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Abstract: Osteoporosis and diabetes mellitus type 2 (T2DM) are frequently coinciding in elderly patients,
increasing with age. The disease is associated with a higher fracture risk despite normal to high planar
bone mineral density (BMD) as measured by dual energy bone densitometry (DXA) in these individuals.
As BMD measurements do not identify T2DM patients at risk for bone fractures, this coincidence has not
been recognized for a long time, though higher mortality and the risk of a delayed wound healing have been
found in T2DM patients with major fractures. In patients with diabetes mellitus type 1 (T1DM) fracture
risk is even higher, with an up to 12-fold risk as compared to patients with normal glucose metabolism.
These patients might be affected from early childhood on, with worse fracture outcomes depending on their
glucose control. Pathophysiological conditions that might contribute to the increased fracture risk in both
T1DM and T2DM include decreased skeletal quality and properties, aggravated by comorbidities such as
macro- and microvascular complications, and chronic inflammation, but there are many open questions to
resolve. As specific diagnostic approaches are urgently required, several attempts have been made by new
imaging technologies, namely trabecular bone score (I'BS), high resolution peripheral quantitative computed
tomography (HRpQCT), bone biopsies, histomorphometry and microindentation. New biomarkers of
diabetoporosity have been addressed. The complex interaction of these new biomarkers is illustrated by
several articles within this issue. We report on the current knowledge in pathophysiology, diagnostics and
management of bone in diabetes mellitus. Given the increasing numbers of T2DM and osteoporosis patients
worldwide—with a current number of about 415 million T2DM patients, a growing community of TIDM
patients and about 9 million osteoporotic fractures annually in 200 million women and probably 120 million

men—this is in fact an important problem for future health care.
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Introduction age (1). Only recently, direct links have been revealed for
The coincidence of diabetes mellitus type 2 ([2DM) and many shared pathophysiological features, risk factors, and
osteoporosis in the elderly was overlooked for a long time, consequences such as an increased fracture risk.

whereby the prevalence in both diseases increases with The risk for bone fractures is at least two times higher
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in T2DM patients (2), where conventional bone mineral
density (BMD) measurements by dual energy bone
densitometry (DXA) might show normal or even increased
planar BMD. This coincidence shows a very low awareness
of bone fracture risk in T2DM patients, with the need for
additional diagnostic procedures to cover an individual
early risk detection. The topic is if ascending importance, as
the numbers of T2DM patients are constantly rising. The
International Diabetes Federation estimates an increase
by 55% until 2040, with a current number of 415 million
T2DM patients worldwide (3).

However, fracture risk is not restricted to T2DM patients.
Bone fractures occur even more frequently in patients
with diabetes mellitus type 1 (T1DM), where patients may
express an up to 12-fold risk for severe bone fractures and
concomitant sequelae including delayed healing and post-
surgical complications, such as chronical wound infections (4).
In addition, both T1DM and T2DM patients tend to have
worse fracture outcomes than patients with normal glucose
control. The risk for mortality in both T1DM and T2DM
patients after a major fracture (e.g., hip fracture) is nearly
50% increased as compared with hip fracture patients
without diabetes including a higher risk of postoperative
cardiac events and prolonged hospitalization by 1-4 days (5).

As T1DM shows earlier disease onset in general, higher
fracture risk is already seen during childhood and persists
later in life, in both women and men. Whereas BMD
has been found to be slightly decreased in most T1DM
patients, the contrary is the case in most T2DM patients.
However, BMD does not always reflect fracture risk in the
case of diabetic patients. Other factors have therefore to be
addressed to understand the underlying pathophysiological
mechanisms. One of the most surprising recent discoveries
was the involvement of the microbiome in bone properties.
Microbiome-associated inflammatory and autoimmune
changes e.g., in diabetes mellitus are regarded as additional
factors for low BMD and draw a link between gut
microbiota and the bone (6).

In addition, diabetes medication per se has been shown
to interfere with bone and glucose metabolism. The most
prominent example are thiazolidinediones (TZDs), high-
affinity ligands and activators of peroxisome proliferator—
activated receptor G, which have been connected to
increase bone resorption and bone marrow fat and thus to
exalt fracture risk which led to their withdrawal from the
market (4). However, other drugs have been demonstrated
to be beneficial for bone remodelling, such as metformin via
the activation of osteoblast differentiation.
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As bone fractures and their sequelae are the central
outcome of diabetoporosity, this review will focus on bone
metabolism relevant for an increased fracture risk in these
patients based on decreased bone mass and properties
in TIDM and impaired skeletal properties despite
preserved BMD in T2DM, aggravated by comorbidities
such as macro- and microvascular alterations including
nephropathy, angiopathy and neuropathic changes.

We aim to document current knowledge about the
involvement of bone in glucose and energy metabolism,
with reference to the articles by Carlo Foresta (“OCN
and fertility—male and female aspects”), Valentina Biasin
(“Sclerostin, BMP, WNT and the lung”) and Ines Foessl
(“miRNAs and bone—future of bone biomarkers”) as well
as Maria Carolina Gomez (“Bone and the microbiome—
a new dimension”) and Martina Rauner (“OPG and
RANKL—osteoimmunology”) in this issue. All the more,
these links strengthen the complex relation of glucose and
energy metabolism and the bone system, which opens new
insights in these important interactions.

Contribution of diabetes mellitus type 1 in bone
pathophysiology

Many factors contribute to fracture risk, which are well
known and defined: lower BMD, older age, female sex, and
the use of glucocorticoids—all of these factors are main
predictors for bone fractures in patients with T1DM and
T2DM (4). However, there are additional specific factors
in diabetes mellitus, which have drawn a lot of attention in
recent years.

Mechanisms of reduced bone strength in
diabetes mellitus type 1

To date, there is no final picture of factors influencing
bone strength and the increased occurrence of bone
fractures in T1DM. Contributors for skeletal homeostasis
in healthy individuals, such as lifestyle and nutrition,
physical activity, as well as genetic and epigenetic factors
are relevant in T1DM patients, too (7). Of note, the age at
disease manifestation, the overall duration and concomitant
diseases, such as macro- and microvascular complications,
nephro- and neuropathy as well as hypogonadism or
thyroid problems might heavily aggravate the disposition to
diabetoporosity and fractures (8).

In children with TIDM, the achievement of peak
bone mass might be impaired. DXA-derived BMD
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has been reported to be 0.5-1.0 standard deviations
(SD) lower as compared to healthy children of the
same age and Tanner’ development. Bone volume
and geometry show smaller dimensions with negative
consequences during growth and less resistance during
loading and falls (8). These phenomena are likely to be
linked to the reduced rate of insulin and a decreased
growth hormone/insulin-like growth factor 1 (IGF-1)
relation during childhood, impairing bone formation
inT1DM prodromes and manifestation. Later in life,
deficits in bone size seem to be resolved, but effects in
crucial phases in growth—the “vulnerable phase”—might
be translated in later fracture risk (4).

In adult patients with T1DM, DXA-derived BMD
measurements show a 0.5-1.0 SD lower z-score as
compared with healthy adults. However, this moderate
BMD decrease might not be entirely responsible for
the increased fracture risk. Aspects of bone quality
including complex interactions with glucose and bone cell
homeostasis via growth factors, hormones, accumulation of
advanced glycation end products (AGEs) in bone collagen,
vitamin D and calcium deficits as well as nutritional
problems via microvascular impairment have to be taken
into account.

Trabecular bone score (TBS) based on DXA and imaging
data derived from high resolution peripheral quantitative
computed tomography (HR-pQCT) will be discussed in
further detail below—they indicate a structural deficit in
bone microarchitecture in TIDM.

Bone cells and tissue in diabetes mellitus

In vitro experiments showed several significant alterations of
bone formation in hyperglycaemia. Sclerostin expression in
osteocytes was found to be increased and osteoclast activity
was decreased by AGEs via the reduction of RANKL
expression. These changes may cause low bone turnover
in T1IDM (and T2DM). High glucose and AGEs are
therefore strong candidates to cause osteocyte apoptosis
and the impairment of cortical bone (9). Pre-treatment with
parathyroid hormone (PTH) reversed these effects and
improved osteocyte function.

Glucose has been shown as the main nutrient of
osteoblasts. The expression of the glucose transporter
GLUT]1, key factor of glucose uptake in osteoblasts,
precedes the expression of runt-related transcription factor
2 [RUNX2, also known as core-binding factor subunit
alpha-1 (CBF-alpha-1)], which is the earliest marker of
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osteoblast differentiation (10). In in-vitro experiments,
there was almost no osteoblast differentiation via Runx2
in the absence of physiological glucose levels, whereas
hyperglycaemia restored collagen synthesis in Runx2-null
osteoblasts. Interestingly, Runx2 favours Glutl expression
in a feed-forward loop and therefore determines the onset
of osteoblast differentiation during development and the
extent of bone formation throughout life, again closely
linking bone and glucose metabolism (10).

In animal models of T1DM, such as the commonly
used NOD mice, BioBreeding diabetes prone rats and
streptozotocin-treated rats and mice (4), there is a well-
known reduction in trabecular and cortical bone mass, bone
formation rate, and bone turnover as compared to controls
or insulin-treated animals. Again, AGEs have been found
to be accumulated in bone collagen, which might explain
impaired bone quality.

In humans, histomorphometric studies of bone biopsies
are scarce. In T1DM patients with prevalent fractures,
similar structural changes in bone have been found in
dynamic histomorphometry. Again, AGEs like pentosidine
were accumulated in the bone tissue. Higher levels of
mineralization were associated with a reduced modulus of
elasticity and less flexibility of bone matrix (4). A generally
lower level of bone formation markers and frequent
vitamin D deficits will be discussed below (11). However,
there were no such differences between healthy controls
and T1DM patients without microvascular complications,
shifting the focus to vascular influences as very important
factors for bone damage during unfavourable glucose
control (12).

Bone vessels in diabetes mellitus type 1

Vasculature involvement in bone is not only important for
bone growth, but also for the constant remodelling, and
fracture healing, as bone tissue and bone marrow receive up
to 10% of cardiac output (13). Haemodynamic and oxygen
changes, energy metabolism, the exchange of e.g., osteoblast
progenitors and stem cells (pericytes) and the removal of
metabolic waste are closely linked to bone formation and
resorption via a complex system of sinusoid and classic
capillaries. T1IDM, as well as T2DM, can impair vasodilation
and angiogenesis, and favour vascular calcification in bone
tissue. Even there are no human studies available to date to
proof it, a reduction in bone and bone marrow blood flow
and a reduction in vascularisation is thought to be detrimental
to osteoblast progenitor niches and bone remodelling activity
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Figure 1 Potental factors influencing diabetoporosity and related bone fracture risk.

therefore counting responsible for decreased bone properties
and fracture healing.

As the hip is a particular target site of fractures in
T1DM, this may be related to the specific vascularisation
at the femoral head and macrovascular deficits. Magnetic
resonance imaging (MRI) studies in female TIDM
patients with an onset of the disease in childhood
revealed microvasculopathy and deteriorated trabecular
microarchitecture at the tibia (14). In turn, microvascular
complications might not only be directly important for
bone tissue growth and regeneration, but also indirectly for
retinopathy and neuropathological changes, provoking gait
abnormalities and falls in patients with diabetes mellitus,
thus leading to an even higher fracture risk.

Multifactorial background of bone alterations in
diabetes mellitus type 2

Besides the well-known risk factors for osteoporosis,
patients with T2DM and fractures present with a longer
T2DM duration and an unfavourable glucose profile (4).
In a USA T2DM cohort, patients with a baseline HbAlc
>8% had a 1.63 (95% CI, 1.09-2.44) higher risk for any
fracture than patients with better glycaemic control. As
discussed above, microvascular complications, stroke
and cardiovascular disease are additional risk factors for
fracture, but study data are sparse (15). Further secondary
complications including nephropathy, neuropathy, and
retinopathy aggravate the problem (16) (Figure I).

© Journal of Laboratory and Precision Medicine. All rights reserved.

Falls are a main factor for the majority of fractures in
older adults, often after a relatively modest trauma. In
patients with T2DM, fall risk was higher [hazard ratio (HR)
1.19; 95% CI, 1.08-1.31] than in controls—interestingly,
the fall rate was even higher in insulin-treated T2DM
patients. However, the higher risk for falling alone does
not fully account for the increased fracture risk in T2DM
patients (2).

Hyperinsulinemia and hyperglycaemia have been
shown to affect bone remodelling directly and indirectly.
Via insulin receptors in all bone cells, interaction of
insulin signaling and bone metabolism has been described
in many studies, whereby increased insulin signaling
enhances bone turnover, but insulin resistance lowers bone
remodelling. The term of “insulin resistance of bone” with
its manifestation in decreased bone metabolism has been
widely discussed (17).

In close relation to impaired microvascular and
neurotrophic functions, the concept of chronic low-grade
inflammation in T2DM is well established (18). Furthermore,
a number of immune mediated inflammatory processes is
well known during the development of TIDM (19). As a
potential impact of chronic inflammation and abnormal
glucose homeostasis on peak bone mass has been documented
and, later in life, an influence of chronic inflammation
via T2DM and metabolic sequelae is frequently present,
the large emerging field of osteoimmunology is discussed
in this issue by Martina Rauner (“OPG and RANKL—

osteoimmunology”).
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The special relationship of bone and fat tissue
in diabetes mellitus type 2

A special relationship has been detected quite recently
between bone and adipose tissue, with direct consequences
on glucose and lipid metabolism and insulin sensitivity.
While increased body weight per se has been seen as
beneficial for bone properties via mechanical loading (the
impact of weight on bone cells and material) and potential
hormonal interferences, adipose tissue may negatively
influence bone health (20). However, its associations with
bone tissue depend on age, sex, menopausal status, adipose
depot, and bone compartment.

In T2DM, an increase in visceral adipose tissue is
associated with pro-inflammatory and metabolic changes
and a negative effect on bone structure and quality. Animal
models of T2DM developed more bone marrow fat which
correlated positively with fracture risk. As marrow adipose
tissue (MAT) accumulates in long bones and vertebrae
forming up to 10% of total body fat, volumetric changes
may contribute to frail bones. Interestingly, MAT shares
some characteristics with beige and white fat with the
potential of the generation of favourable anabolic factors,
but these properties are also attenuated in T2DM (21).

Indirectly, fat infiltration in muscles and a blunted
motoric performance together with retinal and neurological
impairment might additionally account for fall risk in
elderly T2DM patients (4).

Spectrum of diagnostic procedures of bone in
patients with diabetes mellitus

Imaging is the initial diagnostic procedure in bone-related
diseases in most cases. Whereas X-ray images of fractures
have been done for almost a century and have been the
only approach to bone diagnostics for decades, specific
techniques have been developed and focussed on bone
mineral density (BMD) and structure, as follows.

Dual energy X-ray absorptiometry (DXA)

Though having become a routine method to address
BMD almost everywhere, increased fracture risk in
T2DM patients is not adequately addressed by DXA due
to preserved or even increased BMD. High Z-scores are
common in these patients, as reported by a recent meta-
analysis showing mean z-scores of 0.41 at the spine and 0.27
at the hip, mostly associated with obesity (22).
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While the influence of an increased body mass index
(BMI) on bone properties via mechanical loading is evident,
bone loss over time might be increased, at least at the hip
and at least in postmenopausal women (2). However, obesity
is not only important as a weight-bearing component, but
also in terms of tissue interaction, discussed below.

Patients with T1DM tend to have lower BMD values
than healthy persons of the same age, starting very early
during the disease and deteriorating both peak bone mass
and bone mass later in life (1).

Due to the lack of diagnostic accuracy for diabetoporosity
and concomitant fracture risk, additional BMD-associated
techniques have been developed.

The use of risk assessment scores like the “Fracture Risk
Assessment Tool” (FRAX) is limited due to the lack of large
datasets and potential parameters to be included in the
algorithm. Since all of these parameters do not fully capture
the underlying pathophysiologic conditions, these scores
might systematically underestimate the risk of fractures in
T2DM and should therefore be used with prudence.

Trabecular bone score (TBS)

"This score is a measure of gray-level bone texture extracted
from planar lumbar DXA images correlating with bone
microarchitecture, as proposed in 2008. Contrarily to
BMD, TBS measurements show lower values in individual
T2DM patients and might therefore be a useful tool to
mark patients at risk for fractures due to diabetoporosity
in clinical practice (23). This is of particular interest, since
glycaemic indices have been shown to be associated with
TBS, with worse outcomes in patients with poor glycaemic
control.

As a BMD-independent predictor of fractures, TBS has
shown an equal prediction in patients with and without
diabetes (HR 1.27; 95% CI, 1.10-1.46 and HR 1.31; 95%
CI, 1.24-1.38, respectively). Therefore, the discriminatory
power might be less than expected and T2DM itself
remains an independent risk factor for fractures even after
adjustment for BMD and TBS (23). The value and cut-offs
for fracture prediction are currently investigated in larger
cohorts in view of new DXA devices with better resolution
properties. As a possible solution, it has been suggested to
apply a combination of low lumber TBS and low BMD
at the femoral neck to be of interest for vertebral fracture
prediction, but this remains probably restricted to T2DM
patients with sufficient glucose control (24).

In T1DM patients, TBS values have shown to be lower
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in a subgroup of patients with prevalent fractures. As a
high-risk group for additional fractures, this might reflect
severely damaged bone structures. Again, specific TBS cut-
offs for the prediction of fracture risk in T1DM have to
be determined prospectively in larger groups of unselected

T1DM patients (25).

High resolution peripheral HRpQCT

Three-dimensional (3D) techniques such as magnetic
resonance imaging (MRI) using high-resolution 3D
images with a quantification of bone structure correlating
to computed tomography data have been proposed (14).
However, the development and access to these techniques
is limited; alternatives include 3D computed tomography:
HRpQCT is the peripheral application of quantitative
computed tomography (pQCT), used for three-dimensional
measurements, i.e., volumetric BMD in arms and/or legs
and several additional bone parameters such as geometry
and structure of the bone (26).

By measuring HRpQCT parameters, patients with
T1DM and excellent glycaemic control were not significantly
different from healthy controls of the same age, but TIDM
patients with retinopathy—as a frequent microvascular
complication—tended to have decreased total and trabecular
volumetric BMD and a number of microarchitectural
abnormalities, such as lower trabecular thickness and
calculated bone strength and larger trabecular separation as
well as increased network inhomogeneities (27).

A decrease of bone quality and strength in 'T2DM has been
reported by several studies (2), demonstrating a markedly
increased cortical porosity compared to healthy controls.
Using HRpQCT, severe deficits in cortical bone, favouring
diabetoporosity and fractures have been reported. Intracortical
pore volume and relative porosity have been shown to be
increased in elderly T2DM f women with fractures by 95.4%,
as compared to women with T2DM alone, relative porosity
was +87.9%, and endocortical bone surface +11.5%. At the
distal radius, these patients had an about 5-fold greater relative
porosity than non-fracture T2DM patients. Severe deficits
in stiffness, loading parameters and cortical load fraction,
not assessed by DXA, support the increased fracture risk in
T2DM (28). Interestingly, skeletal hypertrophy found in
T2DM was present in both genders, but may be accelerated
at the tibial cortex in women (29). Why a low bone turnover
should be cause or consequence of cortical porosity, remains to
be elucidated.
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Bone biopsies and histomorphometry

Static and dynamic quantitative histomorphometry, being
the gold standard of bone turnover quantification is based
on bone biopsies at the iliac crest, best after tetracycline
double labelling of bone mineralisation. There are a few
studies with limited patients numbers showing decreased
bone turnover rates [bone formation rate divided by
the surface referent (BFR/BS)] by 70-80% at all bone
surfaces (30). Low bone formation as measured by mineral
apposition and formation rate and mineralization lag time
has been found in several of these studies, whereas results
for bone resorption are less clear. However, the surface
erosion and the osteoclast number per surface unit was not
different. However, bone biopsies are restricted to special
clinical centres and patients and less useful as routine
methods, even though best representing bone dynamics.

Microindentation

In addition to bone density and microarchitecture, material
properties are major factors of bone quality. As a research
tool, “microindentation” of bone cortex is measured by a
device, creating microscopical indents at the tibial bone
following local anaesthesia and measuring in vivo bone
material strength index (BMSi) (31). Postmenopausal
women with T2DM had significantly reduced BMSi in
comparison to healthy controls. Furthermore, BMSi was
inversely correlated with HbAlc levels, again relating
glycaemic control to bone properties, probably via altered
mineralisation or collagen damage.

Laboratory measurements
Bone turnover markers (BTM)

Over the past years, there is an increasing use of
biochemical parameters of bone metabolism for diagnostic
and monitoring purposes (32). In almost all studies on
diabetes mellitus and BTMs, decreased bone formation
has been reflected by low formation markers, both in
T2DM and T1DM. Important BTMs for bone formation
are procollagen type I N-terminal propeptide (PINP) and
osteocalcin (OC), for bone resorption c-telopeptide (CTX)
and tartrate-resistant acid phosphatase 5b (TRAcP5b) are
widely used. Others, like bone-specific alkaline phosphatase
(BALP) and N-terminal telopeptide (NTX) in urine may
be found within the upper part of the reference range (33).
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There is especially OC to be consistently decreased in
T2DM patients (34), which might show further interactions
of bone and other tissues and could be added to a bone-
specific monitoring in T2DM management (35).

OC is inversely related to glycaemic control, fasting
insulin concentrations and HbAlc. Vice-versa, OC might
stimulate insulin secretion, which could be interpreted as
a positive effect of OC on glucose metabolism. Higher
concentrations of OC were also associated with improved
glucose tolerance (35). On the bone side, a decrease
in OC has been associated with a higher number of
vertebral fractures (11). Independently of BMD values,
a decreased ratio of OC to BALP has been shown to
indicate higher fracture risk. Several subforms of OC,
such as the uncarboxylated OC have been associated with
diabetes mellitus and might have different effects in the
regulation of energy homeostasis and bone metabolism (36).
Undercarboxylated OC (ucOC) has been shown to act as
an active hormone mediating glucose control in rodent
experiments (37). Supported by G protein-coupled
receptors, e.g., GPRC6A (class C, group 6, member A),
ucOC is bound at the cell surface receptor, preferably
in muscles where exercise may be involved in metabolic
control via ucOC. While ucOC increases the uptake of
glucose in muscles in mice and iz vitro, exercise increases
ucOC and insulin sensitivity iz vivo. In addition, ucOC
increases muscle mass and muscle cell proliferation in aged
rodents. Data from human cohorts have been conflicting,
involving also carboxylated OC (cOC) (38) in metabolic
association and a potentially gender-associated physiology
(39-41). However, OC and especially its subforms and
several other new markers are not only potential biomarker
candidates for osteoporosis and diabetes in future but might
also have some therapeutic implications and might change
again our view of bone tissue as an active endocrine organ.

The large individual variations in T2DM studies
have not favoured the use of BTMs in diabetes and bone
monitoring in general. Another limitation is a reduction
in enzymatic cross-links found in animal compared to
human studies that may lead to an underestimation of
bone resorption (e.g., CTX) in diabetes patients (42). In
turn, alterations of enzymatic and probably non-enzymatic
crosslinking in the bone matrix might add to the increased
fracture risk in these patients.

New bone biomarkers with relevance to diabetes mellitus

Several new protein markers have been proposed to support

© Journal of Laboratory and Precision Medicine. All rights reserved.

Page 7 of 12

diagnosis and fracture prediction in diabetes patients.
For research purposes, protein content of bone tissue
has revealed several candidate markers. Pentosidine, the
most abundant AGE in tissue was higher in non-diabetic
patients with hip fracture and has been associated with bone
vertebral strength independently of BMD (43).

In serum, pentosidine, other AGEs, and soluble receptors
for advanced glycation end products (SRAGE) have been
associated with an increased risk of vertebral fracture
in T2DM patients (44), while urinary pentosidine was
associated with another fracture risk pattern. By contrast,
higher systemic levels of endogenous secretory RAGE
(esRAGE) were associated with a lower risk of vertebral
fractures, independently of BMD (45).

Osteoprotegerin (OPQG) has been mentioned as an
independent risk factor for cardiovascular events in the
STRAMBO study in older men with and without T2DM,
and higher systemic OPG levels have been shown as
additional independent fracture risk predictors after
adjustment for T2DM (46). The clinical validity of OPG
measurements, however, has been reported to be limited (35).

Serum sclerostin, an inhibitor of the Wnt/B-catenin
pathway and thus bone formation inhibitor, was found to
be significantly increased in T2DM patients (47) with a
positive association to bone fractures. However, the role of
sclerostin in mediating impaired bone formation in T2DM
remains to be established. Sclerostin levels have also been
related to fracture risk in T1DM, again, patients with high
sclerostin had an 81% increased fracture risk compared to
the lowest tertile (48). However, high sclerostin levels are
also associated with physical activity and age, it is therefore
an open question, if a systemic increase in sclerostin
might reflect either bone cell dysfunction and/or vascular
problems, common in long-standing diabetes mellitus (28).
It remains unclear to date, whether an increasing
hyperinsulinemia e.g., in pre-diabetes and T2DM can affect
the regulation of systemic sclerostin values (49). On the
other hand, both hyperglycaemia and increased AGEs might
each directly stimulate sclerostin production and release in
osteocytes. In T2DM patients with atherosclerotic lesions,
circulating sclerostin has been reported to be elevated,
which may point to sclerostin as an important mediator in
Whnt signalling in vascular remodelling (50).

A number of cartilage markers in serum have been
evaluated over the past decades. Whether they contribute to
the manifestation of diabetoporosity in T1DM or T2DM
remains to be explored in larger clinical studies (51).
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miRNAs as new biomarkers of bone metabolism

MicroRNAs (miRNAs) are small RNAs, secreted into blood
and found in the circulation in exosomes, but also bound to
proteins and free (52). Their origin is thought to parallel
tissue changes and diseases. As a number of them have been
shown to be important in T2DM and T1DM, the question
arose, if they might play a role in bone metabolism in
diabetes patients at risk for bone fractures.

In fact, several miRINAs have been found to be altered
in diabetoporosity with complex links to bone growth
and adipogenesis with the following examples: miR-
550a-5p, miR-188-3p, and miR-382-3p (53). Based on
in-vitro experiments, miR-382-3p increased osteogenic
cell differentiation, with a competitive inhibition of bone
growth by miR-550a-5p, while none of these candidate
miRNAs was significantly altered in cell proliferation
in general. miR-550a-5p, and miR-382-3p impaired
adipogenic differentiation, but there was no effect of miR-
188-3p on adipogenesis (54).

In further studies on prospective hip fractures in elderly
patients with and without T2DM, we were able to identify
a number of new small, non-coding RNAs. Many of them
have links to glucose metabolism, already known from
in-vitro studies. Replication studies and further
identification of target miRNAs and their involvement in
bone and energy metabolism is ongoing.

Therapy options in osteoporosis and diabetes
mellitus

Effects of diabetes medication on bone

Traditional antidiabetic medication includes insulin in
T1DM and a number of therapy options such as biguanides,
glucagon-like peptide 1 (GLP-1) analogs (55), dipeptidyl
peptidase 4 (DPP4) inhibitors (56) and more recently
sodium-glucose cotransporter 2 inhibitors (SGLT?2) in
T2DM (57). As bone is involved in energy metabolism it can
therefore be a target for certain antidiabetic medications.
"To date, there is no evidence for negative effects on bone of
these currently used antidiabetic therapies; in fact, some of
these therapies may even be protective against fractures (57).
For example, metformin has been shown to activate
osteoblast differentiation via Runx2 and the AMPK/USF-
1/SHP pathway resulting in a neutral to protective effect
on diabetoporosity (58). Furthermore, Glucose-like-
peptide 1 (GLP-1) receptor agonists such as exenatide or
liraglutide have also been shown to have positive effects on
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the skeleton, e.g., bone quality and strength (55). While
their mechanisms are not entirely clear, an increase of blood
supply to bone via bone vessels has been postulated.

In the past, TZDs, high-affinity ligands and activators
of peroxisome proliferator-activated receptor G, that
target hematopoietic and mesenchymal cells in the bone
marrow provoked an increased bone resorption while
bone formation remained low with a significant bone loss
and consecutive increase of MAT in the bones (58). The
negative effect of TZDs was mediated via decreased activity
of osteoblast-specific transcription factors (e.g., Runx2,
DIx5, osterix) and changed signaling pathways (e.g., Wnt,
TGF-p/BMP, IGF-1) (57). The resulting 2-fold increased
fracture risk in women (not in men), along with prolonged
treatment duration led to the withdrawal of rosiglitazone or
pioglitazone for most of the T2DM patients.

These experiences were the reason for a very careful
observation and monitoring of the novel SGLT2 inhibitors
by international authorities. Recent studies have described
potential alterations in calcium and phosphate homeostasis
(e.g., secondary hyperparathyroidism by increased
phosphate reabsorption in the kidneys) or more direct
effects on bone remodelling with a potential increase in
fracture risk (57). By contrast, very recent studies for bone
changes during empagliflozin therapy did not show an
increased risk of fractures in a pooled analysis of more than
12,000 patients over 4 years (59).

Vice versa, there are only few data about the effects
of osteoporosis medication, such as bisphosphonates,
denosumab, teriparatide, and others, on glucose control in
patients with T2DM and even more scarce data on such
effects in healthy patients. Apparently, most of the studies
show a neutral interaction of bone and glucose metabolism
or in the case of bisphosphonates a potential decrease in
new-onset diabetes mellitus (58).

Prophylaxis of bone fractures in patients with
diabetes mellitus

There is a broad range of nutritional and lifestyle
interventions to reduce fracture risk in diabetic patients.
The first goal is stable glycaemic control, as recommended
by the American Diabetes Association (ADA) and European
Association for the Study of Diabetes (EASD) consensus
guidelines, suggesting a general HbAlc target of <7% (58),
with a personalized approach to therapeutic target
control. However, patients with T2DM and osteoporosis
with longer duration of T2DM, with clinically recorded
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cardiovascular complications, or frequent hypoglycaemic
phases, should accept a higher HbAlc target of 7.5% to 8%
to avoid hypoglycaemia episodes and falls not to further
increase their risk of fractures. In these patients, blood
pressure, vision and neuropathy have to be checked and
controlled constantly.

In addition, an appropriate supply of calcium and vitamin
D has to be provided in all diabetic patients with selected
supplementations in case of either vitamin D or calcium
deficiency (58). While there was a discussion on calcium
supplements contributing to vascular calcification in recent
years, there was no evidence of increased calcified plaques
or atherosclerosis in T2DM (60).

Weight-bearing exercise starting early in childhood in
T1DM patients and physical activity in elderly T2DM
patients are appropriate. This might also prevent weight-
loss associated bone loss via preserved muscle mass.

Fracture risk can also be reduced via the control
of diabetes-associated consequences such as diabetic
microvascular complications—e.g., neuropathy,
nephropathy, and retinopathy. The preservation of
good glycaemic control with HbAlc values <8% has
been shown to reduce fracture and complication risk.
Of note, there was no difference in fracture incidence
between intensive glycaemic control (HbAlc 6.4%)
versus standard control (HbAlc 7.5%) and also no
difference in intensive versus standard blood pressure
control in randomized trials (2). However, significant
hypoglycaemia has been associated with increased
fracture risk in T1DM and T2DM, possibly related to
increased fall rates in the elderly population (4).

Based on new evidence of an involvement of gut
microbiota in bone quality and strength (61), animal
experiments have recently demonstrated that germ-
free mice show a protection from osteoporosis-like bone
decrease in estrogen deficiency. Short-term colonization
of these mice with gut microbiota led to an increase of gut
permeability and an increase in pro-inflammatory cytokines
in gut and bone, thus activating bone resorption (6).
Intervention studies with probiotic supplementation in
humans are scarce, with rather small sample sizes. Despite
rather short time periods of intervention, they already
showed a decrease in markers of bone resorption and pro-
inflammatory cytokines. In a recent study with longer
duration, 90 elderly women with low BMD were treated
with a probiotic containing Lactobacillus reuteri strains.
Bone loss (total vertebral BMD) was significantly reduced
without major adverse effects over 12 months compared
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to placebo. Whether probiotic intervention could also
be applied in patients with diabetoporosity remains to be
explored (62).

Bone-specific medication in diabetes mellitus

Low bone turnover has raised discussions about
antiresorptive medication in T1DM and T2DM patients
at elevated risk for fractures. Registry and clinical trial data
have shown that bisphosphonates are effective in fracture
protection in these patients (43). In the absence of strong
evidence against them, bisphosphonates such as alendronate
[e.g., in the Fracture Intervention Trial (FIT)] may
remain the first treatment option. Another antiresorptive,
denosumab may be a preferred choice in elderly patients
with a declining renal function.

Other medications, such as raloxifene also reduced the
risk of (mainly) vertebral fractures in T2DM patients at the
same proportion as in non-diabetics [92].

However, the use and potential benefit of anti-resorptive
drugs in T2DM patients remains unproven and of potential
concern. In this context, teriparatide (a bioactive part
of PTH) as an osteoanabolic agent, and in the future
potentially abaloparatide [a PHT-related protein (PTHrP)
analogue] or romosozumab (an anti-sclerostin antibody),
both currently not available for routine care, present a
potential interest as they have been proven very successful
in animal studies.

Conclusions and outlook

Patients with T1DM and T2DM show decreased bone
turnover and a number of pathophysiological conditions
arising from interactions of bone and energy metabolism.
They are at increased risk of bone fractures. But the
pathophysiology of impaired bone in these patients is not
entirely clear and has multifactorial sources.

The need of future diagnostic tools, biomarkers and
targeted medication is of utmost interest to several areas
of medical care, since several hundred million patients
worldwide have to be considered and prevented from
bone fractures. In turn, there is an increasing body of
scientific knowledge on the complex pathophysiology
of diabetoporosity which might help to understand
interactions beyond the links of bone and energy
metabolism—to estimate fracture risk, and to set effective
strategies for the reduction of fracture risk in patients with
diabetes.
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