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The skeleton in diabetes – involvement and interaction

Abstract

Diabetes mellitus (DM) is characterized by high blood glucose; impair-
ment of the skeleton is among its other deleterious effects. Adverse effect upon 
the bone tissue is primarily altered bone quality and consequently increased 
bone fragility. In DM 1, bone mass may be low and in DM2 normal or 
even increased. Therapy for DM2 also affects bone metabolism as thiazoli-
dine-diones cause differentiation shift of mesenchyme precursors from osteo-
blasts into adipocytes. Association of bone with glucose metabolism was 
discovered in the last decade indicating that insulin is necessary for synthesis 
of undercarboxylated osteocalcin which acts in a hormonal fashion to pro-
mote insulin secretion in the pancreas, adiponectin in adipocytes, and in-
creases insulin sensitivity in target tissues. Undercarboxylated osteocalcin is 
also secreted from resorbed bone. Thus insulin is required for normal bone 
metabolism and bone acts as an endocrine organ. Additional role of osteo-
calcin is in promoting testosterone secretion in testes.

IntroductIon

Diabetes mellitus (DM, both type 1 and 2) has long been recognized 
as disease which affects skeletal integrity. Although different eti-

ologies and disease mechanisms are involved in diabetes type 1 and 2, 
certain similarities regarding the outcome upon skeleton exist, i.e. great-
er bone fragility and greater risk of fractures, and this includes also 
hypovitaminosis D. The common mechanism of impaired mineral me-
tabolism includes hyperglycemia which contributes to increased urine 
calcium excretion, poor bone quality due to formation of advanced gly-
cosylation end products that permanently affect bone matrix, low bone 
turnover, increased bone fragility and increased fracture risk arising 
from altered bone quality. The differences in etiologies of DM1 and 
DM2 are also reflected on their effect upon bone metabolism. The onset 
of DM1 is usually at an earlier age and very likely to affect achievement 
of peak bone mass with low bone mass. In DM1, lack of insulin affects 
all aspects of development and growth. Body mass index may also be 
low in these patients, with low muscle mass and low fatty tissue which 
both have a negative impact upon peak bone mass and its maintenance. 
In patients with DM2 with predominantly late onset, bone mass may 
be normal or even increased (1, 2).

The underlying disorder of DM2 is insulin resistance and hyperinsu-
linemia. As insulin is an anabolic agent, together with increased IGF1, 
insulin contributes to bone mass accrual. Increased body mass, very 
frequent in DM2 patients, also favors bone mass preservation. Hypovi-
taminosis D which is common in both DM1 and DM2 may be due to 
general poor health and compromised quality of life in particular in 
DM1 patients whose glucose levels are not optimally controlled. Vitamin 
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D sequestration in fatty tissue in both DM1 and DM2 
patients is recognized as additional risk for skeletal impair-
ment. Bone quality in DM2 deteriorates as indicated by 
increased fractures of the hip and spine despite preserved 
bone mass (3). Assessment of skeletal features, including 
bone quality and not only bone mass, will become a pre-
rogative in monitoring and treating DM2 patients as DM 
2 incidence is increasing in aging societies and requiring 
also fracture risk assessment. Basic characteristics regard-
ing skeletal involvement in DM1 and DM2 are summa-
rized in Table 1.

AssocIAtIon of bone And energy 
metAbolIsm

It was the crucial discovery of Lee et al reported in 
2007 (4) which brought a new insight of association of 
bone metabolism and energy homeostasis (Figure 1). Os-

Table 1
Summarized features of DM1 and DM2 regarding skeletal involvement.

DM1 DM2

Endocrine mechanism Insulin deficiency, hyperglycemia Insulin resistance, increased IGF1, hyperglycemia
Age of onset young mature, old
Body mass low increased

Skeletal impairment

affect peak bone mass, bone mass low, bone turnover 
low, altered bone quality, increased risk of fractures, 
increased calcium excretion due to hyperglycemia, 
hypovitaminosis D

bone mass normal or increased, bone turnover low, 
altered bone quality, increased risk of fractures, 
increased calcium excretion due to hyperglycemia, 
hypovitaminosis D

Involvement of other 
systems

deleterious effect on blood vessels, neuropathy, visual 
impairment, kidney function deterioration

deleterious effect on blood vessels, neuropathy, 
visual impairment, kidney function deterioration

 
Table 2

Reports on association of skeletal metabolism with glucose metabolism.

Reference Observation Subjects/patients

36 Negative correlation of osteocalcin and blood glucose and parameters of atherosclerosis DM2 adults

37 Negative correlation of undercarboxylated osteocalcin and blood glucose and fat mass, posi-
tive with adiponectin DM2

38 Negative correlation of osteocalcin and blood glucose and fat mass non-diabetic
39 Positive correlation of osteocalcin and insulin sensitivity, increase of osteocalcin after weight loss obese adults

8 Negative correlation of osteocalcin with fasting glucose and insulin, insulin resistance, C-reactive 
protein, IL-6, BMI and fat mass; osteocalcin associated with change in blood glucose DM2

40 Lower levels of osteocalcin in diabetics which increased with glycemic improvement healthy and diabetics
41 Increase in undercarboxylated osteocalcin as a result of aerobic exercise obese and diabetic men
42 Increase of osteocalcin, decrease of leptin and improvement of insulin sensitivity after weight loss obese children
43 Positive correlation of osteocalcin and adiponectin DM2
44 Positive correlation of undercarboxylated osteocalcin and adiponectin postmenopausal women
45 No difference in undercarboxylated osteocalcin DM1 and controls
46 Undercarboxylated osteocalcin positive correlated with insulin healthy children

teocalcin, i.e. undercarboxylated osteocalcin was recog-
nized as a key factor in coupling of these otherwise diverse 
systems. Conclusions of Karsenty’s group on new aspects 
of glucose metabolism which were consistent with reports 
of other investigators on glucose, osteocalcin, adiponec-
tin, fat mass and other factors in humans, have so far 
enabled new concepts of the entire metabolism (4). In 
summary, insulin acting through its receptor on osteo-
blasts activates protein tyrosine phosphatase (in humans 
protein tyrosine phosphatase 1B) to produce undercar-
boxylated osteocalcin as opposed to osteocalcin with post-
translational three glutamic acid residues. This modifica-
tion of osteocalcin is important because of its calcium 
binding properties. Thus osteocalcin containing glutam-
ic acid residues has high affinity for bone matrix. Decar-
boxylation reduces the affinity of osteocalcin (undercar-
boxylated osteocalcin) for hydroxyapatite in bone matrix. 
This process occurs during bone resorption. This form of 
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osteocalcin, i.e. the undercarboxylated osteocalcin, is the 
active or hormonal form as it promotes insulin synthesis 
and secretion in pancreatic beta cells and adiponectin se-
cretion from adipocytes. Additionally, insulin sensitivity 
is improved, energy expenditure increased and fat mass 
decreased. The regulation goes through ESP gene which 
encodes for the protein tyrosine phosphatase, and leptin 
also acts to increase its action with resulting secretion of 
osteocalcin with three glutamic residues, i.e. the non-ac-
tive osteocalcin (or the non-hormone form). Leptin also 
decreases insulin secretion in the pancreas. Undercarbox-
ylated osteocalcin is also released from bone matrix dur-
ing bone resorption, as insulin inhibits osteoprotegerin 
synthesis and thus promotes osteoclast bone degradation. 
The work of Lee et al. (4) will probably require a change 
in the traditional concept of endocrinology as the skeleton 
or bone tissue becomes an endocrine organ involved in 
regulation of energy metabolism.

This brings new light to understanding skeletal in-
volvement in diabetes. In DM1 with impaired insulin 
secretion, opposite metabolic effects are observed com-
pared to those described previously for the normal insulin 
secretion. Also, insulin deficiency is the cause of low os-
teocalcin synthesis and poor bone formation, with the 
result of low bone mass and impaired bone quality. In 
rodents, low osteocalcin is also associated with low testos-
terone synthesis in testicular Leydig cells, but it appar-
ently lacks a similar effect on ovaries.

Endocrine interaction of bone (i.e. osteoblasts) and 
energy metabolism (i.e. pancreas) includes two counter-

acting key factors: leptin (the bad guy) and insulin (the 
good guy). Insulin signalling in osteoblasts is regulated 
through its receptor tyrosin kinase, a substrate of tyrosine 
phosphatase (encoded by ESP gene) (2). Binding of insu-
lin to its osteoblast receptor results in decrease of osteo-
protegerin secretion. This alters the balance of osteoblast-
osteoclast cross-talk and enables osteoclast activity. Bone 
resorption and acidification of bone microenvironment 
releases decarboxylated osteocalcin from bone matrix into 
extracellular fluid. Body fluids and plasma contain both 
carboxylated and undercaboxylated osteocalcin. Bone 
resorption favors decarboxylation of osteocalcin by creat-
ing acidic environment. Release of osteocalcin and its 
decarboxylation yield undercaboxylated osteocalcin 
which acts as a hormone on the pancreas, adipose tissue, 
liver and the testes (4). In adolescent boys, a positive as-
sociation between osteocalcin and testosterone would 
tradionally be attributed to pubertal growth spurt. Pu-
berty is characterized by several-fold higher levels of bone 
markers, both formation and resorption markers, as com-
pared to adults. Bone markers reflect intensive and ac-
celerated bone growth during puberty which will level-off 
toward adulthood, i.e. approximately toward the twenties. 
With regard to new data on bone and gonads, it can be 
speculated that this association of osteocalcin and testos-
terone also reflects a direct interaction of the endocrine 
bone and gonad function (5).

Data on clinical studies supporting causative relation-
ship between different aspects of bone metabolism and 
glucose homeostasis are summarized in Table 2. These 
results also indicate the key role of osteocalcin (or rather 
undercaboxylated osteocalcin) in coupling bone and en-
ergy metabolism (6).

Systemic administration of undercarboxylated osteo-
calcin in experimental models has anti-diabetic properties 
by lowering blood glucose, increasing insulin secretion 
and insulin sensitivity of target tissues (muscle, adipose 
tissue, and liver) (7). In experimental animal models (pri-
marily rodents), gross alterations of osteocalcin and un-
dercarboxylated osteocalcin were reported. In studies on 
humans, the differences are mostly within a normal phys-
iological range and correlations with fasting glucose and 
insulin sensitivity were reported. Not surprisingly, diabe-
tes in humans is associated with lower total osteocalcin. 
In clinical studies, improved glycemic control have re-
sulted in higher osteocalcin levels. More human studies 
are necessary to confirm the results obtained in animal 
studies. For example, studies in patients where effects of 
undercarboxylated osteocalcin or osteocalcin on glucose 
metabolism were investigated have provided conflicting 
results. In some studies (8), improved fasting glucose 
could be predicted, but in others (9) (with vitamin K 
supplementation for decrease of undercaboxylated osteo-
calcin) opposite results were found on insulin sensitivity 
compared to those predicted from rodent models.

Figure 1. Presentation of interaction of bone metabolism and glucose 
regulation. Insulin promotes secretion of undercarboxylated osteo-
calcin in osteoblasts, which in turn stimulates insulin secretion in 
the pancreas, adiponectin in adipose tissue and energy expenditure, 
improves insulin sensitivity in target tissues and blocks osteoprote-
gerin synthesis with increased bone resorption and release of decar-
boxylated osteocalcin. Also, testesterone synthesis is stimulated in 
the Leydig cells of testes. Insulin deficiency has opposite effects, in-
cluding poor osteocalcin synthesis and low bone mass.
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bone In dIAbetes – frAgIlIty And 
frActure rIsk

Bone fragility and risk of fractures with its conse-
quences on life-style and independence is an important 
problem of aging population with increasing incidence of 
DM2. Bone loss occurs with aging in both men and 
women. This is more pronounced in postmenopausal 
women with accelerated bone loss after cessation of ovar-
ian estrogen production. At an advanced age, the rate of 
bone loss is similar for both sexes. However, females are 
at a disadvantage compared to males because peak bone 
mass is less and postmenopausal bone loss occurs at an 
increased rate. Osteoporosis in older population is thus 
frequent, affecting approximately 15% of women and 5% 
of men older than 50 years. It is well established that bone 
mass, measured by the standard method of dual-photon 
densitometry, is highly related to fracture risk (10).

Skeletal integrity is impaired in diabetes; this applies 
to both types 1 and 2 and was established long ago. It is 
a serious health problem for diabetic patients because frac-
ture risk increased and has consequences for individual 
patients and the entire community. In particular, studies 
have reported an increased risk of hip fractures which are 
particularly deterimental in older people, resulting in dis-
ability and even death from multi-organ failure.

Aging population is also affected by greater DM2 in-
cidence, and both DM2 and also DM1 are characterized 
by increased fracture risk. Bone mass in DM2 is not nec-
essarily decreased; on the contrary, it may be normal or 
increased but bone fractures occur despite evidence of 
non-compromised bone mass. The problem is in altered 
bone quality, a feature not assessed by densitometry 
which, in fact, measures bone mineral content. This was 
observed and reported for both the hip, vertebral and foot 
fractures in DM2 (11). In the case of DM2, the associa-
tion of bone mineralization and fragility is not reliable for 
prediction of fracture risk. An apparent paradox is that 
greater risk of fracture in diabetics does not correspond 
to low BMD as it does in healthy population. Although 
BMD in DM1 patients is lower than in general popula-
tion, the actual densitometry measurements do not ac-
count for this high fracture risk. In contrast, BMD is in 
DM2 patients better than in non-diabetic populationl i.e. 
densitometry results are higher, but fractures occur with 
increased frequency (12). This was not a universal obser-
vation and some investigators have found fracture risk to 
be similar to that (13, 14) in normal population.

In DM1, increased risk was found for hip fractures (11), 
but also for the spine and humerus (15). Epidemiological 
studies have indicated that the main cause of increased 
fracture risk in diabetes both type 1 and 2 is altered bone 
quality, and not decreased bone quantity. Poor bone qual-
ity also leads to fractures. Increased blood glucose in inef-
ficient glycemic control generates advanced glycation end 
products which permanently alter bone matrix structure, 

among other tissues. Thus, bone quality deteriorates by 
accumulation of advanced glycation end products, its in-
tegrity is not any more intact and fragility is increased. 
These compounds adversely affect collagen, osteocytes, 
and multipotent bone marrow stem cells (16, 17, 18).

Prolonged exposure to hyperglycemia and to the det-
rimental effects of advanced glycation end products on 
bone resulted in an increment in fracture risk that was 
reported approximately 12–14 years after the diagnosis of 
diabetes (11,19).

Established therapy for blood glucose control in DM2 
also contributes to secondary osteoporosis. The mecha-
nism is based on altered bone remodeling balance with 
decreased bone formation and increased bone resorption. 
Advanced age and postmenopause are additional adverse 
risk factors contributing to osteoporosis and fracture risk.

Evidence from retrospective clinical studies have con-
firmed adverse effect of thiazolidine-diones in DM2, with 
emphasis on increased bone loss and risk of fractures in 
elderly women, although according to some studies with 
equal risk for both sexes, increased risk in patients with 
previous fracture history and positive correlation with 
duration of treatment.

Regarding bone safety in DM2 patients, combination 
therapy with other antidiabetic therapies or preventing 
further bone loss by administration of antiresorptive/ an-
tiosteoporotic drugs might be an option to preserve skel-
etal integrity. An established and effective therapy for 
normalization of blood glucose in DM2 are thiazolidine-
diones. These compounds act on peroxisome proliferator-
activated receptor-g (PPAR-g) protein, a key regulator of 
energy metabolism in fat tissue. However, the disadvan-
tage is that PPARg also interacts with bone cell prolifera-
tion and differentiation and the cytokine composition in 
the bone marrow extracellular fluid. Thiazolidine-dione 
in in-vitro studies and animal models probably acts on 
pluripotent mesenchymal stem cells in the bone marrow, 
shifting differentiation towards adipocyte precursors at 
the expense of osteoblast precursors (20).

Bone marrow space is filled with adipose tissue, bone 
turnover, i.e. regeneration, is impaired and bone loss results 
(21,22). This also depletes the recruitment into osteoblasts, 
adversely affecting bone turnover. PPAR-g can regulate 
synthesis of many cytokines which support the hematopoi-
etic-macrophage lineage, i.e. it supports osteoclastogenesis 
and bone resorption. Unfortunately, this needs to be con-
firmed in human studies, and other potential mechanisms, 
including an indirect negative effect on osteoblasts via en-
hanced secretion of adipocyte factors, remain to be eluci-
dated. Also, an important aspect is the possible confound-
ing effect of thiazolidine-diones on fracture healing (20).

There are more adverse effects of diabetes besides mod-
ifications of bone matrix due to advanced glycation end 
products. Mineralization of bone matrix may also be af-
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fected. Additional risk factors for fractures in patients with 
diabetes include systemic consequences of uncontrolled 
glycemia which affect the nervous system, vision, kidney 
function and other systems, all contributing to risk of falls 
and poor bone healing. Diabetic neuropathy and neuro-
muscular impairment are major risk factors for falls (23). 
Severe hypoglycemia in patients on insulin therapy should 
also be considered a risk factor contributing to dizziness 
and falls.

obesIty In dIAbetes – endocrIne 
And other effects

Obesity is not only a feature of DM2, but also a glob-
al epidemic of the Western world with affordable access 
to high calorie food and sedentary lifestyle. Body fat has 
an endocrine effect on the skeleton by secreting adipo-
kines. For example, leptin – besides its effect on appetite 
and reproduction – acts centrally on the sympathetic ner-
vous system and hypothalamic neurons, and has negative 
impact on bone mass by inhibiting bone accrual.

The pathway of central leptin effect is common to se-
rotonin. Actually, leptin inhibits serotonin synthesis 
which in turn stimulates signalling of the sympathetic 
nervous system, and finally acting of beta adrenergic re-
ceptors on osteoblasts. Dual pathway acts by inhibition 
of osteoblast proliferation and also by promoting RANKL 
expression and osteoclast activation. Leptin also has pe-
ripheral anabolic action on bone mass, stimulating osteo-
blasts and inhibiting osteoclasts. The alternate pathway is 
through receptors of the arcuate nucleus neurons by in-
creasing CART (cocaine and amphetamine regulated 
transcript) gene expression and further decreasing 
RANKL expression on osteoblasts (2,3).

Fatty tissue and its mass has long been established as a 
protective factor for bone mass, with main effect attributed 
to conversion of androgens into estrogens by an aromatase. 
The sheer weight of greater body mass is not a significant 
contributor to skeletal health. Adipose tissue has less spe-
cific weight in comparison to muscle tissue and thus pro-
portionally has less impact. The effect of skeletal muscles, 
i.e. muscle contraction and strain during exercise, will exert 
considerable force on the bone. This change and increment 
of pressure-pull forces promote bone remodeling and bone 
formation, with the main goal of achieving a new biome-
chanical steady state with optimal force distribution 
(10,24). Modification of muscle work or exercise program 
can progressively stimulate further bone remodeling and 
bone growth to adapt to new and increasing load. Increased 
body weight in obese has a less pronounced beneficial effect 
upon the skeleton. Another recognized benefit, but of lim-
ited value, is the cushion effect of fatty tissue. These ben-
efits are of moderate influence as mobility is with increas-
ing body weight progressively hampered and muscle action 
on the skeleton reduced. Deleterious effects of obesity on 
other systems, e.g. cardiovascular, renal, locomotor and 
other, are well established.

Low body weight is a recognized risk factor for bone 
fracture, and obesity is characterized by high cortical 
bone mass. It is well known that adipose tissue insulates 
the skeleton, but also exerts increased load on the skeleton 
with enhanced mechanical signalling to osteocytes and 
the cortical bone. Also, excess body weight may be detri-
mental to the skeleton. Diseases associated with aging, 
e.g. metabolic syndrome and insulin resistance, are also 
linked to fragility fractures (10,24). Patients with DM1 
and DM2 differ regarding body weight and accordingly 
in body mass index. These two disorders differ greatly in 
hormonal profiles. DM1 is characterized by insulin defi-
ciency, low IGF1 and steroid hormones, while in DM2 
there is increased insulin secretion, high estrogens and 
androgens, and normal IGF1 (3).

the role of vItAmIn d

Vitamin D deficiency has been recognized almost as 
an epidemic ever since rapid and convenient measurement 
methods have become available. It is estimated that ap-
proximately 30-50% of children and adults are vitamin 
D-deficient with regard to concentration of 50 nmol/L 
for 25-hydroxyvitamin D in blood (25). This is the level 
of deficiency (or insufficiency) of 25-hydroxyvitamin D 
which causes a reactive increase of PTH secretion. In case 
of certain disorders, e.g., malignancies, the cut-off values 
higher than 50 nmol/L are required for optimal health 
benefits (e.g., 80 nmol/L). Epidemiological studies have 
indicated that hypovitaminosis D is associated with many 
disorders and malignancies (e.g., breast cancer, colon can-
cer, prostate cancer, leukemia), including both DM1 and 
DM2. In malignant disease, antiproliferative and prodif-
ferentiating properties of calcitriol are probably involved. 
Circulating 25OH D levels have been found to be associ-
ated with mortality (all-cause) in patients with terminal 
kidney diseases and coronary artery diseases. Also, sup-
plementation with vitamin D may reduce mortality. Nor-
malization and increase of 25-hydroxyvitamin D was 
associated with reduced risk for DM, cardiovascular dis-
eases and metabolic syndrome (26 ). Low vitamin D was 
linked to DM1 and also to insulin resistance in DM2 
(27-29). This can be explained by the role of 1,25-dihy-
droxyvitamin D on target cells of insulin action, i.e. the 
liver, skeletal muscles and adipose tissue. Apparently it 
can improve pancreatic b-cell function. Immunomodu-
lating function of 1,25-dihydroxyvitamin D might also 
be involved as it regulates immune cells and local immune 
response (30). The underlying mechanism in cardiovas-
cular diseases is that hypovitaminosis activates renin-
angiotensin system. In addition, vitamin D inhibits car-
diac muscle hypertrophy (31).

Regarding DM1 and hypovitaminosis D, there are 
moderate data indicating associations of low vitamin D 
and poor glycemic control and insulin resistance. Appar-
ently correction of hypovitaminosis D improves major 
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symptoms of DM1. Reasons for hypovitaminosis D in 
DM1 are multiple. Hypovitaminosis D observed in DM2 
is a consequence of increased adipose tissue and storage 
of vitamin D in adipocytes. In DM2 low vitamin D is 
associated with decreased insulin secretion and insulin 
resistance. Correction of hypovitaminosis D is associated 
with improvement of pancreatic insulin secretion and 
insulin sensitivity. Receptors for 1,25-dihydroxyvitamin 
D have been found on pancreatic cells, which further 
supports these observations. Therapy with vitamin D re-
stores insulin sensitivity in peripheral tissues through 
stimulation of its receptor expression. Several epidemio-
logical studies have reported on decreased 25-OH D and 
incidence of DM2 (6 ).

Vitamin D receptors are also found on skeletal muscle 
cells. Their action is performed through alteration of gene 
expression by DNA synthesis but also through a rapid 
action on membrane receptors. This is important as skel-
etal mass (or lean mass) has a profound effect on bone 
maintenance and bone formation. Conclusions of these 
studies do not suggest that vitamin D deficiency is re-
sponsible for occurrence and development of DM2, but 
point toward further investigations of metabolic associa-
tions (6 ).

In addition to the effect of hyperglycemia on bone 
quality in diabetes, bone mineralization may be due to 
impaired vitamin D and calcium metabolism. Increased 
blood glucose interferes with calcium reabsoprtion in the 
kidney. Patients with diabetes also suffer from hypovita-
minosis D (32, 33). DM2 patients are more likely to be 
vitamin D deficient, as their BMI is greater and this fat-
soluble vitamin might be stored in adipose tissue. A re-
cently published review by Madar et al. (34) demonstrat-
ed that currently there is insufficient evidence to 
recommend vitamin D supplementation in order to im-
prove glycemia or insulin resistance in patients with dia-
betes, normal fasting glucose, or impaired glucose toler-
ance (34, 35).

Available data on clinical research of interaction of 
bone and glucose metabolism are limited and further 
studies are urgently required to investigate the exact role 
of osteocalcin in energy balance in humans. This would 
include research to assess how therapies that modulate 
undercarboxylated osteocalcin synthesis may alter and 
improve glucose and lipid metabolism.

references
 1.  MOTYLA K J, LAURA R, McCABE A B, SCHWARTZC A V 

2010 Bone and glucose metabolism: a two-way street. Arch Biochem 
Biophys 503: 2–10

 2.  SCHWETZ V, PIEBER T, OBERMAYER-PIETSCH B 2012 The 
endocrine role of the skeleton: background and clinical evidence. 
Eur J Endocrinol 166:959–967

 3.  DE PAULA F J A, HOROWITZ M C, ROSEN C J 2010 Novel 
insights into the relationship between diabetes and osteoporosis. 
Diabetes Metab Res Rev 26: 622–630

 4.  LEE N K, SOWA H, HINOI E, FERRON M, AHN J D, CON-
FAVREUX C, DACQUIN R, MEE P J, MCKEE M D, JUNG D 
Y, ZHANG Z, KIM J K, MAUVAIS-JARVIS F, DUCY P, 
KARSENTY G 2007 Endocrine regulation of energy metabolism 
by the skeleton. Cell 130: 456–469

 5.  KIRMANI S, ATKINSON E J, MELTON L J III, RIGGS B L, 
AMIN S, KHOSLA S 2011 Relationship of testosterone and os-
teocalcin levels during growth. J Bone and Miner Res 26: 2212–
2216

 6.  YAMAGUCHI T, SUGIMOTO T 2011 Bone metabolism and 
fracture risk in type 2 diabetes mellitus. Endocrine Journal 58: 
613-624

 7.  FERRON M, HINOI E, KARSENTY G, DUCY P. 2008 Osteo-
calcin differentially regulates beta cell and adipocyte gene expres-
sion and affects the development of metabolic diseases in wild-type 
mice. Proc Natl Acad Sci U S A 105: 5266–5270

 8.  PITTAS A G, HARRIS S S, ELIADES M, STARK P, DAWSON-
HUGHES B 2009 Association between serum osteocalcin and 
markers of metabolic phenotype. J Clin Endocrinol Metab 94: 
827–832

 9.  SHEA M K, GUNDBERG C M, MEIGS J B, DALLAL G E, 
SALTZMAN E, YOSHIDA M, JACQUES P F, BOOTH S L 
2009 Gamma-carboxylation of osteocalcin and insulin resistance 
in older men and women. Am J Clin Nutr 90: 1230–1235

10.  CLARKE B 2008 Normal bone anatomy and physiology. Clin J 
Am Soc Nephrol 3(Suppl 3): S131–S139

11.  JANGHORBANI M, VAN DAM R M, WILLETT W C, HU F 
B 2007 Systematic review of type 1 and type 2 diabetes mellitus 
and risk of fracture. Am J Epidemiol 166: 495–505

12.  KHAZAI N B, GEORGE R, BECK G R, GUILLERMO E, 
UMPIERREZ GE 2009 Diabetes and fractures — an overshad-
owed association. Curr Opin Endocrinol Diabetes Obes 16: 435–445

13.  SOSA M, SAAVEDRA P, JÓDAR E, LOZANO-TONKIN C, 
QUESADA J M, TORRIJOS A, PÉREZ-CANO R, NOGUÉS 
X, DÍAZ-CURIEL M, MORO M J, GÓMEZ C, MOSQUERA 
J, ALEGRE J, OLMOS J, MUÑOZ-TORRES M, GUAÑABENS 
N, DEL PINO J, HAWKINS F; GIUMO STUDY GROUP 2009 
Bone mineral density and risk of fractures in aging, obese post-
menopausal women with type 2 diabetes. The GIUMO Study. 
Aging Clin Exp Res 21: 27–32

14.  DOBNIG H, PISWANGER-SÖLKNER J C, ROTH M, OBER-
MAYER-PIETSCH B,  TIRAN A,  STRELE A,  MAIER 
E,  MARITSCHNEGG P,  SIEBERER C,  FAHRLEITNER-
PAMMER A 2006 Type 2 diabetes mellitus in nursing home pa-
tients: effects on bone turnover, bone mass, and fracture risk. J Clin 
Endocrinol Metab 91: 3355–3363

15.  VESTERGAARD P, REJNMARK L, MOSEKILDE L 2005. 
Relative fracture risk in patients with diabetes mellitus and the 
impact of insulin and oral antidiabetic medication on relative frac-
ture risk. Diabetologia 48: 1292–1299

16.  VASHISHTH D, GIBSON G J, KHOURY J I, SCHAFFLER M 
B, KIMURA J, FYHRIE D P 2001 Influence of nonenzymatic 
glycation on biomechanical properties of cortical bone. Bone 28: 
195–201

17.  HEIN G,  WEISS C,  LEHMANN G,  NIWA T,  STEIN 
G, FRANKE S 2006 Advanced glycation end product modifica-
tion of bone proteins and bone remodelling: hypothesis and pre-
liminary immunohistochemical findings. Ann Rheum Dis 65: 
101–104

18.  KUME S,  KATO S,  YAMAGISHI S,  INAGAKI Y,  UEDA 
S, ARIMA N, OKAWA T, KOJIRO M, NAGATA K 2005 Ad-
vanced glycation end-products attenuate human mesenchymal 



The skeleton in diabetes Vesna Kušec

Period biol, Vol 117, No 1, 2015. 93

stem cells and prevent cognate differentiation into adipose tissue, 
cartilage, and bone. J Bone Miner Res 20: 1647–1658

19.  NICODEMUS K K, FOLSOM A R 2001 Type 1 and type 2 dia-
betes and incident hip fractures in postmenopausal women. Dia-
betes Care 24: 1192–1197

20.  LECKA-CZERNIK B 2010 Bone loss in diabetes: use of antidia-
betic thiazolidinediones and secondary osteoporosis. Curr Osteo-
poros Rep 8: 178–184

21.  ALI A A, WEINSTEIN R S, STEWART S A, PARFITT A M, 
MANOLAGAS S C, JILKA R L 2005 Rosiglitazone causes bone 
loss in mice by suppressing osteoblast differentiation and bone 
formation. Endocrinology 146: 1226–1235

22.  SOROCÉANU M A, MIAO D, BAI X Y, SU H, GOLTZMAN 
D, KARAPLIS A C 2004 Rosiglitazone impacts negatively on 
bone by promoting osteoblast/osteocyte apoptosis. J Endocrinol 
183: 203–216

23.  SCHWARTZ AV, VITTINGHOFF E, SELLMEYER D E, FE-
INGOLD K R, DE REKENEIRE N, STROTMEYER E S, 
SHORR R I, VINIK A I, ODDEN M C, PARK S W, FAULKNER 
K A, HARRIS T B 2008 Diabetes-related complications, glycemic 
control, and falls in older adults. Diabetes Care 31: 391–396

24.  CLARKE B L, KHOSLA S 2010 Physiology of Bone Loss. Radiol 
Clin North Am 48: 483–495

25.  HOLICK M F, CHEN T C 2008 Vitamin D deficiency: a world-
wide problem with health consequences. Am J Clin Nutr 87: 
1080S–1086S

26.  PARKER J,  HASHMI O,  DUTTON D,  MAVRODARIS 
A, STRANGES S, KANDALA N B, CLARKE A, FRANCO O 
H 2010 Levels of vitamin D and cardiometabolic disorders: sys-
tematic review and metaanalysis. Maturitas, vol. 65, no. 3, p 225–
236

27.  MATHIEU C, BADENHOOP K 2005 Vitamin D and type 1 
diabetes mellitus: state of the art, Trends Endocrinol Metab 16: 
261–266

28.  TARGHER G, BERTOLINI L, PADOVANI R, ZENARI L, 
SCALA L, CIGOLINI M, ARCARO G 2006 Serum 25-hy-
droxyvitamin D3 concentrations and carotid artery intima-media 
thickness among type 2 diabetic patients. Clin Endocrinol (Oxf.) 
65: 593–597

29.  BORKAR V V, DEVIDAYAL V S, BHALLA A K 2010 Low lev-
els of vitamin D in North Indian children with newly diagnosed 
type 1 diabetes. Pediatric Diabetes 11: 345–350

30.  TAKIISHI T, GYSEMANS C, BOUILLON R, MATHIEU C 
2010 Vitamin D and diabetes. Endocrinol Metab Clin North Am 
39: 419–446

31.  MUSZKAT P, RODRIGUES CAMARGO M B, MACIEL GRIZ 
L H, LAZARETTI-CASTRO M 2010 Evidence-based non-skel-
etal actions of vitamin D. Arq Bras Endocrinol Metab 54: 110-117

32.  BENER A, ALSAIED A, AL-ALI M, AL-KUBAISI A, BASHA 
B, ABRAHAM A, GUITER G, MIAN M 2008 High prevalence 
of vitamin D deficiency in type 1 diabetes mellitus and healthy 
children. Acta Diabetol

33.  LITTORIN B,  BLOM P,  SCHÖLIN A,  ARNQVIST H 
J, BLOHMÉ G, BOLINDER J, EKBOM-SCHNELL A, ERIKS-
SON J W, GUDBJÖRNSDOTTIR S, NYSTRÖM L, OSTMAN 
J, SUNDKVIST G 2006 Lower levels of plasma 25-hydroxyvita-
min D among young adults at diagnosis of autoimmune type 1 
diabetes compared with control subjects: results from the nation-
wide Diabetes Incidence Study in Sweden (DISS). Diabetologia 49: 
2847–2852

34.  MADAR A A, KIRSTEN V KNUTSEN, LARS C STENE, 
METTE BREKKE, HAAKON E MEYER, PER LAGERLØV 
2014 Effect of Vitamin D3 Supplementation on Glycated Hemo-
globin (HbA1c), Fructosamine, Serum Lipids, and Body Mass 
Index A Randomized, Double-Blinded, Placebo-controlled Trial 
Among Healthy Immigrants Living in Norway. BMJ Open Diabe-
tes Res Care 13;2(1): e000026

35.  GEORGE P S, PEARSON E R, WITHAM M D 2012 Effect of 
vitamin D supplementation on glycaemic control and insulin resist-
ance: a systematic review and meta-analysis. Diabet Med 29: e142–
150

36.  KANAZAWA I, YAMAGUCHI T, YAMAMOTO M, 
YAMAUCHI M, KURIOKA S, YANO S, SUGIMOTO T 2009 
Serum osteocalcin level is associated with glucose metabolism and 
atherosclerosis parameters in type 2 diabetes mellitus. J Clin En-
docrinol Metab 94: 45-49

37.  KANAZAWA I, YAMAGUCHI T, YAMAMOTO M, 
YAMAUCHI M, KURIOKA S, YANO S, SUGIMOTO T 2011 
Serum undercarboxylated osteocalcin was inversely associated with 
plasma glucose level and fat mass in type 2 diabetes mellitus. Os-
teoporos Int 22:187-194

38.  KINDBLOM J M, OHLSSON C, LJUNGGREN O, KARLS-
SON M K, TIVESTEN A, SMITH U, MELLSTROM D 2009 
Plasma osteocalcin is inversely related to fat mass and plasma glu-
cose in elderly Swedish men. J Bone Miner Res 24: 785-791

39.  FERNANDEZ-REAL J M, IZQUIERDO M, ORTEGA F, 
GOROSTIAGA E, GOMEZ-AMBROSI J, MORENO-NAVAR-
RETE J M, FRUHBECK G, MARTINEZ C, IDOATE F, SAL-
VADOR J, FORGA L, RICART W, IBANEZ J 2009 The relation-
ship of serum osteocalcin concentration to insulin secretion, 
sensitivity, and disposal with hypocaloric diet and resistance train-
ing. J Clin Endocrinol Metab 94: 237-245

40.  ROSATO M T, SCHNEIDER S H, SHAPSES S A 1998 Bone 
turnover and insulin-like growth factor I levels increase after im-
proved glycemic control in noninsulin-dependent diabetes melli-
tus. Calcif Tissue Int 63: 107–111

41.  LEVINGER I, ZEBAZE R, JERUMS G, HARE DL, SELIG S, 
SEEMAN E 2011 The effect of acute exercise on undercarboxy-
lated osteocalcin in obese men. Osteoporos Int 22: 1621–1626

42.  REINEHR T, ROTH C L 2010 A new link between skeleton, 
obesity and insulin resistance: relationships between osteocalcin, 
leptin and insulin resistance in obese children before and after 
weight loss. Int J Obes (London) 34: 852–858

43.  KANAZAWA I, YAMAGUCHI T, TADA Y, YAMAUCHI M, 
YANO S, SUGIMOTO T 2011 Serum osteocalcin level is posi-
tively associated with insulin sensitivity and secretion in patients 
with type 2 diabetes. Bone 48: 720–725.

44.  SCHAFER A L, SELLMEYER D E, SCHWARTZ AV, ROSEN 
C J, VITTINGHOFF E, PALERMO L, BILEZIKIAN J P, SHO-
BACK D M & BLACK D M 2011 Change in undercarboxylated 
osteocalcin is associated with changes in body weight, fat mass, 
and adiponectin: parathyroid hormone (1–84) or alendronate 
therapy in postmenopausal women with osteoporosis (the PaTH 
Study). J Clin Endocrinol Metab 96: E1982–E1989

45.  THRAILKILL K M, JO C H, COCKRELL G E, MOREAU C 
S, LUMPKIN C K JR, FOWLKES J L 2012 Determinants of 
undercarboxylated and carboxylated osteocalcin concentrations in 
type 1 diabetes. Osteoporos Int 23: 1799-806

46.  PRATS-PUIG A, MAS-PARAREDA M, RIERA-PEREZ E, 
GONZALEZ-FORCADELL D, MIER C, MALLOL-GUISSET 
M, DIAZ M, BASSOLS J, DE ZEGHER F, IBANEZ L, LOPEZ-
BERMEJO A 2010 Carboxylation of osteocalcin affects its asso-
ciation with metabolic parameters in healthy children. Diabetes 
Care 33: 661–663


