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Poor Glycemic Control Impairs the Response of Biochemical Parameters
of Bone Formation and Resorption to Exogenous 1,25-Dihydroxyvitamin
D3 in Patients with Type 2 Diabetes
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Abstract. Osteoblast deficit plays a principal role in the
development of diabetic osteopenia. We have previously
reported that high glucose conditions impair the function
of osteoblast-like MG-63 cells. This study was
performed to assess the sensitivity of osteoblasts to
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) in patients
with type 2 diabetes without insulin deficiency or overt
diabetic complications. During stimulation with
1,25(OH)2D3 at 2.0mg/day for 6 consecutive days in 9
type 2 diabetic patients, serum levels of bone alkaline
phosphatase (BALP), osteocalcin (OC) and the carbox-
yterminal propeptide of type 1 procollagen, and the
urinary excretion of pyridinoline and deoxypyridinoline
(DPYR), were monitored. As parameters of glycemic
control, the mean level of fasting plasma glucose
(mFPG) throughout the 1,25(OH)2D3 stimulation test
and the level of HbA1C were used. 1,25(OH)2D3
increased serum 1,25(OH)2D significantly by day 2,
which was followed by a significant reduction in the
serum level of intact parathyroid hormone. The maximal
increment of serum OC adjusted for that of 1,25(OH)2D
was negatively correlated with both mFPG and HbA1C
levels (p50.05). Furthermore, the magnitude of
1,25(OH)2D3-induced bone resorption, as reflected by
the maximal increase in urinary DPYR excretion, was
negatively correlated with the mFPG level (p50.05).
Basal BALP tended to be negatively correlated with
HbA1C, although not to a significant extent. In
conclusion, our findings would indicate that poor

glycemic control impairs the responses of osteoblasts
and osteoclasts to 1,25(OH)2D3 in normo-insulinemic
type 2 diabetic patients.
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Introduction

Patients with either type 1 or type 2 diabetes may exhibit
various disorders of calcium (Ca) metabolism, such as
impairment of Ca absorption [1,2] and loss of Ca from
bone [3]. These abnormalities can eventually produce
osteopenia [4–8], depending on the quality of diabetic
control [9–11], although whether bone loss occurs in
type 2 diabetic patients remains to be determined [12].
Impaired bone formation due to osteoblast deficit has
been proposed to be a principal factor in the
development of diabetic osteopenia [13–15]. Consistent
with this hypothesis, serum osteocalcin (OC) levels were
found to be significantly decreased in type 2 diabetic
patients [16,17]. Since serum levels of 1,25-dihydroxy-
vitamin D (1,25(OH)2D), a main stimulator of the
synthesis and secretion of OC, were not significantly
lower in type 2 diabetic patients than in control subjects
[9,10], in contrast to type 1 diabetic patients, a primary
osteoblast deficit could be present in type 2 diabetic
patients. An in vitro study of ours [18] demonstrated that
high glucose, but not high mannitol, significantly
impaired the 1,25(OH)2D-induced secretion of OC
from human osteoblast-like MG-63 cells in a concentra-
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tion-dependentmanner,suggestingthat a high glucose
level is an independent factor contributing to a
significant decreasein the serum OC level in type 2
diabetic patients. It was previously reported that the
1,25(OH)2D stimulation test may provide a sensitive
meansof assessingosteoblastfunctionin humansubjects
in vivo [19].

Theseobservationspromptedus to examinewhether
the increasein serumOC level during 1,25-dihydroxy-
vitamin D3 (1,25(OH)2D3) administrationmight alsobe
impaired in vivo in type 2 diabetic patients without
diabetic complications,and whether the magnitudeof
any impairmentmight dependon glycemiccontrol.

Subjectsand Methods

Subjectsand Design

Nine patientswith type 2 diabeteswereenrolledin the
study. Their diabeteswas diagnosedaccordingto the
criteria of the World Health Organization[20]. They
were on dietary managementalone or taking oral
hypoglycemicagentsfor the control of their condition.
To avoid effects of diabetic complications,age, and
menstrualcycle, only males aged under 60 years old
without overt diabeticcomplicationswererecruited.To
avoid the effectsof insulin deficiency,individuals with
fasting morning immunoreactiveinsulin (IRI) or daily
urinary excretionof C-peptidereactivity (CPR) below
lower normal limits were also excluded. The other
exclusion criteria were renal diseasepossibly causing
secondary hyperparathyroidism, endocrine disorder,
liver disease,malnutrition (serumalbumin4 3.0 g/dl),
any otherdiseaseandthe taking of any medicationthat
might affect bone or mineral metabolism. The
1,25(OH)2D3 stimulation test was performed as de-
scribed[19], with aslightmodification.Patientsreceived
2.0 mg of 1,25(OH)2D3 (Rocaltrol; Roche,Nutley, NJ)
orally, oncedaily at 2200hoursfor 6 consecutivedays,
to avoid asfar aspossiblethe effect of 1,25(OH)2D3 on
blood Ca levels. Blood sampleswere drawn at 0800
hours after an overnight fast, and daily 24h urine
sampleswerecollected.Biochemicalparametersof bone
andmineralmetabolismweremeasuredon days1, 2, 4
and7. Stimulationwasinitiated at 2200hourson day1.
Values at 0800 hours on day 1 were used as the
prestimulationvalues.The basallevel of serumOC was
determinedin sex- and age-matchedcontrol subjects
(M/F, 10/0; age,53.2± 4.25years;n = 10).

BiochemicalParameters

Ca, phosphate(P), glucoseand creatinine (Cr) levels
weremeasuredin serumandurinewith anautoanalyzer.
As parameters of glycemic control, HbA1C was
measuredon day 1 and the mean level of fasting
plasmaglucose(mFPG)wasdeterminedfrom measure-
mentson days1, 2, 4 and7. FPGwasdeterminedby the

glucoseoxidasemethod,and HbA1C by high-pressure
liquid chromatography[21]. The former and latter
parameterswere assumedto indicate glycemic control
of longer and shorter duration, respectively. Serum
parathyroidhormone(PTH)(1–84)wasmeasuredby an
immunoradiometricassay(Allegro Intact PTH, Nichols
Institute, San Juan, Capistrano, CA). This assay
measuresonly active intact PTH and not degradation
products resulting from its cleavage [22]. Serum
1,25(OH)2D was measuredwith a kit obtained from
the Nichols Institute. 1,25(OH)2D was extractedwith
acetonitrile,purified with a Sep Pak C18-OH column,
and finally measuredby a competitiveprotein-binding
assay[23]. Serumcarboxyterminalpropeptideof human
type 1 procollagen (P1CP) was measuredusing a
radioimmunoassaykit [24]. Urinary total pyridinoline
(PYR) (both pyridinoline and deoxypyridinoline) and
deoxypyridinoline(DPYR) levelsweremeasuredin 24-h
urinesamplesusingPyrilinks andPyrilinks-D assaykits
(Metra Biosystems,CA) [25]. The urinary excretionof
Ca, PYR and DPYR was expressedin eachcaseas a
ratio to urinary Cr excretion.SerumOC, alsoknown as
bone Gla-protein, was measured with a two-site
immunoradiometricassaykit from Mitsubishi Kagaku
Bio-Clinical Laboratories(Tokyo, Japan)[26]. Serum
bone alkaline phosphatase(BALP) was measuredby
enzymeimmunoassay[27,28] and polyacrylamidegel
electrophoresis[29].

BoneDensitometry

Bonemineraldensitywasmeasuredin the lumbarspine
(L2–4) and nondominantradius at the 33% (midshaft)
site by dual-energy X-ray absorptiometry (DXA;
Hologic QDR 1000W,Waltham,MA). An age-matched
comparison (Z-score) was calculated relative to a
Hologic databaseof healthyJapanesemen.

StatisticalAnalysis

Values are means± SEM unlessotherwiseindicated.
Statisticalanalysiswasperformedby ANOVA followed
by Scheffé’s test.Findingsof p < 0.05 wereconsidered
significant.

Results

BiochemicalProfilesof Type2 Diabetic Patients

Biochemical profiles of the 9 type 2 diabetic patients
enrolledin the presentstudyareshownin Table1. The
meanFPG level was 174.9 ± 16.0 mg/dl, with a daily
urinaryglucoseexcretionof 1.54± 0.80g. SerumHbA1C
rangedfrom 6.6% to 13.5%.Fastingmorning IRI was
5.00± 0.71mU/ml andthedaily urinaryCPRwas118.7
± 19.0 mg/day. The daily urinary excretionof albumin
was13.0± 9.7 mg, rangingfrom 0 to 90 mg. The basal
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level of serumOC in the type 2 diabetic patientswas
2.13± 0.34ng/ml, significantlylessthanthat in thesex-
and age-matchedcontrols (5.33 ± 1.80 ng/ml, n = 10,
p50.05).Type2 diabeticpatientsexhibitednormalbone
mineraldensityin boththelumbarspineandradius33%.

Changesin Ca and P MetabolismDuring the
1,25(OH)2D3 StimulationTest

Since 1,25(OH)2D3 was administeredorally at 2200
hours,without measurementof serumCa and P levels
until 0800 hoursthe next morning, serumlevels of Ca
and P appearedunchangedduring the 1,25(OH)2D3
stimulationtest (datanot shown).In contrast,the daily
urinary excretion of Ca, normalizedfor Cr excretion,
increasedsignificantly from 0.044 ± 0.013 to 0.111 ±
0.019(mg/mg).

TimeCoursesof SerumLevelsof 1,25(OH)2D, OC
and intact PTH During the 1,25(OH)2D3 Stimulation
Test

Serum concentrationsof 1,25(OH)2D, OC and PTH
during 1,25(OH)2D3 stimulation are shown in Fig. 1.
Stimulation with 1,25(OH)2D3 (2.0 mg/day) induceda
significant 2-fold increasein serum 1,25(OH)2D from
31.3 ± 5.75 to 60.7 ± 8.02 pg/ml on day 2, and levels
remained elevated throughout the administration of
1,25(OH)2D3. The increase in serum 1,25(OH)2D
appearedto be followed by a reductionin serumPTH,

sincea significantreductionfrom 20.9± 1.69 to 15.4±
1.94 ng/ml was detectedinitially on day 4. SerumOC
levelstendedto increaseprogressivelyuntil day4 during
1,25(OH)2D3 stimulation.

RelationshipBetweenBasalLevelsof SerumBALP
and OC and Parametersof GlycemicControl

SerumBALP tendedto benegativelycorrelatedwith the
serumHbA1C level (r = –0.630,p = 0.069by EIA; r =
–0.613,p = 0.080 by PAGE), but not with the serum
mFPG (r = –0.505, p = 0.166 by EIA; r= –0.443,
p = 0.233 by PAGE). Serum BALP did not change
appreciably during the 1,25(OH)2D3 stimulation test
(datanot shown).SerumOC wascorrelatedwith neither
mFPG(r = –0.497,p = 0.174)nor HbA1C (r = –0.545,
p= 0.129).EvenwhenserumOCwasnormalizedagainst
theserum1,25(OH)2D level, theserumOC/1,25(OH)2D
ratio was not significantly negatively correlatedwith
eithermFPGor HbA1C (datanot shown).

Influenceof GlycemicControl on the 1,25(OH)2D3-
InducedIncrementin SerumOC Level

Themaximalincrementin serumOCduring1,25(OH)2D3
stimulation tended to be negatively correlated with
both serumHbA1C (r = –0.662, p= 0.050) and mFPG
(r = –0.612, p = 0.080) (Figs 2, 3). Taking into con-
sideration (i) the large individual differences in the
increment of serum 1,25(OH)2D observed during

Table 1. Biochemicalprofile of 9 type 2 diabeticpatients

Diabeticpatients Normal range

mean± SEM Range

n 9
Age (years) 56.0± 1.43 51–62
mFPG(mg/dl) 174.9± 16.0 108.0–271.8 70–105a

HbA1C (%) 9.81± 0.79 6.6–13.5 4.0–5.5a

24-h urinary glucose(g/day) 1.54± 0.80 0–7.34 0a

FastingIRI (mU/ml) 5.00± 0.72 1.9–7.7 0–12.5b

24-h urinary CPR(mg/day) 118.7± 19.0 59.8–252.0 43.0–146.0b

Albumin (g/dl) 4.03± 0.10 3.5–4.4 3.5–5.0a

Cr (mg/dl) 0.80± 0.06 0.6–1.1 0.6–1.5a

24-h urinary albumin (mg/day) 13.0± 9.7 0–90 2.6–16.6b

Ca (mg/dl) 9.09± 0.06 8.6–9.6 8.5–10.5a

P (mg/dl) 3.84± 0.24 2.8–4.9 2.5–4.5a

BALP (EIA) (U/l) 18.0± 2.95 12.4–40.1 10.0–27.0b

BALP (PAGE) (IU/l) 68.3± 10.6 40.0–141.0 39.2–66.8b

intact PTH (pg/ml) 20.9± 1.69 14.0–28.0 10.0–65.0b

1,25(OH)2D (pg/ml) 31.3± 5.75 8.7–63.5 27.5–68.7b

OC (ng/ml) 2.13± 0.34 1.0–4.3 5.2–9.6b

P1CP(ng/ml) 92.8± 16.9 47.4–215.0 30–182b

Urinary PYR (pmol/mmol Cr) 27.2± 9.24 16.8–47.6 17.7–41.9b

Urinary DPYR (pmol/mmol Cr) 4.14± 0.67 2.3–8.7 2.2–6.1b

L2–4 BMD (Z-score) –0.164± 0.308 –1.600–1.210
Radius33% BMD (Z-score) –0.118± 0.353 –1.830–1.250

aNormal rangesobtainedby our hospitallaboratoryasthoseof healthyJapaneseadults
b Normal rangessuppliedby the manufacturerasthoseof healthyJapaneseadults.
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1,25(OH)2D3 stimulationand(ii) the strongdependence
of the serumOC level on 1,25(OH)2D, the incremental
responsein serumOC wasadjustedfor the incrementin
serum 1,25(OH)2D, as previously described[19]. The
increment in serum OC adjusted for that of serum
1,25(OH)2D wassignificantlynegativelycorrelatedwith
both serumHbA1C (r = –0.717,p = 0.030)and mFPG
(r = –0.682,p = 0.043).

Influenceof GlycemicControl on the 1,25(OH)2D3-
InducedIncrementin Urinary DPYRExcretion

As shown in Fig. 4, the basal excretion of DPYR in
urine was not correlatedwith the mFPGlevel. Neither
PYR nor DPYR excretionincreasedsignificantlyduring
1,25(OH)2D3 stimulation (data not shown). However,
both the maximal incrementin DPYR excretionandthe
rate of maximal increment during 1,25(OH)2D3
stimulation were significantly correlated with the
mFPGlevel.

Fig. 1. Changesin serum 1,25-dihydroxyvitaminD (1,25(OH)2D;
upper panel), osteocalcin (OC, middle panel) and parathyroid
hormone(PTH, lower panel) levels during 1,25(OH)2D3 stimulation
testin type2 diabeticpatients.Circlesanderror barsdenotemeans±
SEMsof 9 type 2 diabeticpatients.*p < 0.05 versusprestimulation
value.

Fig. 2. Relationshipbetweenthe incrementalincreasein serumOC
level (DOC) andHbA1C in 9 type2 diabeticpatients.Probablydueto
wide individual variation in the incremental increase in serum
1,25(OH)2D (D1,25(OH)2D), DOC failed to correlate significantly
with HbA1C (r = –0.662,p = 0.050).WhenDOC was adjustedfor
D1,25(OH)2D, DOC/D1,25(OH)2D significantlycorrelatedwith serum
HbA1C (r = –0.717,p = 0.030).
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Discussion

Previousstudieshavedemonstratedthat the numberof
osteoblastsis significantly decreasedin type 2 diabetic
patientswith overt diabetic complications[13,30], and
deficienciesof insulin and insulin-like growth factor-I
have beenestablishedas major factors explaining the
occurrenceof osteoblastdysfunctionin thediabeticstate
[31,32].Sincethepresentstudywasdesignedto examine
the early developmentof osteoblastdysfunction in
patientswith type 2 diabetes,only patientswith neither
overtdiabeticcomplicationsnor overt insulin deficiency
were enrolled, in order to avoid the effects of these
conditions on Ca metabolism.Furthermore,since the
patientsin our study exhibited a normal bone mineral
density,probablybecauseof the short durationof their
diabetes, secondary effects of osteopenia on Ca
metabolismcanalsobe ruled out.

We demonstratedthat, in thesepatientswith neither
overt complicationsnor insulin deficiency, osteoblast

function was significantly impaired secondary to
glycemic control. First, serumOC levels were indeed
lower in thetype2 diabeticpatientsthanin age-andsex-
matched controls. Second, although not significant,
probably becauseof the small number of patients,

Fig. 3. Relationshipbetweenincrementalincreasein serumOC level
(DOC) andmeanfastingplasmaglucose(mFPG)for 9 type2 diabetic
patients.Probablydueto wide individual variationin the incremental
increase in serum 1,25(OH)2D (D1,25(OH)2D), DOC failed to
correlatesignificantly with mFPG (r = –0.612, p = 0.080). When
DOC was adjusted for D1,25(OH)2D, DOC/D1,25(OH)2D signifi-
cantly correlatedwith mFPG(r = –0.682,p = 0.043).

Fig. 4. Relationship between basal urinary excretion of deoxy-
pyridinoline (DPYR, upper panel), maximal increment of DPYR
excretionduring1,25(OH)2D3 stimulation(middlepanel) or maximal
rate of increment(lower panel) and mFPG.mFPGwassignificantly
negativelycorrelatedwith 1,25(OH)2D3-inducedincrementin urinary
DPYR excretion(r = –0.775,p = 0.014) and the rate of increment
(r = –0.737,p = 0.024),but not with basalurinaryexcretionof DPYR
(r = –0.649,p = 0.059).
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serum BALP tendedto be negatively correlatedwith
serumHbA1C. Lastly, the incrementsin urinary DPYR
excretionandserumOCduring1,25(OH)2D3 stimulation
weredependenton glycemiccontrol.Furthermore,each
of threepatientswho underwent1,25(OH)2D3 stimula-
tion testsbothbeforeandaftertheintroductionof dietary
therapy,showedgreaterincrementsin serumOC astheir
serumHbA1C decreased(datanot shown).

Thesefindingsarein goodagreementwith our in vitro
study, which showedthat sustained7-day exposureto
high concentrationsof glucose significantly impaired
1,25(OH)2D3-induced OC secretionby human osteo-
blast-likeMG-63 cells [18]. We alsoobservedthathigh-
glucose-treatedMG-63cellshada significantlyimpaired
response to PTH as determined by increases in
intracellular cAMP and Ca2+ levels [33]. Furthermore,
an aldose reductaseinhibitor, epalrestat,restoredthe
positive correlationbetweenthe serumOC level (bone
formation marker) and urinary DPYR excretion (bone
resorptionmarker)andthe numberof osteoblastsin the
tibia of galactose-fedrats,suggestingthe importanceof
intracellular galactitol accumulationin the impairment
of osteoblastfunction (datanot shown).Thesefindings
togethershowthat sustainedhigh glucoseby itself may
contribute to the developmentof impaired osteoblast
function via the intracellular accumulationof sorbitol.
Supportingthis hypothesisin manis a report that long-
term changein the Z-scorefor bonemineral densityof
the radius in type 2 diabetic patients is significantly
relatedto the severityof diabetic retinopathy(–0.23 ±
1.26for moderateor severevs0.92± 1.29for mild or no
retinopathy,p = 0.01) [34], in which the intracellular
accumulationof sorbitol is known to play a major role.

A previousstudy demonstratedthat serumOC was
indeedlower in type 2 diabeticpatientsthan in an age-
andsex-matchedgroup,andthat the relativedecreasein
serum OC becamesmaller with the normalization of
HbA1C [35]. Interestingly, 1,25(OH)2D3 treatment
suppressedPTH secretion,showingthat negativefeed-
back on PTH secretion by 1,25(OH)2D3 is fully
operativein type 2 diabeticpatients,althoughit failed
significantly to increaseserum OC in these patients.
Theseresults confirm the previous findings of tissue-
specificlossof 1,25(OH)2D3 responsivenessof bonein
spontaneouslydiabeticBB rats. [36]. In type 2 diabetic
patients,BALP appearsto be a significantpredictorof
the log-transformedchangein Z-scorefor bonemineral
density in the radius [34]. In the presentstudy, serum
BALP levels tended to be correlatednegatively with
HbA1C but not with mFPG,suggestingthat the serum
BALP level may be suppressedby a high glucose
exposureof longer, but not shorter duration. Taken
collectively, these findings suggest that sustained
exposureto high glucosesuppressesosteoblastsecretion
of BALP andsimultaneouslyattenuatesage-relatedbone
lossby reducingboneturnover.Furthermore,osteoblast
transmissionof 1,25(OH)2D3 stimulation to activate
osteoclasticboneresorptionmight be impairedby brief
high glucoseexposure,assuggestedby the finding that
the maximal increment of DPYR excretion during

1,25(OH)2D3 stimulation and the rate of its maximal
increasewere significantly correlatedwith the mFPG
level.

In summary, our findings suggest that the
1,25(OH)2D3 stimulation test is useful for estimating
osteoblastfunction in humans,and that poor glycemic
control can impair osteoblastfunction eitherdirectly or
indirectly as an independentfactor in type 2 diabetic
patientswith neither overt diabetic complicationsnor
insulin deficiency.
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