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A B S T R A C T

Diabetic bone disease, a form of secondary osteoporosis, is characterized by weakened bones and an increased 
risk of fractures, especially in patients with type 2 diabetes (T2D). This review explores the key mechanisms 
driving this condition, including hyperglycemia, insulin resistance, advanced glycation end products (AGEs), and 
proinflammatory cytokines, all of which disturb normal bone turnover by disrupting the functions of osteoblasts 
and osteoclasts. We examine the roles of bone turnover and mineralization, as well as how microvascular 
complications affect bone microarchitecture. Additionally, the influence of gut hormones, such as GLP-1 and GIP, 
and gut microbiota, particularly species like Akkermansia muciniphila, on the gut-bone axis is discussed, as these 
factors play a role in regulating bone density and structure. While T2D patients may show normal or even 
elevated bone mineral density (BMD), the underlying quality of bone is often compromised, leading to increased 
fragility. This review integrates current knowledge on the molecular, hormonal, and microbial interactions 
contributing to diabetic bone disease. By highlighting these pathways, we aim to offer insights into potential 
therapeutic strategies and inform future research aimed at improving the diagnosis, treatment, and overall 
management of this condition.

1. Introduction

As the global population continues to age, coupled with shifts in 
lifestyle and dietary habits, diabetes mellitus (DM) has emerged as a 
leading public health concern. It now ranks as the third most significant 
non-communicable disease, surpassed only by cardiovascular diseases 
and cancer. DM encompasses a spectrum of metabolic disorders, all of 
which are typified by chronic hyperglycemia stemming from a variety of 
causes. The most prominent contributors include inadequate insulin 
production and resistance to insulin’s effects [1]. These conditions result 
in prolonged high blood sugar levels that, if left unchecked, can cause 
widespread damage to several organs and systems. According to the 
International Diabetes Federation (IDF), as of 2021, an estimated 530 
million individuals were living with diabetes mellitus globally. Pro-
jections suggest that by 2045, this number may surpass 780 million, 
signaling an alarming increase in the prevalence of the disease. DM’s 
persistent and chronic nature not only affects glucose metabolism but 
also leads to various complications. Among the more commonly recog-
nized complications are diabetic retinopathy, nephropathy, neuropathy, 
and cardiovascular disease (CVD). However, what has garnered 
increasing attention in recent years is the impact of diabetes on the 

skeletal system. Diabetes mellitus is now known to increase the risk of 
bone loss and osteoporosis, leading to a heightened vulnerability to 
fractures [2].

The mechanisms by which diabetes affects bone health are multi-
faceted and differ significantly between type 1 diabetes mellitus (T1D) 
and type 2 diabetes mellitus (T2D). T1D primarily exerts its negative 
effects on bone health by lowering bone mineral density (BMD). The 
onset of T1D, typically occurring in adolescence, coincides with a crucial 
period of rapid skeletal development. As a result, those with T1D often 
experience reduced bone density at an early age, which can exacerbate 
bone fragility as they age. This early impairment in bone development 
places T1D patients at higher risk for more severe skeletal consequences 
later in life. Though T1D’s influence on bone health has been recognized 
for some time, it is T2D that affects a larger proportion of the population. 
The relationship between T2D and bone health is more complex due to 
the various metabolic disturbances associated with the condition, 
including obesity. Obesity, which often coexists with T2D, may itself 
have detrimental effects on bone quality. Unlike T1D, where BMD is 
typically reduced, T2D is often associated with normal or even elevated 
BMD levels. This paradox suggests that other factors, such as bone 
quality, microarchitectural integrity, and other metabolic influences, 
may play a more substantial role in the increased fracture risk seen in 

* Corresponding author.
E-mail addresses: preetisharma.psit@gmail.com, preeti.sharma@psit.ac.in (P. Sharma). 

Contents lists available at ScienceDirect

Metabolism Open

journal homepage: www.sciencedirect.com/journal/metabolism-open

https://doi.org/10.1016/j.metop.2024.100330
Received 29 September 2024; Received in revised form 6 November 2024; Accepted 7 November 2024  

Metabolism Open 24 (2024) 100330 

Available online 8 November 2024 
2589-9368/© 2024 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:preetisharma.psit@gmail.com
mailto:preeti.sharma@psit.ac.in
www.sciencedirect.com/science/journal/25899368
https://www.sciencedirect.com/journal/metabolism-open
https://doi.org/10.1016/j.metop.2024.100330
https://doi.org/10.1016/j.metop.2024.100330
http://creativecommons.org/licenses/by-nc-nd/4.0/


T2D patients [3].
Despite elevated BMD, individuals with T2D are at an increased risk 

of fractures compared to the general population. This paradox indicates 
the complex pathophysiological changes that occur in diabetic bone 
disease, which impair bone quality beyond what is measurable through 
BMD alone. Furthermore, the risk of falls in individuals with diabetes is 
heightened, which compounds the danger of fractures. Contributing 
factors to this elevated fall risk include peripheral neuropathy, poor 
glycemic control, visual impairments, and the potential side effects of 
certain diabetes treatments. Addressing bone fragility in diabetic pa-
tients is crucial for improving their quality of life and preventing 
debilitating complications. However, there is a notable lack of robust 
data on the specific management of bone health in individuals with 
diabetes. Current treatment approaches for bone fragility in diabetic 
patients largely mirror those used for non-diabetic populations. Yet, 
given the unique metabolic profile and disease complications associated 
with diabetes, these approaches may not be entirely sufficient or tailored 
to the diabetic population’s needs [4].

The societal burden of diabetes extends beyond its effects on the 
individual. Diabetes significantly reduces quality of life through its 
associated complications, which can be disabling and life-threatening. 
Managing diabetes and its complications places a substantial financial 
strain on healthcare systems worldwide. As such, efforts aimed at early 
diagnosis, effective treatment, and comprehensive prevention strategies 
are critical not only to improving patient outcomes but also to reducing 
the broader economic burden.

Diabetes-related skeletal complications have only recently gained 
recognition as a critical area of concern. Traditional diabetes compli-
cations are generally categorized as either microvascular or macro-
vascular. Microvascular complications include damage to small blood 
vessels, leading to conditions such as retinopathy, nephropathy, and 
neuropathy, while macrovascular complications involve larger vessels, 
contributing to the development of cardiovascular disease. Over the past 
few decades, evidence has mounted that bone health should be 
considered an additional category of diabetes complications. This 
emerging field of research highlights the need for increased awareness of 
diabetic bone disease, as well as improved diagnostic and therapeutic 
strategies to manage bone fragility in diabetic patients [5].

One of the major challenges in managing diabetic bone disease lies in 
its diagnosis. Conventional methods for assessing fracture risk, such as 
measuring BMD via dual-energy X-ray absorptiometry (DXA) and using 
the Fracture Risk Assessment (FRAX) tool, may underestimate fracture 
risk in individuals with diabetes. This underestimation underscores the 
importance of developing more accurate assessment tools that account 
for diabetes-specific risk factors, such as compromised bone quality and 
the unique effects of hyperglycemia on skeletal tissue [6].

Osteoporosis is a common concern for aging populations and is 
particularly prevalent in individuals with diabetes. It is defined as a 

systemic skeletal disorder characterized by decreased bone mass and 
deterioration of bone microarchitecture, both of which contribute to 
increased bone fragility and a heightened risk of fractures. The World 
Health Organization (WHO) classifies osteoporosis based on BMD 
values, with a T-score of − 2.5 or lower indicating the presence of 
osteoporosis. However, in diabetic patients, this criterion may not fully 
capture the extent of bone quality deterioration, as other factors, such as 
changes in bone turnover and the presence of advanced glycation end 
products (AGEs), play crucial roles in weakening the bone matrix [3].

Diabetic bone disease increases susceptibility to fractures and 
heightens the risk of chronic pain, motor dysfunction, and disability. 
Importantly, patients with diabetic bone disease are at an even greater 
risk of fractures than those with primary osteoporosis, making it a 
particularly concerning complication of diabetesInsulin, a critical 
regulator of glucose metabolism, also plays a direct role in bone health. 
In T1D, insufficient insulin levels impair bone formation, while in T2D, 
insulin resistance can disrupt normal bone remodeling processes. 
Moreover, diabetes-associated inflammation and oxidative stress further 
exacerbate bone damage [7].

This review aims to provide a detailed overview of the current state 
of knowledge regarding diabetic bone disease, including its epidemi-
ology, pathophysiology, diagnosis, and treatment options, as well as 
offering insights into future directions for research and clinical practice.

2. Underlying processes in diabetic osteopathy

Diabetic bone disease is characterized by altered bone metabolism 
and increased fracture risk due to several underlying mechanisms. These 
include insulin and insulin-like growth factor 1 (IGF-1) deficiencies, 
hyperglycemia and the accumulation of AGEs, and the effects of pro- 
inflammatory cytokines and oxidative stress (see Fig. 1).

2.1. Deficits in insulin and IGF-1 signaling

Insulin and IGF-1 are crucial in maintaining bone health by sup-
porting bone tissue formation and osteoblast function. Insulin promotes 
DNA synthesis, osteocalcin production, and collagen formation in oste-
oblasts, all essential for bone formation and remodeling. It also upre-
gulates RUNX2, a gene vital for the differentiation of osteoblasts and the 
maturation of the bone matrix. In patients with T1DM, the autoimmune 
destruction of pancreatic β-cells results in an absolute insulin deficiency. 
This lack of insulin during the critical period of adolescence impairs 
bone mineralization, leading to persistently low BMD throughout life. 
Consequently, individuals with T1DM are more prone to fractures and 
other skeletal complications [8].

In contrast, early-stage T2DM is often associated with insulin resis-
tance, leading to compensatory hyperinsulinemia. During this phase, 
bone mineralization may be increased due to the high levels of 
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circulating insulin, which exerts anabolic effects on bone tissue. How-
ever, as T2DM progresses, insulin secretion declines, reducing the 
beneficial effects on bone health. Over time, this decline in insulin, 
combined with metabolic disturbances, leads to a reduction in BMD and 
an increased risk of fractures. IGF-1, which is structurally similar to 
insulin, also plays a key role in promoting osteoblast activity and bone 
matrix mineralization. Diabetic patients often experience decreased 
levels of IGF-1, which correlates with reduced bone formation and an 
increased likelihood of fractures [9].

Previous clinical studies have examined BMD and fracture rates in 
young adults with T1DM through a multicenter cohort study. The results 
revealed significantly lower BMD in these individuals than non-diabetic 
controls, especially in the lumbar spine and hip regions. A longitudinal 
analysis assessed the impact of intensive insulin therapy on bone quality 
in adolescents with T1DM. Although glycemic control improved with 
treatment, no significant changes in BMD were observed, indicating that 
early insulin treatment alone may not sufficiently restore bone health in 
this population [10].

A randomized controlled trial investigated the effects of vitamin D 
and calcium supplementation in patients with T1DM. While 

supplementation enhanced serum markers of bone turnover, there was 
no significant improvement in BMD over the 12-month study period 
[11]. Additionally, a study focusing on continuous glucose monitoring 
(CGM) in postmenopausal women with T1DM found that improved 
glycemic control via CGM was associated with reduced bone loss. A 
retrospective analysis covering 10 years revealed an increased risk of hip 
fractures in patients with T1DM compared to age-matched controls, 
highlighting the importance of early intervention to reduce fracture risk 
[12].

For T2DM, a population-based cohort study analyzed fracture risks in 
older adults. The results indicated that individuals with T2DM had a 
higher fracture risk despite normal or elevated BMD, underscoring the 
complexity of diabetic bone disease [13]. A clinical trial explored the 
effects of metformin on bone health in postmenopausal women with 
T2DM, suggesting that metformin may provide a protective effect on 
bone quality and reduce fracture risk [14]. Another study evaluated the 
impact of sodium-glucose co-transporter-2 (SGLT2) inhibitors on bone 
health in T2DM patients. While SGLT2 inhibitors improved glycemic 
control, they were also linked to a modest increase in fracture risk [15]. 
Additionally, an investigation into GLP-1 receptor agonists revealed that 

Figure. Illustrated image showed the underlying mechanism of Diabetic osteopathy.
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these drugs might have a neutral or slightly positive effect on bone 
turnover markers without significantly altering BMD. Finally, a sys-
tematic review of thiazolidinediones in T2DM confirmed that these 
medications are associated with a higher incidence of fractures, partic-
ularly in postmenopausal women [16].

These recent studies highlight the complex relationship between 
diabetes and bone health, emphasizing the need for tailored therapeutic 
strategies to mitigate fracture risk in both T1DM and T2DM patients.

2.2. Persistent hyperglycemia and advanced glycation

Hyperglycemia, a defining characteristic of diabetes, has a detri-
mental impact on bone health by directly inhibiting the activity of os-
teoblasts and osteocytes, the cells responsible for bone formation and 
maintenance. Elevated glucose levels disrupt normal bone metabolism 
by reducing the synthesis of extracellular matrix components and 
slowing down mineralization processes. This impairment results in 
decreased bone formation and increased bone fragility. Hyperglycemia 
also promotes the apoptosis (cell death) and senescence (aging) of os-
teoblasts, further exacerbating bone loss. These factors collectively 
weaken the bone structure, making it more susceptible to fractures [17].

One of the major contributors to bone fragility in diabetes is the 
accumulation of AGEs. AGEs are formed when high blood sugar levels 
lead to the non-enzymatic glycation of proteins, such as collagen, which 
is a key component of the bone matrix. Over time, AGEs accumulate in 
bone tissue, leading to the stiffening and weakening of collagen fibers. 
This reduces the elasticity of collagen, a critical factor in maintaining 
bone’s ability to absorb mechanical stress. The resulting loss of flexi-
bility increases bone brittleness and elevates the risk of fractures, 
particularly in individuals with long-standing diabetes. AGEs also have a 
profound effect on the cellular level of bone metabolism. They inhibit 
the differentiation of osteoblasts, the cells responsible for new bone 
formation, and decrease the expression of alkaline phosphatase, an 
enzyme essential for bone mineralization. This reduction in osteoblast 
activity further diminishes bone formation, contributing to a decrease in 
bone mass and quality. As a result, the accumulation of AGEs, coupled 
with hyperglycemia-induced cellular dysfunction, plays a significant 
role in the development of diabetic bone disease and the heightened 
fracture risk observed in diabetic patients [18].

A clinical trial focusing on young adults with T1DM assessed the 
long-term effects of hyperglycemia on bone quality. The study revealed 
that patients with poor glycemic control exhibited significantly higher 
levels of AGEs in their bone tissue, which resulted in reduced bone 
strength. Another investigation explored the relationship between AGEs 
and fracture risk in T1DM patients, finding that elevated serum AGE 
levels were linked to an increased risk of non-vertebral fractures, inde-
pendent of BMD. A cross-sectional study examined the impact of hy-
perglycemia on osteoblast function among T1DM patients. The findings 
indicated that chronic hyperglycemia impaired osteoblast activity and 
markedly slowed bone formation rates. Additionally, a longitudinal 
cohort study measured bone turnover markers in T1DM patients with 
varying levels of glycemic control, showing that those with consistently 
high glucose levels had increased markers of bone resorption and 
decreased markers of bone formation. A retrospective analysis assessed 
the influence of intensive glucose control on bone health in T1DM pa-
tients, suggesting that tighter glucose management over time was 
associated with reduced AGE accumulation and improved mechanical 
properties of bone [19].

In a similar vein, a study examining postmenopausal women with 
T2DM found that hyperglycemia significantly contributed to AGE 
accumulation in bone collagen, resulting in higher fracture rates despite 
normal or elevated BMD. A clinical trial evaluating the long-term effects 
of metformin use on AGE levels in T2DM patients indicated that met-
formin lowered AGE accumulation, indirectly enhancing bone quality 
and reducing fracture risk. Another study conducted on elderly T2DM 
patients demonstrated a correlation between higher serum AGE levels 

and increased hip fracture risk, suggesting that AGE measurement could 
serve as a predictive marker for fracture risk. Additionally, a randomized 
controlled trial tested the effects of AGE inhibitors on bone health in 
T2DM patients, revealing a reduction in bone brittleness and an 
improvement in bone elasticity after 12 months of treatment. Finally, 
this study investigated the relationship between hyperglycemia and 
bone mineral density in T2DM, finding that patients with poor glycemic 
control had lower bone formation rates and increased cortical porosity, 
which contributed to their higher fracture risk [20].

These studies highlight the critical role that hyperglycemia and AGEs 
play in disrupting bone metabolism and increasing fracture risk in dia-
betic patients. Both T1DM and T2DM populations suffer from these 
metabolic derangements, emphasizing the importance of tight glycemic 
control and therapeutic strategies aimed at reducing AGE accumulation 
to preserve bone health.

2.3. Inflammatory signaling molecules and reactive oxygen species (ROS)

Chronic inflammation and oxidative stress are key contributors to 
the development of diabetic bone disease. In diabetes, prolonged 
inflammation is marked by elevated levels of pro-inflammatory cyto-
kines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL- 
6). These cytokines play a significant role in disrupting normal bone 
remodeling by promoting the activity of osteoclasts, the cells responsible 
for bone resorption. TNF-α, in particular, stimulates the differentiation 
of osteoclast precursors into mature osteoclasts, thereby accelerating the 
breakdown of bone tissue. This heightened osteoclast activity leads to an 
imbalance between bone resorption and bone formation, resulting in net 
bone loss [21].

IL-6 further exacerbates this process by promoting the differentiation 
of osteoclasts and degrading the bone matrix. As bone remodeling is a 
tightly regulated process, the overactivity of osteoclasts, driven by these 
inflammatory cytokines, leads to excessive bone resorption, making 
bones more fragile and susceptible to fractures. In addition to inflam-
mation, diabetes also induces oxidative stress, primarily through the 
generation of excessive ROS. Hyperglycemia and chronic inflammation 
both contribute to elevated ROS levels, which negatively affect bone 
health [22]. ROS can damage various cell types, including bone marrow 
mesenchymal stem cells (MSCs), which are essential for new bone for-
mation. The apoptosis (programmed cell death) of these MSCs impairs 
their ability to differentiate into osteoblasts, the cells responsible for 
bone synthesis. This reduction in osteoblast activity results in decreased 
bone formation, further contributing to the progression of diabetic bone 
disease. Oxidative stress also disrupts the signaling pathways involved in 
bone metabolism, leading to an imbalance that favors bone loss. The 
combined effects of chronic inflammation and oxidative stress create a 
harmful environment for bone health in diabetic patients, increasing 
their risk of osteoporosis and fractures [23,24].

Previous clinical studies have indicated that research on young 
adults with T1DM revealed elevated levels of pro-inflammatory cyto-
kines TNF-α and IL-6 in the blood. These elevated levels correlated with 
increased markers of bone resorption and decreased BMD, suggesting a 
direct link between inflammation and bone loss [25]. Researchers also 
explored the effects of anti-TNF therapy in T1DM patients with low bone 
mass, finding that treatment reduced osteoclast activity and slowed 
down bone resorption, demonstrating potential for therapeutic inter-
vention [26]. A clinical trial examining oxidative stress markers in ad-
olescents with T1DM found that patients with poor glycemic control had 
significantly higher levels of reactive oxygen species (ROS), which were 
associated with reduced osteoblast activity and impaired bone forma-
tion. Furthermore, this study assessed the impact of IL-6 inhibitors on 
bone health in T1DM patients, revealing that these inhibitors reduced 
bone resorption and improved bone turnover markers, indicating a 
positive effect on bone remodeling. A prospective study investigated the 
relationship between ROS and MSC apoptosis in T1DM patients, 
showing that elevated oxidative stress contributed to reduced MSC 

P. Sharma et al.                                                                                                                                                                                                                                 Metabolism Open 24 (2024) 100330 

4 



viability and impaired bone formation [9,27].
Similarly, for T2DM, a population-based study measured cytokine 

levels in elderly patients and found a strong association between 
elevated IL-6 levels and increased fracture risk, despite normal BMD 
levels. A clinical trial evaluated the use of antioxidants to reduce 
oxidative stress in T2DM patients, demonstrating that antioxidant sup-
plementation lowered ROS levels and improved markers of bone for-
mation. Another study investigating the role of TNF-α in bone health 
found that higher TNF-α levels were associated with increased osteoclast 
activity and higher bone resorption rates in T2DM patients. Researchers 
tested the efficacy of anti-inflammatory drugs in improving bone quality 
in postmenopausal women with T2DM, observing that treatment 
reduced both TNF-α and IL-6 levels, leading to improved bone density 
and reduced fracture risk. A longitudinal study explored the impact of 
oxidative stress on fracture risk in T2DM patients, revealing that higher 
ROS levels were significant predictors of future fractures, emphasizing 
the importance of managing oxidative stress in diabetes care [28,29].

These studies highlight the critical role of pro-inflammatory cyto-
kines and oxidative stress in disrupting bone metabolism in diabetic 
patients. Both T1DM and T2DM populations experience significant bone 
loss due to chronic inflammation and elevated ROS levels, underscoring 
the need for therapies that target these pathways to prevent fractures 
and improve bone health.

2.4. Bone turnover

Bone turnover, the dynamic process of bone remodeling involving 
the balanced activities of bone resorption and formation, is crucial for 
maintaining bone strength and quality. In diabetes, this balance is often 
disrupted, leading to impaired bone quality and increased fracture risk, 
even when bone density appears normal. The underlying mechanisms of 
bone turnover in diabetic bone disease involve interactions between 
hyperglycemia, AGEs, inflammation, and hormonal imbalances. Hy-
perglycemia, a hallmark of diabetes, contributes to the formation of 
AGEs, which accumulate in bone collagen, making it more brittle and 
less resilient. These changes impair the biomechanical properties of 
bone, leading to an increased susceptibility to fractures. Additionally, 
chronic inflammation associated with diabetes further disrupts the bone 
remodeling by increasing bone resorption and reducing bone formation. 
Hormonal imbalances, particularly involving insulin and osteocalcin, 
also play a role, as insulin deficiency or resistance affects osteoblast 
function, reducing bone formation. Interestingly, studies have shown 
higher serum levels of sclerostin in patients with Type 1 and Type 2 
diabetes compared to controls. Sclerostin, a bone-signaling peptide 
secreted by osteocytes, inhibits osteoblast activity by blocking the ca-
nonical Wnt signaling pathway and stimulates osteoclast activation by 
promoting the release of receptor activator of nuclear factor-kB ligand 
(RANKL) from osteocytes. Secretion of sclerostin by osteocytes is typi-
cally reduced by mechanical loading; however, women with Type 2 
diabetes and relative immobility have shown increased sclerostin levels. 
In vitro studies further support this, demonstrating increased sclerostin 
expression in osteoblasts, osteocytes, and osteocyte-like cells after in-
cubation with high glucose concentrations. This altered bone turnover 
process is a key contributor to the higher incidence of fractures in dia-
betic patients, despite often normal or slightly elevated BMD. Below is a 
summary of key clinical studies that have examined bone turnover in the 
context of diabetic bone disease. These studies underscore the multi-
faceted nature of bone turnover disruptions in diabetic bone disease [30,
31].

For example, Krakauer et al. (2012) observed a significant imbalance 
in bone turnover markers among patients with T1DM, noting decreased 
bone formation and increased resorption, which suggests a net loss of 
bone quality over time. This finding is critical as it indicates that even in 
the absence of overt osteoporosis, diabetic patients may still experience 
compromised bone integrity. Similarly, Napoli et al. (2013) highlighted 
how hyperglycemia promotes the formation of AGEs within bone tissue, 

which directly weakens the structural properties of the bone. The rela-
tionship between insulin resistance and bone turnover was further 
explored by Shu et al. (2015), who identified reduced osteoblast activity 
as a key factor in diminished bone formation among patients with 
T2DM. In addition to these metabolic factors, chronic inflammation has 
been shown to exacerbate disruptions in bone turnover, as demonstrated 
by Hamann et al. (2016). Inflammatory cytokines like TNF-α and IL-6, 
elevated in diabetic patients, can increase osteoclast activity, leading 
to excessive bone resorption. Lastly, Hofbauer et al. (2018) focused on 
the role of osteocalcin, a hormone produced by osteoblasts found that its 
reduced levels in diabetic patients correlate with lower bone formation 
and a higher risk of fractures. A study on bone turnover markers in 
young adults with T1DM revealed that hyperglycemia promotes the 
accumulation of AGEs, resulting in reduced bone strength despite 
normal BMD. Another clinical trial investigated the role of sclerostin in 
T1DM patients and found that elevated levels correlated with decreased 
bone formation and increased resorption, indicating disrupted bone 
turnover. Additionally, researchers examined the effects of insulin 
therapy on bone turnover in T1DM patients, discovering that intensive 
insulin therapy improved osteoblast function and bone formation 
markers, although resorption remained elevated due to persistent 
inflammation [9,32,33].

Furthermore, a study measuring the influence of hyperglycemia on 
inflammatory cytokines in T1DM patients showed that elevated IL-6 
levels were strongly associated with increased bone resorption and 
lower bone formation rates. A longitudinal cohort study investigated 
fracture risk in T1DM patients, emphasizing that long-term hypergly-
cemia, sclerostin levels, and inflammatory markers together contributed 
to an increased incidence of fractures, despite normal or slightly 
elevated BMD. In similar research related to T2DM, investigators studied 
the role of insulin resistance in postmenopausal women, finding that it 
led to diminished osteoblast function and lower bone formation, despite 
the paradoxically high BMD often observed in these patients. Another 
study examined the relationship between AGE accumulation and bone 
fragility in elderly T2DM patients, highlighting that AGEs impaired bone 
matrix quality, leading to an increased risk of fractures. A clinical trial 
assessed the effects of anti-sclerostin antibodies on bone turnover in 
T2DM patients, demonstrating that targeting sclerostin reduced osteo-
clast activity and improved bone formation rates. Researchers also 
explored the role of oxidative stress in T2DM-induced bone disease, 
showing that elevated ROS levels contributed to osteoblast apoptosis, 
further impairing bone formation. Finally, a randomized controlled trial 
evaluated the impact of metformin on bone turnover in T2DM patients, 
with results indicating that metformin improved osteoblast function and 
decreased osteoclast activity by reducing inflammation and ROS levels 
[9,26,34].

These studies underscore the multifaceted nature of bone turnover 
disruptions in diabetic bone disease, driven by hyperglycemia, inflam-
mation, AGEs, and hormonal imbalances. Addressing these underlying 
factors is critical to managing fracture risk in diabetic patients, 
emphasizing the need for a comprehensive approach to treatment 
beyond focusing solely on BMD.

Collectively, these studies reveal that diabetic bone disease is driven 
by complex and interrelated mechanisms that disrupt normal bone 
turnover, making it essential to address these factors in managing 
fracture risk in diabetic patients.

2.5. Bone material properties

Bone material properties, such as bone strength, elasticity, and 
microarchitecture, are crucial in determining overall bone quality. In 
the context of diabetes, these properties are often compromised due to 
underlying mechanisms that alter the bone matrix and microstructure, 
increasing fracture risk even when BMD is normal. One key factor is the 
accumulation of AGE in the bone collagen matrix, which makes the bone 
more brittle and prone to fractures. Hyperglycemia, a common feature 
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of diabetes, accelerates the formation of AGEs, leading to cross-linking 
of collagen fibers and decreased bone toughness. Additionally, chronic 
inflammation and oxidative stress in diabetes further degrade bone 
quality by increasing bone resorption and impairing bone formation. 
These processes result in changes to the bone’s microarchitecture, 
reducing its ability to absorb mechanical forces and increasing the 
likelihood of fractures. Studies have also shown that altered bone ma-
terial properties in diabetes may not be fully captured by standard BMD 
measurements, highlighting the importance of assessing bone quality 
beyond density alone [31].

2.6. Gastroenteric hormones

The relationship between gastrointestinal hormones and bone 
metabolism in diabetes is an emerging area of research that has garnered 
increasing attention over the past decade. Diabetes, particularly Type 2 
diabetes, is known to influence various aspects of bone health, including 
bone density, strength, and healing. The interplay between gastroin-
testinal hormones and bone metabolism in diabetic patients is complex, 
involving hormones such as glucagon-like peptide-1 (GLP-1), glucose- 
dependent insulinotropic polypeptide (GIP), and ghrelin. These hor-
mones, which are primarily known for their roles in glucose regulation 
and appetite control, have also been shown to influence bone remod-
eling processes. This is particularly relevant for patients with diabetes, 
where altered hormone levels may contribute to an increased risk of 
osteoporosis and fractures. Below is a summary of key clinical studies 
that have explored the role of gastrointestinal hormones in bone health 
among diabetic patients [35].

Mainly these studies underscore the significance of gastrointestinal 
hormones in the regulation of bone health, particularly in the context of 
diabetes. For example, GLP-1, a hormone primarily involved in 
enhancing insulin secretion and slowing gastric emptying, has also been 
shown to play a crucial role in bone metabolism. Clinical trials with GLP- 
1 receptor agonists have demonstrated reductions in bone resorption 
markers, suggesting a protective effect against bone loss in diabetic 
patients. This is particularly important given that individuals with dia-
betes are at an increased risk for osteoporosis and fractures, and tradi-
tional bone health management strategies may not be as effective in this 
population. Similarly, GIP, another incretin hormone, has been found to 
promote bone formation and enhance bone density. Studies have shown 
that GIP’s bone-protective effects may be particularly beneficial in 
reducing fracture risk among diabetic patients, a group that often ex-
periences impaired bone healing and increased fracture rates. Ghrelin, 
known for its role in stimulating appetite, has also been identified as a 
positive regulator of bone formation, particularly in the context of dia-
betic osteoporosis. These findings suggest that therapies targeting these 
gastrointestinal hormones could potentially offer new avenues for pre-
venting and treating bone complications in diabetes. Furthermore, the 
combination of GLP-1 and GIP therapies has shown promise in 
improving overall bone health in diabetic patients, offering a potential 
dual benefit of managing blood glucose levels and enhancing bone 
strength. The accelerated fracture healing observed in patients receiving 
GLP-1 and GIP analogs further supports the potential of these hormones 
in addressing the unique challenges faced by diabetic patients con-
cerning bone health [36–38].Overall, these studies suggest that these 
hormones could be key targets for novel therapeutic approaches to 
prevent and manage bone complications in diabetic patients.

2.7. Microvascular issues

Microvascular complications are among the most critical issues faced 
by individuals with diabetes, significantly impacting both their quality 
of life and long-term health outcomes. In recent years, research has 
increasingly focused on understanding how diabetes affects bone health, 
particularly in relation to microvascular complications. Several clinical 
studies have explored the intricate link between bone health and 

diabetes, revealing that microvascular complications, such as diabetic 
retinopathy, nephropathy, and neuropathy, may also extend their 
detrimental effects on bone tissue. These complications can lead to a 
range of bone disorders, including osteoporosis, increased fracture risk, 
and impaired bone healing. This growing body of research underscores 
the importance of early detection and management of these complica-
tions to prevent severe bone-related outcomes in diabetic patients. 
Below is a summary of key clinical studies that have contributed to our 
understanding of microvascular complications in bone diabetes [39,40].

2.8. Gut microbiota

Gut microbiota, the diverse population of microorganisms residing in 
the human gastrointestinal tract, plays a critical role in overall health, 
including metabolism, immunity, and even bone health [41]. Emerging 
research has highlighted a strong link between gut microbiota dysbiosis 
and metabolic diseases like diabetes. Alterations in the gut microbiome 
can exacerbate diabetic complications, including those affecting bone 
health. Diabetic bone disease, characterized by impaired bone quality 
and increased fracture risk, is now being explored in the context of gut 
microbiota.

In healthy individuals, gut microbiota influences bone health by 
regulating nutrient absorption, modulating immune responses, and 
producing metabolites that affect bone metabolism. Short-chain fatty 
acids (SCFAs), such as butyrate, propionate, and acetate, are produced 
by bacterial fermentation of dietary fiber in the colon. SCFAs have been 
shown to enhance calcium absorption in the intestines and promote 
bone formation by stimulating osteoblast activity. Butyrate, in partic-
ular, has anti-inflammatory properties that can counteract the pro- 
inflammatory environment associated with diabetes. However, in dia-
betic individuals, gut microbiota composition shifts towards a dysbiotic 
state, reducing the production of beneficial SCFAs and increasing 
harmful metabolites that contribute to bone degradation[42–44].

Diabetes, both T1DM and T2DM, is associated with increased intes-
tinal permeability, commonly referred to as "leaky gut." This condition 
allows endotoxins, such as lipopolysaccharides (LPS), to enter the 
bloodstream, triggering systemic inflammation. Chronic inflammation is 
a hallmark of diabetes and is closely linked to bone turnover disruption. 
Pro-inflammatory cytokines, like TNF-α and IL-6, stimulated by LPS, 
further promote osteoclast activity, leading to increased bone resorption 
and reduced bone formation. Dysbiosis of the gut microbiota amplifies 
this process by exacerbating systemic inflammation and oxidative stress, 
which are detrimental to bone health. In recent years, several clinical 
studies have investigated the connection between gut microbiota, dia-
betes, and bone health. One significant study conducted in 2019 
examined gut microbiota composition in T1DM patients and found that 
the abundance of beneficial bacteria, such as Bifidobacterium and 
Lactobacillus, was reduced. These bacteria are known for producing 
SCFAs and maintaining intestinal barrier function. The study concluded 
that gut dysbiosis in T1DM patients contributed to systemic inflamma-
tion and bone loss[45–47].

In T2DM, a 2020 study analyzed the effects of a high-fiber diet on gut 
microbiota and bone turnover. The researchers found that increasing 
dietary fiber led to higher SCFA production, which was associated with 
improved bone density and a decrease in bone resorption markers. 
Another study in 2021 investigated the role of probiotics in modulating 
bone health in T2DM patients. Probiotic supplementation increases the 
abundance of SCFA-producing bacteria, leading to enhanced calcium 
absorption and reduced inflammatory cytokines, which are critical in 
preventing bone loss. More recently, a 2022 study explored the gut-bone 
axis in diabetic mice models, demonstrating that dysbiosis led to 
decreased bone strength and altered bone microarchitecture. The re-
searchers also found that restoring gut microbiota balance through 
prebiotic and probiotic interventions reversed these negative effects on 
bone health. Another 2023 clinical trial on T2DM patients revealed that 
synbiotics (a combination of probiotics and prebiotics) improved both 
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metabolic control and bone turnover, further emphasizing the impor-
tance of healthy gut microbiota for maintaining bone integrity in dia-
betic individuals [42,48].

In conclusion, gut microbiota plays an essential role in bone meta-
bolism, and its dysregulation in diabetes contributes to the pathogenesis 
of diabetic bone disease. Alterations in the gut microbiome, character-
ized by reduced SCFA production and increased systemic inflammation, 
disrupt normal bone remodeling, leading to increased fracture risk. 
Restoring gut microbiota balance through dietary interventions, pro-
biotics, and prebiotics offers a promising approach to improving bone 
health in diabetic patients.

2.9. Effects on various bone types

Bone is a complex tissue of different types that play distinct roles in 
maintaining skeletal integrity. In diabetic bone disease, both cortical 
and trabecular bone types are significantly affected, with implications 
for bone strength and fracture risk.

2.9.1. Compact bone
Compact or cortical bone constitutes about 80 % of the skeletal mass 

and provides strength and support. Its dense and solid structure char-
acterizes it. In diabetes, cortical bone is particularly vulnerable due to 
altered bone remodeling processes. Clinical research indicates that 
diabetes increased increases cortical bone fragility, despite normal BMD. 
This paradox is partly due to the impaired quality of cortical bone in 
diabetic patients. Studies have shown that AGEs accumulate in the 
collagen matrix of cortical bone, reducing collagen elasticity and me-
chanical properties. For instance, Sellmeyer et al. (2010) found that 
AGEs in cortical bone significantly diminish bone toughness, increasing 
the risk of fractures. Additionally, diabetes-induced inflammation and 
oxidative stress further compromise cortical bone integrity by enhancing 
bone resorption and decreasing bone formation [18].

2.9.2. Spongy bone
Spongy or Trabecular bone is found mainly in the interior of bones 

and is responsible for supporting and distributing mechanical loads. It 
has a porous, lattice-like structure that is more metabolically active 
compared to cortical bone. In diabetic patients, trabecular bone is also 
adversely affected, though the mechanisms differ slightly from those 
impacting cortical bone. Research has shown that diabetes leads to 
trabecular bone loss due to increased osteoclast activity and reduced 
osteoblast function. For example, studies by Farlay et al. (2013) 
demonstrated that diabetes causes alterations in trabecular micro-
architecture, including reduced trabecular number and connectivity, 
which compromises bone strength and increases fracture risk. Hyper-
glycemia and elevated AGEs contribute to these changes by impairing 
the formation of new trabecular bone and enhancing bone resorption 
[49,50].

Moreover, diabetes-related alterations in bone metabolism decrease 
the ability to maintain trabecular bone density. The imbalance between 
bone resorption and formation, exacerbated by chronic inflammation 
and oxidative stress, accelerates the deterioration of trabecular bone 
quality [51]. Research by Kanis et al. (2015) highlighted that diabetic 
patients often show a significant loss of trabecular bone, contributing to 
increased fracture risk even in the presence of normal BMD values.

3. Diagnostic tools for diabetic bone disease

Diagnosing diabetic bone disease involves assessing bone quality and 
integrity through various diagnostic tools. Imaging techniques and 
biomarkers are essential for evaluating bone health in diabetic patients.

3.1. Imaging techniques

1. Dual-Energy X-ray Absorptiometry (DXA): DXA is the gold stan-
dard for measuring BMD, providing a quantitative assessment of 
bone density at key sites like the hip and spine. While DXA is useful 
for detecting osteoporosis, it may not fully capture changes in bone 
quality associated with diabetes [52].

2. High-Resolution Computed Tomography (HRCT): HRCT offers 
detailed images of bone microarchitecture, including trabecular and 
cortical bone. Studies, such as those by Farlay et al. (2013), have 
shown that HRCT can identify trabecular bone loss and structural 
changes, which are critical in assessing diabetic bone disease [53].

3. Magnetic Resonance Imaging (MRI): MRI can visualize bone 
marrow and soft tissues, detecting bone marrow edema and struc-
tural abnormalities associated with diabetes.

4. Future directions

Potential therapeutic advances in managing bone diabetes include 
novel drug therapies, such as selective RANKL inhibitors and bone- 
forming agents like sclerostin antibodies, which may offer targeted 
benefits for improving bone density and strength [54]. Research into gut 
microbiota modulation through probiotics and prebiotics holds promise 
for enhancing bone health by reducing inflammation and improving 
nutrient absorption. Additionally, advancements in personalized medi-
cine, incorporating genetic and biochemical profiles, could tailor in-
terventions more effectively. Emerging technologies, such as 
high-resolution imaging and bone biomarkers, are enhancing early 
diagnosis and monitoring, potentially transforming the management of 
diabetic bone disease.

5. Conclusion

In conclusion, managing diabetic bone disease requires a multifac-
eted approach integrating pharmacological interventions, lifestyle 
modifications, dietary adjustments, and emerging therapeutic insights. 
Pharmacological treatments, including bisphosphonates, denosumab, 
and teriparatide, effectively target bone resorption and formation, while 
novel anti-diabetic medications like GLP-1 agonists offer additional 
benefits. Lifestyle changes, such as regular physical activity and smoking 
cessation, are crucial for maintaining bone health. Adequate nutrition, 
including calcium and vitamin D, supports bone density. Recent 
research highlights the role of gut microbiota in bone health, suggesting 
the potential for probiotics and prebiotics to improve outcomes. Ad-
vances in diagnostic tools, including imaging and biomarkers, further 
enhance the ability to monitor and manage bone health in diabetic pa-
tients. Together, these strategies offer a comprehensive approach to 
reducing fracture risk and improving bone health in diabetes.
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