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Lower bone mineral density in children with type 1 diabetes
is associated with poor glycemic control and higher serum
ICAM-1 and urinary isoprostane levels
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Abstract The purpose of the study was to investigate
bone mineral density (BMD) in children with type 1 dia-
betes (DM1) and to establish the relationships between
BMD, physical activity, glycemic control, and markers of
systemic oxidative stress and inflammation. We studied 30
children with DM1, aged 4.7-18.6 years, and 30 healthy
subjects, matched by sex, age, and body mass index (BMI).
Mean duration of DM1 was 5.4 + 3.4 years and mean
glycosylated hemoglobin (HbA,.) level over 12 months
was 9.8 £ 1.5%. Lumbar and total bone mineral density
(BMD, g/cm®) were measured by dual-energy X-ray
absorptiometry (DXA). We calculated the apparent volu-
metric lumbar BMD (BMDvol, g/cm3) and total mineral
content adjusted for age and height (BMCadj), and mea-
sured plasma intercellular adhesion molecule-1 (ICAM-1),
high sensitivity C-reactive protein (hs-CRP), and urinary 8-
iso-prostaglandin F,, (F,-IsoPs). Calcium (Ca) intake was
assessed by questionnaire and physical activity by ques-
tionnaire and accelerometer (ActiGraph, count/h). Total
BMCadj and lumbar BMDvol were significantly lower in
children with DM1 than in controls (101.8 & 7.7 vs.
107 &£ 5.7%, P = 0.005; 0.32 £ 0.08 vs. 0.36 £ 0.09
g/lem®, P = 0.05, respectively). These differences were
mostly caused by the differences in boys. Plasma ICAM-1
and hs-CRP levels were significantly higher in the DM1
group compared to the controls. Ca intake and urine
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F,-IsoPs levels were similar between the groups. Diabetic
boys were less active than controls (18231 %+ 6613 vs.
24145 £ 7449 count/h, P = 0.04). In the DMI1 group,
lumbar BMDvol correlated inversely with urinary F,-IsoPs
(r=—0.5; P =0.005) and plasma ICAM-1 levels (r =
—0.4; P = 0.02), and also with HbA . levels after adjust-
ment for age (r = —0.45; P < 0.05). Total BMCadj cor-
related inversely with HbA,. levels (r = —0.4; P = 0.02).
We conclude that children with DM, particularly boys,
have lower BMD. Poor glycemic control, elevated markers
of oxidative stress, and inflammation are associated with
lower BMD.

Keywords Diabetes - Children - Bone density -
Inflammation - Oxidative stress

Introduction

Patients with type 1 diabetes (DM1) are at risk of decreased
bone mineral density (BMD) [1]. However, the potential
effects of DM1 on bone metabolism in children remain a
quite controversial issue. Both normal and decreased BMD
have been reported in children with DM1 [2-9]. Moreover,
recently it has been shown that patients who manifest DM 1
at an early age may have only transiently impaired bone
development [10].

The mechanisms behind impaired bone metabolism in
DM1 are not clear. A recent meta-analysis by Vestergaard
from 2007 [1] showed that the increase in fracture risk was
higher and BMD lower in patients who showed vascular
complications of diabetes. It has been suggested that lower
BMD is linked to poor metabolic control [6] and low
insulin-like growth factor 1 levels [3]. Patients with DM1
have elevated oxidative stress [11] and inflammatory
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markers [12]. It has been recently shown, in the Diabetes
Control and Complications Trial, that higher plasma inter-
cellular adhesion molecule-1 (ICAM-1) levels predict an
increased risk of progressive nephropathy in DM1 and may
represent an early risk marker that reflects the important
role of vascular endothelial dysfunction in this long-term
complication [13]. The possible links between DM1, BMD,
oxidative stress, and inflammation in children remain to be
elucidated. Recently we established that children with DM 1
are characterized by increased myeloperoxidase activity (a
marker of inflammation), arterial stiffness, and carotid
intima-media thickness [14]. Thus, it seems reasonable to
investigate inflammation-, oxidative stress-, and blood
vessel wall-related aspects concerning BMD in children
with DM1 using the corresponding markers [high sensitiv-
ity C-reactive protein (hs-CRP), urinary 8-iso-prostaglandin
F,, (F»-IsoPs), ICAM-1]. Therefore, the purpose of the
study was to investigate BMD in children with DM1 and to
investigate the relationships between BMD, physical
activity, the glycemic control of diabetes, and markers of
oxidative stress and inflammation.

Materials and methods
Patients and controls

This cross-sectional study included 30 Caucasian children
with DM1 [mean age, 13.1 £ 3.6 years (range 4.7—
18.6 years); 19 boys, 11 girls] attending the regional Dia-
betes Clinic and 30 healthy Caucasian control subjects,
matched by age (£2 years), sex, and body mass index
(BMI) (£3 kg/m?). Patients with DMI were divided by
Tanner pubertal stage as follows: 6 boys and 1 girl in stage
1, 4 boys and 4 girls in stages 2 or 3, and 9 boys and 6 girls
in stages 4 or 5. Control subjects divided by pubertal stage
comprised 7 boys and 1 girl in stage 1, 3 boys and 3 girls in
stage 2 or 3, and 9 boys and 7 girls in stage 4 or 5. All
patients with diabetes had no clinical evidence of vascular
complications. The mean duration of diabetes was
5.4 + 3.4 years (range 1.0-14.6 years). The patients were
treated with a multiple insulin injection regimen (n = 21)
or two daily injections of a mixture of short- and long-
acting insulin (n = 9). The mean daily insulin dose was
0.9 £ 0.2 units/kg per day. Inclusion criteria for both
children with diabetes and control subjects were age
between 3 and 20 years and lack of acute infection. Chil-
dren with diabetes were included only if at least 1 year had
passed since the diagnosis. The diagnosis of DM1 was
based on the American Diabetes Association criteria. Two
children with diabetes also had celiac disease. Informed
consent was obtained from each subject and/or their par-
ents. The local ethical committee approved the protocol.

Methods
Bone mineral density (BMD)

Total body and lumbar (L1-L4) bone mineral content
(BMC) and bone area (BA) were measured by dual-energy
X-ray absorptiometry (DXA) (GE Lunar DPX-IQ; USA).
BMD was calculated by BMC/BA. The BMD data
obtained from DXA are expressed as grams per centimeter
squared, not as true volumetric density, and therefore are
influenced greatly by bone size. To minimize the effect of
bone size on BMD values, total bone mineral content
(BMC, g) was adjusted for age and height (BMCadj, %) by
Warner et al. [15], and we calculated the apparent volu-
metric lumbar BMD (BMDvol, g/cm®) using the Kroger
formula [16].

Physical activity
Accelerometer

Physical activity was measured by a uniaxial accelerometer
(ActiGraph, USA). Subjects were asked to wear the
accelerometer through the day (not during the night) on 3
consecutive days. Each 3-day period included 2 days in
school and 1 day of a weekend. Data were analyzed by a
specific software program provided by the manufacturer
(ActiSoft Analysis Software version 3.2.; USA). Mean
activity count per hour over the 3-day period was used in
the analysis.

Questionnaire

Children over 12 years of age and parents of those under
12 years completed a validated modified questionnaire [17]
about the child’s exercise level approximately 1 week
before their clinic appointment. Subjects were asked to
indicate how many times they participate in different forms
of exercise for more than 15 min during their free time in
an average week. Exercise was classified into three cate-
gories: strenuous exercise (heart beats rapidly), moderate
(not exhausting), and mild exercise (minimal effort). A
total score was generated (exercise in an average week) by
summing the reported frequencies for each of the three
categories after multiplying each category with the corre-
sponding metabolic equivalents (MET) score (9, 5, or 3,
respectively).

Calcium (Ca) intake
A questionnaire was used to assess daily milk (ml) and

weekly dairy product consumption (milk, yogurt, cheese,
and ice cream). Patients were divided subsequently into
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three groups: low, none or only one dairy product once (or
less) per week; moderate, at least two dairy products two to
three times a week or daily milk consumption of 125-
250 ml; and high, two dairy products six to seven times a
week or four to five times a week and daily milk con-
sumption >250 ml, or daily milk consumption >500 ml.

Clinical and laboratory investigations

Blood and urine samples were taken after overnight fasting
between 8:00 and 9:00 AM; for subjects with diabetes,
samples were taken before insulin administration. The uri-
nary content of 8-iso-prostaglandin F,, (F,-IsoPs) was
analyzed by a competitive enzyme-linked immunosorbent
assay (ELISA) (BIOXYTECH 8-Isoprostane Assay; Oxis-
Research, USA). Serum intercellular adhesion molecule-1
(ICAM-1) was assessed using human soluble ICAM-1
CD54 immunoassay (R&D Systems Europe, UK), and high
sensitivity C-reactive protein (hs-CRP) was determined in
serum using a chemiluminescence enzyme immunometric
assay on an Immulite immunoassay analyzer (DPC, USA),
according to the manufacturer’s instructions. The urinary
concentrations of F,-IsoPs were corrected by urinary cre-
atinine concentrations to account for the differences in renal
function. Subjects above the upper limit of the normal range
of hs-CRP (>5 mg/l) were excluded in the comparison of
hs-CRP between diabetes and control groups (n = 3 in the
diabetes group and n = 1 in the control group), as having
apparently some infection or inflammatory disorder. The
glycosylated hemoglobin (HbA.) was measured by latex
immunoagglutination inhibition using a DCA 2000+ Ana-
lyzer (Bayer Diagnostics Europe, Ireland).

Height was measured on a wall-mounted stadiometer
and weight with a digital scale. Pubertal stage was assessed
according to Tanner. Daily insulin doses and mean HbA .
during the 12 months before the study were obtained from
the registry of the Outpatient Diabetes Clinic.

Statistical analysis

All data were tested for normality using the Kolmogorov—
Smirnov test. Continuous data are presented as mean val-
ues with standard deviation (SD). Comparisons between
the groups were performed using the Student’s two-tailed ¢
test. Bivariate correlations were analyzed by the Pearson
correlation test. In addition, partial correlation analysis
adjusted for age and/or gender was used to analyze the
relationships between HbA . and lumbar BMDvol or total
BMCadj. Stepwise multiple linear regression analysis was
used to determine the best set of predictors of BMD using
age, pubertal stage, gender, physical activity, and bio-
chemical markers as possible determinant factors. All P
values were two-sided, and differences were considered
statistically significant at P < 0.05. All statistical calcula-
tions were performed using the software R, version 2.4.1
for Windows.

Results

The clinical characteristics of the study groups are shown
in Table 1. The two groups did not differ in age, gender,
BMI, height, weight, and pubertal stage. Bone and physical
activity characteristics are shown in Table 2.

Table 1 Clinical characteristics
of the study groups

Data are means £SD

NM not measured, HbA ;.
glycosylated hemoglobin, F>-
IsoPs 8-iso-prostaglandin F,,,
ICAM-1 intercellular adhesion
molecule-1, hs-CRP high
sensitivity C-reactive protein
Boldface indicates statistically
significant difference
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Variables Type 1 diabetes group (n = 30) Control group (n = 30) P value
Age (years) 13.1 £ 3.6 13.2 £ 3.9 0.9
Gender (M/F) 19/11 19/11 -
Tanner stage 1 (n) 7 8 -
Tanner stage 2 (n) 5 2 -
Tanner stage 3 (n) 3 4 -
Tanner stage 4 (n) 9 9 -
Tanner stage 5 (n) 6 7 -
Duration of diabetes (years) 54+ 34 - -
HbA . (%) 98+ 1.5 NM -
Insulin dosage (IU/day) 0.88 + 0.24 - -
Height (cm) 155.9 £ 20.8 160 £+ 19.6 0.2
Height (SD) 03+14 0.6 £09 0.3
Weight (kg) 522 £ 17.7 54.5 £ 203 0.4
Body mass index (kg/m?) 202 £ 35 204 £ 4.1 0.8
F,-IsoPs (pg/mg creatinine) 1773 £+ 814 1595 £ 774 0.5
ICAM-1 (ng/ml) 293 + 45 251 + 66 0.006
hs-CRP (mg/l) 0.9 £ 0.6 0.7 £1.2 0.02
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Table 2 Compar{son of.follues Variables Type 1 diabetes group Control group P value
of bone and physical activity
e (n = 30) (n =30)

characteristics

Total BMC (g) 2001.8 £ 800 2268 + 865 0.2

Total BA (cm?) 1931.6 + 549 2046.3 + 549 0.4

2.
Data are means +SD Total BMD (g/cm”) 1.0028 + 0.14 1.067 £+ 0.16 0.1
. Total BMCadj (%) 101.8 £ 7.7 107.0 £ 5.7 0.005

BMC bone mineral content, BA
bone area, BMD bone mineral Lumbar BMC (g) 394 £ 17.6 45.6 + 21.7 0.2
density, lumbar BMCadj Lumbar BA (cm?) 422 £9.5 43 £ 10.6 0.7
predicted lur;lbar (l;;o;l;: migérald Lumbar BMD (g/cm?) 0.88 + 0.24 1.007 £ 0.29 0.07
content, fotal BMCadj predicted . pMDvol (g/em’) 0.32 £ 0.08 0.36 % 0.09 0.05
total bone mineral content,
Iumbar BMDvol apparent Physical activity (count/h): entire group 18151 + 7962 21295 + 7519 0.1
volumetric lumbar bone mineral ~ Physical activity (count/h): boys 18231 + 6613 24145 + 7449 0.04
density Physical activity (count/h): girls 18014 =+ 10252 16372 + 4689 0.8
Boldface indicates statistically Activity score by questionnaire 81.0 + 42.7 71.9 + 40.6 0.8

significant difference

Bone measurements

BMC, BA, and areal BMD of total body and lumbar region
were not different between the diabetes group and the
control group. The mean lumbar BMDvol and total
BMCadj were significantly lower in the diabetes group
than in their sex- and age-matched controls (Table 2).
Differences remained significant even after the two chil-
dren with celiac disease were excluded from the analysis.
The differences in these two parameters were mostly the
results of the differences in boys in the two groups (total
BMCadj 99.7 £ 8.0 vs. 105.8 &£ 6.2, P = 0.01; lumbar
BMDvol 0.29 + 0.06 vs. 0.33 + 0.07, P = 0.07), whereas
in girls total BMCadj and lumbar BMDvol did not differ
significantly. According to stepwise regression analysis in
which all 60 subjects were included, the most significant
determinants of total BMCadj were the presence of dia-
betes and male gender (both negatively) (R* adj = 0.19;
P = 0.001), whereas the most important determinants of
lumbar BMDvol were age (positively), male gender (neg-
atively), and the presence of diabetes (negatively) (R
adj = 0.58; P < 0.0001), but not physical activity. There
was no significant difference in BMD characteristics in
either group regarding their calcium intake.

There was a negative correlation between total BMCadj
and HbA,. level (r = —0.4; P = 0.02) (Fig. 1). The cor-
relation remained significant after adjustment for gender in
partial correlation analysis. Children with a HbA;.
level > 10.6% had statistically significantly lower total
BMCadj than those with HbA . levels below this cutoff
value (103.28 + 7.6 vs. 96.75 &+ 6.3; P = 0.05). Lumbar
BMDvol is highly age dependent and therefore must be
adjusted for age. Using partial correlation analysis, lumbar
BMDvol was significantly correlated with HbA;. when
adjusted for age (r = —0.45; P < 0.05), as well as when
adjusted for age and gender (r = —0.39; P < 0.05). In
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Total BMCadj (%)

Fig. 1 Correlation between mean glycosylated hemoglobin (HbA;.)
levels over the past year and total predicted total bone mineral content
(BMCadj) in patients with diabetes (r = —0.4; P = 0.02)

multivariate regression analysis, HbA;. age, and gender
were the most important determinants of lumbar BMDvol
in the diabetes group, explaining 58% of its variability (R*
adj = 0.58; P < 0.0001).

Physical activity

Weekly activity score and physical activity measured by
accelerometer were not different between the diabetes and
the control group. However, boys with diabetes were less
active than the control boys measured by accelerometer
(18231 £ 6613 vs. 24145 4+ 7449 count/h, P = 0.04)
(Table 2). We did not find any correlations between
physical activity and BMD parameters.

@ Springer



602

J Bone Miner Metab (2009) 27:598-604

Laboratory data

Plasma ICAM-1 and hs-CRP level were significantly higher
in the DM1 group compared to the control group (see
Table 1). Urinary F,-IsoPs levels were not statistically
different between the groups (Table 1). In the diabetes
group, lumbar BMDvol, but not total BMCadj, was nega-
tively correlated with plasma ICAM-1 levels (r = —0.4;
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Fig. 2 Correlation between mean plasma intercellular adhesion
molecule-1 (ICAM-1) levels and apparent volumetric lumbar bone
mineral density (Lumbar BMDvol) in patients with diabetes (r =
—0.4; P =0.02)
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Fig. 3 Correlation between mean urinary 8-iso-prostaglandin F,,
(F,IsoPs) levels and Lumbar BMDvol in patients with diabetes
(r=—-0.5; P = 0.005)
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P = 0.02) (Fig. 2) and urinary F,-IsoPs levels (r = —0.5;
P = 0.005) (Fig. 3). We did not find any correlations
between hs-CRP and BMD parameters. We also did not find
any significant correlation between BMD parameters and
physical activity, ICAM-1, F,-IsoPs, HbA1, or hs-CRP
levels, if examined separately in boys or girls with diabetes.

Discussion

The most important finding of this study is that lower BMD
characteristics in children with type 1 diabetes are linked to
poor glycemic control and higher serum ICAM-1 and uri-
nary F,-IsoPs levels.

Patients with DM 1 have increased risk of osteopenia and
fractures [1]. Bone loss can begin in childhood [2-6], but
there are reports of children with DM1 who do not exhibit
bone loss [7-9]. BMD and BMC have been measured in
children using different methods. Especially in children, the
DXA method has limitations because of the two-dimen-
sional measurement and therefore its dependence on height.
To minimize the effect of bone size on BMD values, we
adjusted total BMC for age and height and calculated the
apparent volumetric lumbar BMD, which corrects the areal
BMD value with the width of the vertebra. The total
BMCadj and lumbar BMDvol were significantly lower in
children with DM1 than in controls. Some data indicate that
a decrease in osteoblast number and/or osteoblast differ-
entiation contributes to reduced bone formation [18].

We found that male gender was associated with lower
BMD in children with DM1, similar to the study by Heap
et al. [6]. In children with diabetes, a larger bone mass
deficit has been described in girls compared to boys [3],
whereas some other studies did not find any sex-specific
effect on BMD [7, 8]. Our patients and controls were quite
well matched by pubertal stage, but there were more pre-
pubertal boys than girls. Puberty is known to be an
important time interval in terms of peak bone mass gain, a
time in which bone formation occurs at a higher rate
compared to that at other stages of life [19]. Although the
mean age of boys at pubertal stages 2 or 3 in our study did
not differ between the patients (n = 4) and the controls
(n = 3), delayed onset of puberty can be still one reason
why the boys with diabetes had lower BMD. More than a
decade ago in a much bigger study, Estonian boys with
DMI1 had a tendency to have delayed pubertal development
with slightly reduced testicular volume in relationship to
age [20]. A recent study by Rohrer et al. [21] in a large
German cohort of more than 2400 pediatric DM1 patients
found that male, and not female, gender was a significant
determinant of the delayed pubertal onset. The same study
found that elevated HbA,. level was associated with sig-
nificantly delayed pubertal onset. In our study, male
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patients had a slightly higher mean HbA,. value than
females (10.1 vs. 9.5%), but the difference was not statis-
tically significant. However, our girls with diabetes had
also lower BMD parameters compared to healthy girls, but
these differences were statistically not significant. The
small sample size (n = 11) may be also one reason why we
were not able to show significant differences between the
girls in regard to BMD characteristics.

Our study group had relatively poorly controlled dia-
betes, with large variations in mean HbA,. levels. The
children with higher HbA . levels had lower total BMCadj.
HbAlc levels above 9.8% have been found to be a risk
factor for osteopenia, defined as BMD Z-scores between —1
and —2.5, and HbA . above 12.1% for osteoporosis [22].
We did not use the Z-score because it does not take into
account the size of the bones; i.e., in shorter children a
negative BMD Z-score is actually not “as negative” as it
should be in children with average height. However, rela-
tively high Hbalc values indicate that our subjects with
DMI are very likely to be osteopenic. On the other hand,
many studies have found no correlation between BMD and
HbA . [1, 3, 4]. Therefore, there should be other parame-
ters in addition to poor glycemic control that might have an
impact on BMD.

Physical activity is an important determinant of BMD.
Children with many chronic diseases, such as acute lym-
phoblastic leukemia (ALL) [23], have been shown to be less
active than healthy children. Therefore, we also studied
physical activity using two methods. Physical activity
assessed by questionnaire did not show any difference
between diabetes patients and healthy children. We found
that boys with diabetes had lower BMD and were less
physically active compared to healthy boys, when activity
was measured with a more direct method, i.e., with the
accelerometer. However we were unable to detect a signif-
icant correlation between physical activity and BMD
parameters. In multiple regression analysis, the presence of
diabetes and male gender, but not low physical activity, were
the most important determinants of BMD, indicating that
low physical activity has an influence on bone density, but
not as much as the disease itself. We did not find any sig-
nificant correlation between BMD and physical activity,
HbA ., or markers of oxidative stress and inflammation, if
examined separately in boys or girls. The number of patients
in each gender was probably too small to establish statisti-
cally significant correlations in each group separately.

Hyperglycemia in diabetes is closely associated with
glucose autooxidation and protein glycation; this increases
the production of free radicals and oxidative stress [11]. We
measured F,-IsoPs as a marker of systemic oxidative stress.
F,-IsoPs are formed by free radical-catalyzed peroxidation
of phospholipid-bound arachidonic acid and can be reliably
measured in both plasma and urine [24, 25]. F,-IsoPs can

nowadays be considered as one of the most reliable markers
of oxidative stress [26]. Recent studies have shown that the
formation and urinary excretion of F,-IsoPs is elevated in
children with DM1 [27, 28]. We found slightly elevated F,-
IsoPs levels in children with DM1 compared to controls, but
this difference was not statistically significant. A higher
urine F,-IsoPs level in children with DM1 correlated
inversely with lumbar BMDvol. In vitro studies have shown
that oxidative stress inhibits osteoblastic differentiation [29,
30] and induces osteoblast insults and apoptosis [31, 32].
Hamada et al. [33] demonstrated that streptozotocin-
induced type 1 diabetic mice exhibited low-turnover oste-
openia associated with increased oxidative stress. A link
between increased level of urinary F,-IsoPs and reduced
lumbar spine BMD has also been shown in population-
based human studies [34]. According to our knowledge, this
is the first study describing the correlation between the
markers of oxidative stress and BMD in children with DM1.

We found higher ICAM-1 and hs-CRP levels in children
with diabetes. With type 1 diabetes, hyperglycemia is
known to modulate expression of cell adhesion molecules
and cytokines, which through monocyte—endothelium
interaction leads to the initiation and progression of vascular
complications [12, 13]. We found that serum ICAM-1
concentration in children with DM1 was inversely corre-
lated to lumbar BMDvol, which represents more trabecular
bone, and not to total BMCadj, which represents more
cortical bone. Trabecular bone, where bone turnover is
higher than in cortical bone, is therefore potentially more
susceptible to damage by factors such as inflammation and
oxidative stress. Cellular interactions through adhesion
molecules and their impact together with cytokines repre-
sent an important concept in bone metabolism, particularly
in inflammatory diseases. It has been suggested that elevated
cytokine levels can activate osteoclast bone resorption and
suppress osteoblast differentiation and bone formation [35].
However, the exact mechanism of how ICAM-1 affects
bone formation is not entirely understood. The fact that
ICAM-1 and F2-IsoPs in our study were correlated to
lumbar BMDvol and not to total BMCadj suggests that
lower lumbar spine BMD in patients with DM1 is associated
with increased oxidative stress and inflammation.

The present study found that children with DM1, par-
ticularly boys, have lower BMD. Poor glycemic control,
elevated markers of oxidative stress, and inflammation
were associated with lower BMD. These data indicate that
children with diabetes who have higher risk for vascular
damage also have a higher risk for osteopenia.
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