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INTRODUCTION

Aims/Introduction: The bone mineral density in patients with type 1 diabetes mellitus
is reduced due to impaired insulin secretion. However, it is unclear whether the rate of
bone mineral density reduction is affected by the type 1 diabetes mellitus subtype. This
study aimed to clarify the difference in bone mineral density across type 1 diabetes
mellitus subtypes: slowly progressive (SP), acute-onset (AO), and fulminant (F).

Methods: This was a retrospective, single-center, cross-sectional study conducted on 98
adult type 1 diabetes mellitus patients. The main outcome included the bone mineral
density Z-score (BMD-Z) measured at the lumbar spine and femoral neck.

Results: The lumbar spine BMD-Z was lower in the acute-onset than in the slowly
progressive subtype (P = 0.03). No differences were observed when compared with the
fulminant subtype. The femoral neck BMD-Z tended to be higher in the slowly
progressive than in the acute-onset and fulminant subtypes. Multiple regression analyses
showed that the lumbar spine BMD-Z was associated with subtypes (AO vs SP) (P = 0.01),
but not subtypes (F vs SP), adjusted for sex, duration, retinopathy, and C-peptide
immunoreactivity (CPR). When the patients were divided into disease duration tertiles, in
the first and second tertiles, the CPR levels were lower in the acute-onset or fulminant
than in the slowly progressive subtype. In contrast, the lumbar spine and femoral neck
BMD-Z differed between the acute-onset and slowly progressive only in the second
tertiles (both P < 0.01), with a similar tendency between the fulminant and slowly
progressive subtypes.

Conclusions: Among the type 1 diabetes mellitus subtypes, bone mineral density
undergoes time-dependent changes, which reveals that the bone mineral density decline
follows the impaired insulin secretion. These results provide novel insights into the
association between the low insulin exposure duration and bone mineral density.

(4- to 6-fold higher risk)’® and postmenopausal women (12-

Patients with type 1 diabetes mellitus have decreased bone min-
eral density in both the lumbar spine and the femoral neck.
Therefore, a higher fracture risk has been implicated in type 1
diabetes mellitus"?, particularly in older adult populations
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fold increase in a hip fracture) compared with the general pop-
ulation”. Tn a recent meta-analysis of adult type 1 diabetes
mellitus, a lower bone mineral density was demonstrated in
both the lumbar spine (—0.035 g/cmz) and the femoral neck
(-0.055 g/cm®)®, while normal or higher bone mineral density
was shown in those with type 2 diabetes mellitus.
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An endocrinology literature review indeed confirmed that the
bone turnover markers, including serum osteocalcin, bone-
specific alkaline phosphatase, procollagen type 1 propeptide
amino-terminal, and crosslinking telopeptides of type 1 collagen
C-terminal, are lower in patients with insulin-dependent dia-
betes mellitus (DM)>'%, which supports the theory that insulin
is thought to play an important role in bone formation''. Fur-
thermore, C-peptide immunoreactivity (CPR), a marker of
endogenous insulin secretion, was positively correlated with
bone mineral density in both the lumbar spine and femoral
neck in type 1 diabetes mellitus'®. Serum CPR levels were posi-
tively associated with bone mineral density in a cohort of post-
menopausal women without diabetes mellitus", indicating the
important role of endogenous insulin levels in bone metabo-
lism.

Type 1 diabetes mellitus is a disease primarily caused by the
destruction of pancreatic beta cells, which leads to insulin defi-
ciency, and requires lifellong exogenous insulin replacement
therapy. According to the diagnostic criteria of the Japan Dia-
betes Society'*'®, three pathogenic definitions of type 1 dia-
betes mellitus have been demonstrated: slowly progressive (SP),
acute-onset (AO), and fulminant (F). In patients with acute-
onset and fulminant type 1 diabetes mellitus, lifelong insulin
treatment initiation is required soon after the diagnosis because
of the marked acute progression of insulin deficiency'>'®. Con-
versely, patients with slowly progressive type 1 diabetes mellitus
develop an insulin-dependent state from 6 months to several
years after onset because of a gradual decrease in insulin secre-
tory capacity'*.

As the decline in endogenous insulin secretion occurs differ-
ently in each subtype, the differences in bone mineral density
between the subtypes could be a suitable model to represent
the effect of the duration of low insulin exposure on bone min-
eral density. However, few studies have examined the bone
mineral density reduction according to the type 1 diabetes mel-
litus classification. Here, we conducted a cross-sectional single-
institute study to clarify the difference in bone mineral density
across type 1 diabetes mellitus subtypes.

MATERIALS AND METHODS

Patients, study design, and data collection

This was a retrospective, single-center, cross-sectional study
conducted at Kobe University Hospital. A total of 170 Japa-
nese adult patients with type 1 diabetes mellitus admitted to
our unit for evaluation of diabetic complications between Jan-
uary 2008 and April 2019 and who underwent bone mineral
density measurements were enrolled in this study. A total of
18 patients were excluded based on the following criteria: esti-
mated glomerular filtration rate (eGFR) of <30 mL/min/
1.73 m’% disease duration of <1 year; and a medical history of
osteoporosis, including treatment with bisphosphonates, selec-
tive estrogen receptor modulators, denosumab, and recombi-
nant human parathyroid hormone (Figure 1). Cases that
could not be categorized into a definite subtype based on the
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medical records were also excluded. The remaining 98 patients
were then classified into three groups according to their sub-
types based on the diagnostic criteria of the Japan Diabetes
Society: acute-onset (n = 51), slowly progressive (n = 35), and
fulminant (n = 12)"*'°. Blood samples were collected early in
the morning. We reviewed the medical records and docu-
mented the baseline characteristics, including laboratory find-
ings. This study was approved by the Research Ethics
Committee of Kobe University Hospital (permit no.:
B210070). This study was conducted retrospectively, and all
procedures were part of routine medical care. The patients
had the option of an opt-out process, where patients were
provided with information explaining the data to be collected
and the purpose of the study and were given the opportunity
to withdraw.

Biochemical measurements

Anthropometric parameters such as body mass index (BMI)
were collected for each patient along with biochemical data,
including platelets, albumin, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase, choli-
nesterase, thyroid stimulating hormone (TSH), free thyroxine
(FT4), Ca (correction value), phosphate (P), insulin-like
growth factor I (IGF-I), and hemoglobin Alc (HbAlc). Post-
prandial C-peptide immunoreactivity (ppCPR), and C-peptide
immunoreactivity during a glucagon stimulating test (GST-
CPR) were measured to evaluate the capacity of insulin secre-
tion. The serum ppCPR levels were measured 2 h after break-
fast. Serum ppCPR was not available in three cases, and 95
cases were measured (35 (100%), 49 (96%), 11 (91%) cases in
the slowly progressive, acute-onset, and fulminant groups,
respectively). The GST-CPR levels were measured 6 min after
the intravenous injection of 1 mg glucagon, and 62 cases were
measured (28 (80%), 30 (58%), and 4 (33%) cases in the
slowly progressive, acute-onset, fulminant groups, respectively).
The serum IGF-I levels were measured using an immunora-
diometric assay (IRMA, Daiichi Radioisotope Laboratories,
Tokyo, Japan). The IGF-I standard deviation (SD) score was
calculated based on age- and sex-matched healthy Japanese
individuals'’. The eGFR was calculated from the serum crea-
tinine levels.

Other covariates

The onset of type 1 diabetes mellitus, disease duration, and a
previous history of cardiovascular diseases were determined by
medical review. Evaluation of diabetic neuropathy was based
on symptoms, quantitative sensory testing (vibration and
monofilament test), and quantitative motor testing (patellar and
ankle reflexes)'®. Diabetic retinopathy was categorized as non-
proliferative, pre-proliferative, or proliferative'”. Diabetic
nephropathy was assessed by measuring microalbumin levels in
24 h urine (normal value: <30 mg/day). Microalbuminuria and
macroalbuminuria were diagnosed if the albumin excretion rate
was 30-300 mg/day or > 300 mg/day, respectively™.
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BMD among subtypes of type 1 DM

Hospitalized adult T1TDM patients
performed BMD measurements, n = 170

» Excluded

(1) eGFR <30mL/min/1.73m2, n=3
(2) The disease duration <1 year,n =8
(3) Treated with drugs affecting BMD, n=7

v

T1DM patients, n = 152

Excluded

(4) Unclear subtypes of TIDM, n = 54

Included T1DM patients, n = 98

l ,,

SP,n=35 AO,n=51

Figure 1 | Flow diagram of included patients. AO, acute-onset; BMD, bone mineral density; F, fulminant; SP, slowly progressive; TIDM, type 1 dia-

betes mellitus.

Bone mineral density

The bone mineral density of the lumbar spine (L2-14) and the
femoral neck were measured using dual-energy x-ray absorp-
tiometry (DXA; Horizon A DXA System) simultaneously with
blood sampling. The coefficients of variation were 1.44% and
2.10% for the lumbar spine and femoral neck, respectively. The
bone mineral density Z-score (BMD-Z), obtained from the
DXA measurement, represents the number of SDs by which
the bone mineral density in an individual differs from the
mean value for sex and age. A total of 15 cases were excluded
because calcification in the vertebral body made it difficult to
assess the bone mineral density accurately. The remaining 83
and 98 cases in the lumbar spine and femoral neck BMD-Z
groups, respectively, were analyzed.

Analysis based on disease duration tertiles

Since it takes >6 months for changes in bone metabolism to
become apparent™, patients with disease durations of <1 year
were excluded from this study. In the previous reports, the
association between the duration of diabetes and the complica-
tions was compared in tertiles, as the duration of diabetes can
show a skewed distribution*>*. To clarify the long-term effects
of endogenous insulin reduction on bone mineral density
changes, the patients were divided according to the tertile of
disease duration; first tertile (<6 years [excluding the first year])

(n = 33), second tertile (6-14 years) (n = 34), and third tertile
(=15 years) (n = 31).

Statistical analysis

All statistical analyses were performed using SPSS Statistics ver.
26.0 software (IBM Corporation, Armonk, NY, USA). The
results are presented as the mean =+ SD. All continuous variables
were analyzed using statistical graphs such as histograms, and
the Shapiro-Wilk normality test was performed to test the nor-
mality of the data distribution. Pearson’s correlation coefficient
and Spearman’s rank correlation coefficient were used for corre-
lation analysis between two variables of normally and non-
normally distributed data, respectively. One-way analysis of vari-
ance with post-hoc Bonferroni correction was used to compare
the differences in normally distributed data. The Mann—Whit-
ney U test and Kruskal-Wallis test were used to compare the
differences in non-normally distributed data. For categorical
variables, differences were analyzed using the chi-squared test or
Fisher’s exact test. In the simple regression analyses, the relation
with BMD-Z, and subtypes (AO vs SP, and F vs SP) was per-
formed. Previous studies indicated bone mineral density was
related with disease duration®, retinopath 425 and CPR'%. The
multiple regression analyses were performed to adjust for sex,
disease duration, retinopathy, and ppCPR, as the confounding
factors. Values of P < 0.05 indicated statistical significance.

© 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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RESULTS

Participant characteristics

Among the 98 adult patients with type 1 diabetes mellitus, the
BMD-Z distributions demonstrated that the bone mineral den-
sity in the lumbar spine (53%) and femoral neck (62%) were
lower than the average bone density of age-matched controls
(Table 1, Figure 2, and Table S1). Both the age at the time of
this study and the disease onset were higher in the slowly
progressive (57.9 £ 132 years and 46.8 + 14.8 years) and the
fulminant (514 £ 15.1 years and 43.5 % 159 years) groups

http://wileyonlinelibrary.com/journal/jdi

27.5 £ 14.8 years) (both P < 0.01). The disease duration did
not differ across the three groups (P = 0.31). No differences
were observed among the three groups in terms of sex, BMI,
and HbA1lc levels. The AST and ALT levels were significantly
higher in the slowly progressive group than in the acute-onset
group (P = 0.03 and P < 0.01, respectively). As expected, indi-
viduals in the slowly progressive group had significantly higher
ppCPR and GST-CPR values than those in the acute-onset
(both P < 0.01) and fulminant (both P < 0.01) groups. Diabetic
retinopathy was more complicated in the slowly progressive

than in the acute-onset group (39.1 + 14.6 years and  group, followed by the acute-onset group; this was not observed

Table 1 | Clinical characteristics of patients with type 1 diabetes mellitus according to disease subtype

Variable SP (n = 35) AO (n = 51) Fnh=12 pl p2 p3 p4
Age (years) 579+ 132 391 £ 146 514 £ 151 <001 <001 0.73 005
Female, n (%) 21 (60%) 38 (74%) 8 (66%) 038

Postmenopause, (%) 14 (40%) 11 21%) 4 (33%) 0.17

Age at onset (years) 468 + 148 275+ 148 435+ 159 <001 <001 050 <001
Duration of diabetes (years) 110 £ 10, 115170 79150 031 - - -
Time to insulin treatment (years) 26 £ 46 01+£05 00+ 00 <001 <001 <001 1.00
BMI (kg/mz) 219+ 38 220+ 29 226 %36 051 - - -
Grave's disease, n (%) 3 (8%) 10 (19%) 0 (0%) 015 - - -
PLT (10%/mL) 221 58 289+ 310 217 £ 65 007 - - -
Alb (g/dL) 41 £ 04 42 £ 05 4102 080 - - -
eGFR (mL/min) 84.7 £ 222 896 + 274 815+ 172 017 - - -
AST (U/D) 26.7 £ 240 200+ 96 247 + 84 <001 003 1.00 0.05
ALT (U/L) 256+ 228 175+ 132 220+ 162 <001 <001 1.00 042
ALP (U/L) 2528 £ 89.1 2199 £ 784 1988 + 805 008 - - -
ChE (UL 3026 = 930 3140 £ 769 2905 + 878 064 - - -
TSH (mU/mL) 159+ 138 261+ 622 175+ 077 0.50 - - -
FT4 (ng/dL) 104 £ 0.16 119+ 142 094 + 0.17 066 - - -
Ca (mg/dL) 90% 15 92+ 03 92+ 05 088 - - -

P (mg/dL) 34+ 05 35+ 05 35+ 06 095 - - -
IGF-I SDS -108 + 194 -096 + 1.02 -146+ 128 033 - - -
HbA1c (%) 87116 83120 80+ 13 041 - - -
ppCPR (ng/mL) 160 £ 199 017 +£038 001 £ 003 <001 <001 <001 023
GST-CPR (ng/mL) 141 £ 139 023+ 033 001 + 003 <001 <001 <001 035
TDD (U/day) 279 £ 144 356167 423 £ 274 004 0.19 006 0.75
TDD/kg (Urkg) 040 £ 0.26 061+ 028 072 £ 047 <001 <001 <001 067
Retinopathy, n (%) 11 (31%) 8 (15%) 0 (0%) 003 - - -

Nephropathy (non, micro 34 (97%), 0 (0%), 1 (3%) 44 (86%), 4 (8%), 3 (6%) 11 (92%), 1 (8%), 0 (%) 035 - - -
and macro), n (%)

Neuropathy, n (%) 18 (519%) 15 (29%) 4 (33%) 012 - - -
QVD, n (%) 3 (8%) 1 (1%) 1 (8%) 030 - - -
LS BMD (g/cmz) 099 £ 0.18 095 +£0.12 088 £ 0.17 041

LS BMD Z-score 038 £ 1.08 —0.25 £ 096 —035 % 101 0.02 003 015 1.00
FN BMD (g/cm?) 069 + 0.1 070+ 012 065 + 008 047

FN BMD Z-score 003 £ 101 —044 + 1.00 —056 + 0.70 0.05 - - -

Data are presented as mean + standard deviation. Statistical significance was set at P < 0.05. p1: all groups, p2: SP vs AO, p3: SP vs F, p4: AO vs F.
ALP, alkaline phosphatase; ALT, alanine aminotransferase; AO, acute-onset; AST, aspartate aminotransferase; BMD, bone mineral density; BMI, body
mass index; ChE, cholinesterase; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; F, fulminant; FN, femoral neck; FT4, free thy-
roxine; GST-CPR, C-peptide immunoreactivity during the glucagon stimulation test; HbA1c, hemoglobin Alc; IGF-, insulin-like growth factor |; LS,
lumbar spine; PLT, platelets; ppCPR, postprandial C-peptide immunoreactivity; SP, slowly progressive; TDD, total daily insulin dose; TSH, thyroid stimu-
lating hormone.
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Figure 2 | Distribution of the (a) lumbar spine and (b) femoral neck
BMD Z-score among patients with type 1 diabetes mellitus. BMD, bone
mineral density; FN, femoral neck; LS, lumbar spine; TIDM, type 1 dia-
betes mellitus.

in the fulminant group (P = 0.03). No differences were
observed for other diabetic microangiopathies, such as neuropa-
thy (P = 0.12) and nephropathy (P = 0.35).

Bone mineral density among the three type 1 diabetes
mellitus subtypes

The lumbar spine BMD-Z was lower in the acute-onset
(-0.25 £ 0.96) group than in the slowly progressive group
(0.38 £ 1.08, P =0.03), while neither the slowly progressive
nor the acute-onset group differed from the fulminant group
(-035+1.01) (P=0.15 and P =100, respectively). The
femoral neck BMD-Z tended to be lower in the acute-onset
(—0.44 £ 1.00) and fulminant (—0.56 % 0.70) groups than in the
slowly progressive group (0.03  1.01) (Table 1).

Analysis of disease duration, bone mineral density, and
endogenous insulin levels among the three type 1 diabetes
mellitus subtypes

We further investigated the detailed association between long-
term low endogenous insulin secretion and bone mineral den-
sity, analyzing the patients in all three subtypes. A correlation
analysis was performed among disease duration, CPR, and
BMD Z-score in all three groups (Figure 3). The disease

ORIGINAL ARTICLE
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duration was negatively correlated with ppCPR in both the
slowly progressive (r = —0.44, P < 0.01) and acute-onset (r =
—0.35, P = 0.01) groups, and with GST-CPR in the slowly pro-
gressive group (r = —0.51, P < 0.01), but not in the fulminant
group (Figure 3a, b). In contrast, the disease duration was not
correlated with the lumbar spine or femoral neck BMD-Z in
either the slowly progressive (P = 0.38, p = 0.87), acute-onset
(P =081, P =0.08), or fulminant groups (P = 0.58, P = 0.12)
(Figure 3c, d). No correlations were shown between the lumbar
spine or the femoral neck BMD-Z and ppCPR or GST-CPR in
all three groups (Figure 3e-h).

The simple regression analyses showed that the lumbar spine
BMD-Z tended to be lower in the acute-onset group than in
the slowly progressive group (P = 0.05). The multiple regres-
sion analysis adjusted for sex, disease duration, retinopathy, and
PPCPR showed that the lumbar spine BMD-Z was significantly
lower in the acute-onset group than in the slowly progressive
group (P = 0.01) (Table 2a). In contrast, no associations were
shown between these variables and the femoral neck BMD-Z.
Since menstrual status has strong effect on bone mineral den-
sity, we further extracted women from these subjects and
divided them into pre- and post-menopausal groups and ana-
lyzed the data. In premenopausal women, after being adjusted
for disease duration, retinopathy, and ppCPR, both the lumbar
spine and the femoral neck BMD-Z were lower in the fulmi-
nant group than in the slowly progressive group (P = 0.02,
P =0.03) (Table 2b). Furthermore, the lumbar spine BMD-Z
tended to be lower in the acute-onset group than in the slowly
progressive group (P = 0.05). However, no association was
shown between the lumbar spine or femoral neck BMD-Z and
the type 1 diabetes mellitus subtypes in postmenopausal women
(Table 2c).

Analysis based on disease duration tertiles

To visualize the effect of the duration of low insulin exposure
on bone mineral density, we divided the participants into
three subgroups according to the disease duration tertiles (first
tertile (<6 years [excluding the first year]), second tertile (6—
14 years), and third tertile (=15 years). The ppCPR, GST-
CPR, lumbar spine BMD-Z, and femoral neck BMD-Z among
the three subtypes were compared (Table 3). In the first ter-
tile, both the ppCPR and GST-CPR levels were lower in the
acute-onset group than in the slowly progressive group (both
P <0.01), as expected. In the meantime, the ppCPR was
lower in the fulminant group than in the slowly progressive
group (P < 0.01). The lumbar spine and femoral neck BMD-
Z were similar among the three groups. In the second tertile,
ppCPR and GST-CPR levels were also lower in the acute-
onset (P =0.02, P=0.01) and fulminant groups (P = 0.02,
P =0.02). Intriguingly, a decline in the lumbar spine and
femoral neck BMD-Z in the acute-onset group was shown
(both P < 0.01). In the third tertile, no differences of ppCPR,
GST-CPR, lumbar spine BMD-Z and femoral neck BMD-Z
were indicated among all subtypes, suggesting that a bone

© 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Figure 3 | Scatter plot representing individual data point correlations among disease duration, CPR, and BMD Z-score. AO, acute-onset; BMD-Z,
bone mineral density Z-score; FN, femoral neck; GST-CPR, C-peptide immunoreactivity during glucagon stimulating test; LS, lumbar spine; ppCPR,

postprandial C-peptide immunoreactivity; SP, slowly progressive.

mineral density decline occurs years after the disruption of
endogenous insulin secretion.

DISCUSSION

This study was the first to report the difference in bone mineral
density associated with the three pathological type 1 diabetes
mellitus subtypes (SP, AO, and F). Since these subtypes have
different time courses for insulin dependence, the analysis of
bone mineral density across the groups appears to be an excel-
lent model for demonstrating the pathophysiological association
between impaired endogenous insulin secretion and reduced
bone mineral density in this beta-cell dysfunction disorder.

The lower bone mineral density levels in the present type 1
diabetes mellitus participants were consistent with those
reported in a previous meta-analysis among other races’, indi-
cating that race-based differences in bone metabolism are not
significant. This finding also suggests that these participants

were suitable for further investigations as a model of bone
research in type 1 diabetes mellitus. A low bone mineral den-
sity in type 1 diabetes mellitus is associated with endogenous
insulin deficiency, as well as low BMI and diabetic complica-
tions®?”. In this study, the disease duration, BMI, and
microvascular disease did not differ across the three subtypes,
except for diabetic retinopathy. Regarding macrovascular dis-
ease, the previous history of cardiovascular disease did not dif-
fer across the subtypes, suggesting that these subtypes were
suitable for analyzing the relationship between endogenous
insulin secretion and bone mineral density in type 1 diabetes
mellitus. The lower lumbar spine bone mineral density in the
acute-onset group than in the slowly progressive group, despite
the younger age, indicates that the decrease in endogenous
insulin secretion contributes more to bone mineral density than
age. Multiple regression analysis revealed that the subtype of
type 1 diabetes mellitus was an independent factor associated
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Table 2 | Multiple regression analyses of determinants of the lumbar spine and femoral neck bone mineral density in patients with slowly
progressive, acute-onset and fulminant type 1 diabetes mellitus

Dependent variable Independent variable Simple regression analysis Multiple regression analysis

B value B [95% (] P-value  f value B [95% Cl] P-value

(@) All patients

Lumbar spine BMD Z-score AO vs SP —021 —044 [-0.89, 0.00] 0.05 -035 —0.75 [-135,-0.15] 001
Fvs SP -0.10 —0.34 [-1.04, 0.36] 033 —024 —082 [-1.74, 0.08] 007
Sex 0.10 024 [-0.25, 0.73] 032 013 031 [-0.20, 0.83] 023
Duration -004 0.00 [-0.03, 0.02] 069 —002 —0.03 [-0.03, 0.03] 085
Retinopathy 006 7 [-0.39, 0.74] 0.55 001 003 [-062, 069] 092
ppCPR 011 0.09 [-0.90, 0.28] 030 -006 —005 [-0.28, 0.18] 066

Femoral neck BMD Z-score AO vs SP -0.16 —032 [-0.72, 0.07] 0.10 -0.14 —0.28 [~ 080 0.24] 028
Fvs SP -0.10 —031 [-092, 0.29] 0.30 —007 —0.23 [-1.01, 0.54] 055
Sex -003 —0.06 [—049 0.36] 0.76 0 002 [~ 042 046] 093
Duration (AN 1 [~0.01, 0.03] 027 008 001 [~ 002 003] 0.51
Retinopathy 022 056 [0.07, 1.06] 002 0.17 043 [0 03] 0.14
ppCPR 0.14 0 [-0.04, 0.24] 0.16 013 0.09 [~ OO8 027] 030

(b) Premenopausal women

Lumbar spine BMD Z-score AO vs SP -0.19 —046 [-1.30, —0.37] 027 —0.51 —1.23 [-2.50, 0.04] 0.05
Fvs SP -022 —0.84 [-2.19, 049] 0.20 -051 —198 [-3.74, —0.22] 002
Duration -0.13 —0.02 [-0.09, 0.04] 046 002 0.00 [-0.08, 0.09] 091
Retinopathy -020 —067 [-1.86, 0.51] 0.25 017 059 [-1.92, 0.74] 037
ppCPR 0.13 5 [-0.26, 0.57] 046 -0.20 —0.24 [-0.77, 0.29] 036

Femoral neck BMD Z-score AO vs SP 003 0.06 [-046, 0.58] 081 —-040 —063 [-1 45 0.19] 012
Fvs SP -0.18 —043 [-1.19, 033] 0.25 —049 2 [-2.19, -0.06] 003
Duration 004 000 [—003 0041 0.79 005 OOO[ 004 0.05] 0.77
Retinopathy -0.15 —034[ 1.11, 041] 036 -0.19 —043 [-1.25,0.38] 029
ppCPR 017 [—039 0131 0.31 —043 —0.34 [-068, 0.00] 005

(©) Postmenopausal women

Lumbar spine BMD Z-score AO vs SP -0.19 —O 37 [—1.26, 0.50] 038 -0.18 —037 [-1 66 091] 054
Fvs SP 004 0 [-1.26, 1.06] 085 004 012 [-147,1.72] 087
Duration 022 OOZ [-0.02, 0.07] 0.30 0.28 003 [~ 003 009] 029
Retinopathy 036 080 [-0.13, 1.73] 0.09 030 067 [-053, 1.87] 025
ppCPR 008 0.06 [-0.29, 043] 069 0.18 0.14 [-0.35, 064] 053

Femoral spine BMD Z-score  AO vs SP -0.19 —046 [-1.39, 047] 032 0 000 [-1.21, 1.19] 098
Fvs SP -004 —0.15 [-149, 1.18] 081 0.10 034 [-1.28, 1.97] 066
Duration 0.21 002 [-0.02, 0.07] 0.25 0.18 002 [-0.03, 008] 043
Retinopathy 039 1.04 [0.09, 1.98] 003 036 094 [-031, 2.20] 0.13
ppCPR 0.09 0.06 [-0.21, 0.35] 062 025 0.18 [-0.18, 0.54] 031

Simple and muiltiple regression analyses are shown in (a) all patients, (b) premenopausal women, and (C) postmenopausal women. The B value,
the B value [95% Cl], the P-value, and VIF are shown in the Table. 95% Cl, 95% confidence interval; AO, acute-onset; B, unstandardized partial regres-
sion coefficient; BMD, bone mineral density; F, fulminant; FN, femoral neck; LS, lumbar spine; ppCPR, postprandial C-peptide immunoreactivity; SP,
slowly progressive; VIF, variance inflation factor; B, standardized partial regression coefficient.

with a reduced lumbar spine bone mineral density in adjusting
for sex, disease duration, diabetic retinopathy, and current CPR,
suggesting that the degree of endogenous insulin decline is
important for bone mineral density. In the analysis of pre-
menopausal women, the subtypes were associated with a
reduced bone mineral density, but not in postmenopausal
women. Estrogen deficiency itself can significantly impact the
bone mineral density decline in postmenopausal patients. In
addition, the glycemic control of diabetes mellitus was poorer
in postmenopausal than in premenopausal women, leading to

more diabetic microvascular complications including neuropa-
thy in the present study. Furthermore, the distribution of sub-
types significantly differed between premenopausal and
postmenopausal patients. Therefore, in addition to insulin defi-
ciency, various other factors may affect the differences in bone
mineral density between subtypes in premenopausal and post-
menopausal women in the present study.

The multiple regression analysis indicated that subtypes of
type 1 diabetes mellitus were associated with the lumbar spine
bone mineral density, but not with that of the femoral neck.
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Table 3 | CPR and BMD-Z in the three groups categorized by disease duration groups

Disease duration tertiles Measurement SP AO F pl p2 p3 p4
n mean = SD n mean * SD n  mean = SD
First ppCPR 15 232+£195 13 042+ 063 5 000+ 000 <001 <001 <001 020
GST-CPR 12 185+£138 10 039+045 O - <001 <001
LS BMD Z-score 13 031+£079 12 007+£098 5 —044%1.11 029
FN BMD Z-score 15 —020+093 13 041065 5 -018£075 078
Second ppCPR 8 184 £257 19 009+£021 5 0.00 £ 000 001 002 002 100
GST-CPR 6 207149 13 015+ 028 3 000+ 000 <001 001 002 100
LS BMD Z-score 7 130+£119 19 -046+079 3 -050£111 <001 <001 019 100
FN BMD Z-score 8 067100 21 -085£075 5 —-090£060 <001 <001 006  1.00
Third ppCPR 12 054+113 17 008013 1 0.10 032
GST-CPR 10 048 £ 085 7 013£013 1 0.06 076
LS BMD Z-score 8 028+ 092 14 =025+ 112 2 010113 088
FN BMD Z-score 12 =009 103 17 003£128 2 —070+£056 050

Data are presented as mean + standard deviation. Statistical significance was set at P < 0.05. p1: all groups, p2: SP vs AO, p3: SP vs F, p4: AO vs F.
AO, acute-onset; BMD, bone mineral density; BMD-Z, bone mineral density Z-score; CPR, C-peptide immunoreactivity; F, fulminant; FN, femoral neck;
GST-CPR, C-peptide immunoreactivity during glucagon stimulating test; LS, lumbar spine; ppCPR, postprandial C-peptide immunoreactivity; SD, stan-

dard deviation; SP, slowly progressive.

The lumbar spine and femoral neck have different proportions
of the trabecular bone and cortical bone. Insulin is known to
have a positive effect on both trabecular and cortical bone in a
mouse model of type 1 diabetes mellitus®®. In contrast,
decreased IGF-I levels in type 1 diabetes mellitus may have a
different impact on the lumbar spine and the femoral neck
because serum IGF-I levels are positively associated more
strongly with cortical bone than with trabecular bone®”. More-
over, bone mineral density measurements of cortical bone is
limited by dual-energy x-ray absorptiometry™’. Different modal-
ities such as high-resolution quantitative computed tomography
may provide additional insight into the discrepancy between
the lumbar spine and the femoral neck bone mineral density
among type 1 diabetes mellitus subtypes.

In patients with slowly progressive type 1 diabetes mellitus, it
takes >6 months to become insulin-dependent, while immedi-
ate insulin initiation at the time of diagnosis is required for
those with acute-onset and fulminant type 1 diabetes melli-
tus'*'®. No correlations were shown between bone mineral
density and CPR, and the multiple regression analyses showed
that type 1 diabetes mellitus subtypes were associated with bone
mineral density, suggesting that the accumulation of lower insu-
lin, not current insulin secretion, appears to affect the lowering
of the bone mineral density. When the participants were
divided based on disease duration tertiles, the insulin secretion
was differentially impaired among all subtypes in the first and
second tertiles, but not the third tertile. In contrast, differences
in bone mineral density between acute-onset and slowly pro-
gressive subtypes were shown only in the second subtype, with
a similar tendency between fulminant and slowly progressive.
These results suggest that the change in bone mineral density,
which was associated with a transient change in insulin levels,

followed sometime later. A longitudinal analysis of bone min-
eral density is required to clarify this speculation. A previous
longitudinal study showed that the rate of decline in bone min-
eral density did not differ between type 1 diabetes mellitus
patients and healthy controls for 2 years follow-up’, suggesting
that 2 years may not be sufficient to evaluate the effect of
impaired insulin secretion on bone mineral density.

Insulin has been demonstrated to exert anabolic effects on
bone physiology. In fetal rats, insulin-induced bone collagen syn-
thesis occurred in osteoblasts, where insulin receptors were
expressed>”. In an in vivo model, insulin receptor substrate (one
of the main substrates of insulin) knockout mice exhibited a
marked reduction in bone formation, indicating the importance
of insulin signaling in bone metabolism™>**. Decreased endoge-
nous insulin levels are associated with lower IGF-I levels due to
both portal insulinopenia and hepatic growth hormone resis-
tance”. Serum IGF-I levels were found to be lower in type 1 dia-
betes mellitus patients than in healthy controls™. In the present
study, low IGF-I levels were also observed in most patients, as
described previously. Since IGF-I also has an anabolic effect on
bone, low IGF-I levels were thought to contribute to the decrease
in bone mineral density more in acute-onset than in slowly pro-
gressive type 1 diabetes mellitus. However, no difference was
observed between these subtypes, suggesting that IGF-I had less
of an effect on the results of this study.

Acute-onset and slowly progressive type 1 diabetes mellitus
are pathogenically associated with autoimmune diseases®, but
fulminant type 1 diabetes mellitus may not be. In autoimmune-
related diabetes, elevated inflammatory cytokines, such as
interleukin-1 and tumor necrosis factor-o, have been shown to
increase bone resorption and to reduce bone formation, result-
ing in decreased bone mineral density’®. Patients with type 1
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diabetes mellitus often have other autoimmune diseases, such
as Graves’ disease, which also promotes bone resorption. In our
study, the complication rate of Graves' disease was similar
across all subtypes without differences in either the serum TSH
or FT4 levels, indicating that it had little involvement in the
present study. Slowly progressive type 1 diabetes mellitus is a
disease that shares many common conditions with latent
autoimmune diabetes mellitus in adults (LADA)*. Compared
with classical adult-onset type 1 diabetes mellitus such as acute-
onset type 1 diabetes mellitus, patients with LADA have higher
rates of microvascular complications and metabolic syndrome,
which is thought to cause a lower bone mineral density™ *.
LADA has been reported to be associated with a higher risk of
osteoporosis than type 2 diabetes mellitus, with lower bone
mineral density™. In this study, there were no differences
between the slowly progressive and acute-onset groups in either
BMI or the complication rate of microangiopathy aside from
retinopathy, which was not extracted as an independent vari-
able for bone mineral density reduction in the multivariate
regression analyses. This study was a cross-sectional study, and
glycemic control was not evaluated over time. Since chronic
poor glycemic control contributes to the progression of diabetic
microvascular complications, further analysis is needed to clar-
ify the association between long-term glycemic control and
bone mineral density. Elevated liver enzymes, which were nega-
tively correlated with bone mineral density, were higher in the
slowly progressive group than in the acute-onset group. Since
the slowly progressive group had a higher bone mineral density
than the acute-onset group, the effect of liver damage on bone
mineral density in the acute-onset group did not need to be
considered.

This study had several limitations. First, this study had a
cross-sectional, retrospective design. Long-term longitudinal
studies are needed to investigate the association between
endogenous insulin decline and the bone mineral density
reduction. However, in long-term longitudinal studies, it is
often difficult to match factors other than endogenous insulin
secretion, such as BMI and the complication rate of microan-
giopathy, among patients with different subtypes of type 1 dia-
betes mellitus; thus, it is difficult to clarify the association
between the decline in endogenous insulin secretion and the
reduction in bone mineral density. Second, this study included
both adult and childhood-onset cases, which have been shown
to contribute to bone metabolism in later life**. The age of
onset was lower in the acute-onset group than in the other
groups in this study, which may have affected the results. How-
ever, the bone mineral density did not differ between the
acute-onset and slowly progressive groups in the later years of
disease duration. Finally, the sample size of this study, especially
fulminant type 1 diabetes mellitus or patients with longer dura-
tion, was small. Fulminant type 1 diabetes mellitus was firstly
proposed in 2000%. Therefore, the long-term follow-up cases
were limited. The advantage of the present study is that it was
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conducted at a single center using the same measurement sys-
tems, including those for bone mineral density.

In conclusion, this is the first study to observe the variation
in the lowering of bone mineral density between the type 1 dia-
betes mellitus subtypes, acute-onset, slowly progressive, and ful-
minant and demonstrates that bone mineral density in the
acute-onset group was lower than that in the slowly progressive
group. The bone mineral density lowering rates were strongly
associated with type 1 diabetes mellitus subtypes, indicating that
the rate of endogenous insulin decline may be an important
determinant of bone mineral density reduction in this disease.
This is also the largest study involving adult Japanese patients
with type 1 diabetes mellitus, showing that bone mineral den-
sity in those with type 1 diabetes mellitus is lower than that in
a similarly aged healthy population. Further longitudinal
prospective studies are needed to clarify these important clinical
pathologies.
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