat diet showed
fasting hyperglycemia and hyperinsulinemia, indicating
insulin resistance (37). Furthermore, in vitro studies have
suggested that IGFBP-3 may lead to insulin resistance in
adipocytes, and one study found that IGFBP-3 inhibited
adipocyte differentiation (38). Adipocyte differentiation
is required to mediate insulin sensitivity in adipocytes,
and a possible inhibitory effect of IGFBP-3 on adipocyte
differentiation could thereby lead to insulin resistance.
Thus, the exact role of IGFBP-3 in metabolic regulation
is not well understood, but it could be speculated that the
increased concentrations of IGFBP-3 in the index boys
in our cohort could play a role in adipocyte differenti-
ation and thereby influence insulin sensitivity. Previously
published results on adipokines from the EPICOM
study showed that both male and female offspring of
women with T1D had increased serum leptin and leptin/
adiponectin ratio compared to controls, whereas serum
adiponectin was reduced in females only. However, no
direct association between maternal glycemic control
during pregnancy and adiponectin and leptin levels or
leptin/adiponectin ratio in the offspring was found (39).

Several studies have shown that obesity and insulin re-
sistance during childhood may have a negative impact on
bone mass and bone density (15, 16) and some reveal a
sex difference (17), but many other studies find that over-
weight children have similar or even greater bone mass
(13,40). However, data are divergent and when adjusting
for lean body mass, adiposity seems to be a negative pre-
dictor of bone mass during childhood (13, 40). However,
in the present analyses we found that fat mass was posi-
tively associated with BMC/height even after adjusting
for lean mass and pubertal stage. Detrimental effects
on skeletal health in obese children may reflect a global
health concern because the prevalence of childhood
obesity is rapidly increasing worldwide. In addition, the
EPICOM cohort represents a cohort of children whose
mothers had T1D during pregnancy, which may have
caused intrauterine hyperglycemia, hyperinsulinemia,

and overgrowth. The effect of an adverse intrauterine en-
vironment on the risk of metabolic disease later in life is
known as the fetal programming effect. In the EPICOM
cohort we previously showed a programming effect on
the metabolic risk as offspring of mothers with T1D had
an adverse metabolic profile compared to controls (20,
21). However, the present data do not reveal a program-
ming effect on skeletal health later in life, which con-
firms former studies suggesting birth weight and adult
bone metabolism are unrelated when adjusting for size
in adulthood (41).

A major strength of this study is that the cohort of
adolescents is large and well characterized. We applied
the statistical path analysis to explore the relationship be-
tween IGF-1 and bone mass and the modulating effect of
insulin resistance. However, taking puberty into account
a cross-sectional design is not optimal, and a longitu-
dinal follow-up study through puberty would be necessary
to explore the significant effects of puberty on the inter-
action between IGF-1, insulin sensitivity, and bone mass.
Furthermore, the DEXA scan is a 2-dimensional measure-
ment of bone mass, and a more thorough analysis of the
microarchitecture of the bone using measurements such as
pQCT would give more detailed information on the tra-
becular bone structure.

The findings in this cohort are considered to be gener-
alizable to other cohorts of adolescents, but this cohort is
homogeneous, consisting of White Danish children with a
somewhat higher genetic height potential, which may the-
oretically affect the comparability of the cohort. However,
we believe that taking height into consideration when
evaluating bone mass will diminish this possible bias.

In conclusion, we here present that lean mass was an
intermediary factor in the IGF-1 bone relationship in a large
cohort of adolescents. We did not confirm previous findings
in which the muscle-dependent relationship between IGF-1
and bone mass was found to be compromised by insulin
resistance (11). The programming effect of a detrimental
intrauterine environment was evident on insulin resistance
and fat mass, but we found no difference in bone mass,
IGF-1, or height between the adolescents exposed to T1D
during pregnancy and the control participants. However, it
may be speculated that the changes in insulin metabolism
and adiposity in adolescence may have long-term harmful
effects both on metabolic and skeletal health.
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