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Abstract
A sodium-glucose cotransporter-2 (SGLT2) inhibitor therapy promotes renal glucosuria, which triggers phosphaturia and initiates a 
cascade of metabolic and hormonal disturbances. The resulting hypophosphatemia stimulates secondary hyperparathyroidism, which in 
turn elevates fibroblast growth factor 23 (FGF23), further suppressing serum phosphate, calcitriol, and calcium levels. Concurrently, the 
osmotic diuresis and caloric loss induce a negative energy balance, shifting metabolism toward ketogenesis. Elevated β-hydroxybutyrate 
not only serves as an alternative fuel but also directly stimulates osteoclast activity while inhibiting osteoblast function. Compounding this, 
therapy-associated hypoinsulinemia diminishes anabolic signaling through insulin and insulin-like growth factor-1 (IGF-1), both critical 
for bone formation. At the heart of this skeletal disruption lies osteocyte dysfunction. Hypophosphatemia and altered hormonal milieu—
particularly increased PTH and FGF23 upregulate sclerostin, a potent inhibitor of the Wnt/β-catenin pathway, thereby suppressing bone 
formation. Furthermore, alterations in adipokines following weight loss further modulate bone metabolism. Critically, these pathways 
interact synergistically: PTH enhances bone resorption and sclerostin production; FGF23 suppresses calcitriol, worsening hypocalcemia; 
and ketones amplify RANKL-driven osteoclastogenesis. Additionally, mechanical unloading from rapid weight loss independently increases 
sclerostin expression. The net effect is a profound uncoupling of bone remodeling, accelerated resorption driven by PTH, RANKL, ketones, 
and inflammatory cytokines, coupled with suppressed formation due to sclerostin, hypoinsulinemia, and direct ketone effects. Clinically, 
this manifests as rapid trabecular bone loss, deteriorated microarchitecture, and a markedly elevated fracture risk, particularly during the 
initial months of treatment. Therefore, SGLT2 inhibitors confer significant cardio-renal benefits; however, they may impose substantial 
skeletal trade-offs that warrant careful monitoring.
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Introduction
The therapeutic landscape for type 2 diabetes mellitus 
(T2DM) has been profoundly reshaped by sodium-
glucose cotransporter-2 (SGLT2) inhibitors. These agents, 
by inhibiting glucose reabsorption in the proximal tubule 
of the kidney, promote significant glycosuria, leading to 
reductions in blood glucose, blood pressure, body weight, 
and offering robust cardio-renal protection (1). However, 
alongside these well-documented benefits, a concerning 
signal has emerged regarding skeletal health. Clinical trials 
and real-world evidence consistently indicate an increased 
risk of fractures, particularly with certain agents like 

canagliflozin, especially in the initial months of therapy 
and in vulnerable populations such as the elderly and 
those with pre-existing osteoporosis or renal impairment 
(2). The paradox of improved metabolic health juxtaposed 
with potential skeletal detriment, demands a deep dive 
into the intricate molecular pathways orchestrating 
bone remodeling under SGLT2 inhibition (3). Analyzing 
these findings require moving beyond simple caloric 
loss or weight reduction effects and instead resolving the 
complex metabolic and endocrine crosstalk triggered 
by the fundamental action of these drugs, detected as 
forced urinary glucose excretion (3). The bone, far from 
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 Implication for health policy/practice/research/
medical education
Molecular pathways influencing bone function after sodium-glucose 
cotransporter-2 (SGLT2) inhibitor therapy consist of renal phosphate 
handling, which directly affects the availability of minerals essential 
for bone health. Additionally, endocrine feedback loops, featuring key 
hormones like fibroblast growth factor 23 (FGF23), parathyroid hormone 
(PTH), and vitamin D, play a fundamental role in regulating calcium and 
phosphate homeostasis, thereby significantly impacting bone metabolism. 
These agents also engage with energy metabolism regulators such as 
AMPK and mTORC1, influencing cellular energy balance and anabolic 
processes vital for bone formation. The interplay with inflammatory and 
oxidative stress mediators, further highlights the systemic effects of these 
inhibitors, since chronic inflammation and oxidative stress can negatively 
impact bone remodeling and overall skeletal integrity. Vascular-
endothelial interactions also contribute, affecting nutrient supply and 
waste removal in bone tissue. Finally, the net impact of SGLT2 inhibitors 
on bone remodeling, mineral density, and fracture risk is determined by 
the complex metabolic and endocrine crosstalk interacting these diverse 
pathways. 

being a static scaffold, is a dynamic endocrine organ 
delicately sensitive to systemic metabolic shifts, hormonal 
fluctuations, and mineral homeostasis (4). Meanwhile, 
SGLT2 inhibitors (SGLT2i) perturb multiple pathways 
simultaneously, creating a unique physiological milieu 
that impacts osteoblasts, osteoclasts, osteocytes, and their 
intricate signaling networks (3).

Search strategy
For this review, we conducted a comprehensive literature 
search across PubMed, Web of Science, EBSCO, Scopus, 
Google Scholar, the Directory of Open Access Journals 
(DOAJ), and Embase, using a combination of targeted 
keywords, including ‘SGLT2 inhibitors’, ‘bone metabolism’, 
‘endocrine–skeletal crosstalk’, ‘molecular pathways’, 
‘mineral homeostasis’, ‘osteoblast–osteoclast regulation’, 
and ‘metabolic signaling’, to identify relevant experimental, 
clinical, and mechanistic studies addressing the molecular 
pathways influencing bone function following SGLT2 
inhibitor therapy.

Molecular actions of SGLT2 inhibitors
The primary trigger for the cascade affecting bone 
lies in the proximal tubule. SGLT2 inhibition causes 
profound glycosuria, resulting in significant caloric 
loss. However, the osmotic diuresis accompanying this 
glucose excretion has far-reaching consequences for 
mineral handling (3). The increased solute load and flow 
rate through the nephron, particularly impacting the 
proximal tubule where SGLT2 and sodium-phosphate 
cotransporter (NaPi-IIa/IIc) share regulatory pathways, 
lead to phosphaturia. This urinary phosphate wasting 
is a consistent finding in both preclinical models and 
humans treated with SGLT2 inhibitors (5). These 
agents exert their effects through competitive inhibition 
and shared regulatory pathways (3). Notably, SGLT2 
inhibition may indirectly down-regulate the expression or 

activity of NaPi-IIa and NaPi-IIc by altered intracellular 
signaling cascades triggered by changes in osmotic load 
and tubular flow. The resulting hypophosphatemia is a 
potent stimulus for the parathyroid glands (6, 7). Then, 
the parathyroid hormone (PTH) secretion increases 
rapidly in response to low serum phosphate levels, a 
physiological response aimed at restoring phosphate 
by enhancing renal reabsorption, primarily in the distal 
tubule, beyond the SGLT2 site and stimulating bone 
resorption to release phosphate and calcium from the 
mineralized matrix. This secondary hyperparathyroidism 
becomes a central driver of accelerated bone turnover 
(5). It is postulated that, chronically elevated PTH, even 
if intermittent or moderate, favors osteoclastogenesis 
and bone resorption over formation (8). In the next step, 
PTH binds to its receptor (PTH1R) on osteoblasts and 
osteocytes, activating complex downstream signaling. 
This cascade includes the canonical Gαs/cAMP/PKA 
pathway, which stimulates receptor activator of nuclear 
factor kappa-Β ligand (RANKL) expression while 
suppressing osteoprotegerin (OPG), the decoy receptor 
for RANKL (9). The increased RANKL/OPG ratio is 
a master switch promoting osteoclast differentiation, 
activation, and survival via RANK signaling on osteoclast 
precursors, leading to enhanced bone resorption and 
calcium/phosphate release (10). Concurrently, the 
phosphaturia and hypophosphatemia trigger a counter-
regulatory response from bone and other tissues involving 
fibroblast growth factor 23 (FGF23) (11). Consequently, 
FGF23, which primarily secreted by osteocytes, acts on 
the kidneys to promote phosphaturia, through down-
regulating NaPi-IIa/IIc and suppressing 1α-hydroxylase 
activity, thereby reducing the active form of vitamin D 
(12). In fact, the initial phosphaturia caused by SGLT2 
inhibition creates a paradoxical situation; since, the 
kidneys are already wasting phosphate due to the drug’s 
action, and prompting FGF23 secretion. In the next step, 
the elevated FGF23 further suppresses calcitriol synthesis 
(6). Hence, calcitriol is crucial not only for intestinal 
calcium and phosphate absorption but also for direct 
effects on bone cells. Calcitriol also promotes osteoblast 
differentiation and mineralization while exerting 
complex, concentration-dependent effects on osteoclasts 
(13). Reduced calcitriol levels; therefore, impair calcium 
absorption from the gut, potentially exacerbating the 
hypocalcemic stimulus for PTH secretion and directly 
hindering bone mineralization (14). Furthermore, low-
calcitriol may blunt the anabolic effects on osteoblasts 
(15). It should remember that, following administration 
of SGLT2 inhibitors, the FGF23-PTH axis becomes 
dysregulated; while FGF23 normally suppresses PTH, in 
states of chronic kidney disease (CKD), this suppression 
can be overcome, leading to concomitant high levels of 
both hormones of FGF23 and parathormone, a scenario 
potentially relevant in diabetic patients, especially 
those with underlying renal dysfunction, who treated 
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with SGLT2 inhibitors. This creates a vicious cycle 
as phosphaturia → hypophosphatemia → ↑PTH and 
↑FGF23 → ↓calcitriol → impaired gut calcium absorption 
→ further hypocalcemia → further ↑PTH → accelerated 
bone resorption (3,5). Beyond mineral disturbances, the 
significant metabolic shifts induced by SGLT2 inhibitors 
profoundly influence bone through endocrine crosstalk. 
The caloric loss from glycosuria creates a state of negative 
energy balance. While weight loss, particularly fat mass 
reduction, is generally beneficial for metabolic health, 
its impact on bone is nuanced (16). Adipose tissue is 
not merely inert storage; it is a major endocrine organ 
secreting adipokines that regulate bone metabolism (17). 
Leptin, secreted proportionally to fat mass, has dual 
effects: centrally, it can inhibit bone formation via the 
sympathetic nervous system (SNS), while peripherally, 
it may stimulate osteoblast proliferation (18). The rapid 
weight loss induced by SGLT2 inhibitors leads to a 
significant reduction in circulating leptin levels (19). The 
net effect on bone is complex and context-dependent, 
but the sudden drop may disrupt the peripheral anabolic 
signals and potentially alter central SNS tone, though the 
latter’s contribution in humans under SGLT2i remains 
less defined (3, 18). More consistently impactful is the 
reduction in adiponectin. Adiponectin levels typically 
rise with weight loss and improved insulin sensitivity. 
Adiponectin directly stimulates osteoblast proliferation 
and differentiation via AdipoR1 receptors and AMP-
activated protein kinase (AMPK) signaling, while also 
inhibiting osteoclast formation through suppression of 
RANKL signaling and induction of anti-oxidant pathways 
(20). The initial rapid fat loss with SGLT2 inhibitors might 
transiently suppress adiponectin before its eventual rise 
with sustained metabolic improvement, creating a window 
of reduced bone-protective adipokine signaling (3,21). 
However, the dominant metabolic shift relevant to bone is 
the induction of a fasting-like state and increased reliance 
on alternative fuels. Reduced insulin levels and increased 
glucagon secretion, hallmarks of SGLT2 inhibition, 
promote lipolysis and ketogenesis (22). Elevated levels of 
circulating ketone bodies, particularly β-hydroxybutyrate, 
are a direct consequence. While ketones serve as efficient 
energy substrates for many tissues, their impact on bone 
cells is emerging as critically important. In addition, 
β-hydroxybutyrate has been shown to directly stimulate 
osteoclast formation and bone resorptive activity (23). 
In-vitro, β-hydroxybutyrate enhances RANKL-induced 
osteoclastogenesis by promoting the expression of key 
transcription factors like NFATc1 and increasing reactive 
oxygen species (ROS) production within osteoclast 
precursors, creating a pro-resorptive environment (23-25). 
Concurrently, β-hydroxybutyrate may exert inhibitory 
effects on osteoblast function. Recent studies also 
suggested that β-hydroxybutyrate can suppress osteoblast 
proliferation and differentiation markers like Runx2 and 
Osterix, potentially by altering cellular metabolism and 

redox state or interfering with Wnt/β-catenin signaling, 
a paramount anabolic pathway for bone. This ketone-
mediated shift towards resorption provides a direct 
molecular link between the metabolic state induced by 
SGLT2 inhibitors and accelerated bone loss (23,26).

Dysregulation of osteoblasts on SGLT2i therapy
The Wnt/β-catenin signaling pathway is fundamental for 
osteoblast differentiation, activity, and bone formation. 
Its dysregulation under SGLT2 inhibition represents 
another crucial molecular intersection (27,28). Sclerostin, 
as a glycoprotein predominantly secreted by osteocytes, 
is a potent negative regulator of Wnt signaling. It binds 
to low-density lipoprotein receptor-related protein 5/6 
(LRP5/6) co-receptors, preventing Wnt ligands from 
forming active receptor complexes, thereby inhibiting 
β-catenin stabilization and nuclear translocation (29). 
Elevated sclerostin levels are associated with reduced 
bone formation and osteoporosis (30). Clinical studies 
have reported increases in serum sclerostin levels 
following SGLT2 inhibitor initiation. The mechanisms 
driving this rise are multifactorial (31). The secondary 
hyperparathyroidism induced by phosphaturia and 
hypocalcemia is a key factor; PTH has been shown 
to stimulate sclerostin expression in osteocytes (32). 
Furthermore, the reduction in mechanical loading due 
to weight loss, while beneficial metabolically, reduces 
the anabolic mechanical signals that normally suppress 
sclerostin production (33). Adipokines may also play a role; 
leptin can influence sclerostin expression, and its rapid 
decline might contribute (34). Elevated sclerostin directly 
antagonizes Wnt signaling in osteoblasts, dampening their 
bone-forming capacity. This suppression of formation, 
coupled with the PTH increases in resorption, creates a 
powerful double-hit on bone mass: increased removal 
of old bone without adequate replacement with new 
bone (35). The net effect is rapid bone loss, particularly 
trabecular bone, which has a higher surface area and 
turnover rate (36). The interplay between mineral-
regulating hormones, metabolic hormones, and local bone 
regulators creates a network where perturbation in one 
node ripples through the entire system (37). Accordingly, 
insulin and insulin-like growth factor-1 (IGF-1) signaling, 
crucial for osteoblast function and bone anabolism, are 
significantly altered by SGLT2 inhibition (38). Though the 
drugs improve insulin sensitivity peripherally, they induce 
a state of relative hypoinsulinemia due to reduced glucose-
stimulated insulin secretion (39). Insulin receptors are 
expressed on osteoblasts, and insulin signaling promotes 
osteoblast proliferation, differentiation, and collagen 
synthesis. It also enhances the production of osteocalcin, 
an osteoblast-derived hormone involved in energy 
metabolism (40). Reduced insulin signaling in bone cells 
may therefore directly impair bone formation. Meanwhile, 
IGF-1, is another key anabolic factor for bone; since, its 
hepatic production is stimulated by growth hormone 
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but modulated by insulin and nutritional status (41). 
The negative energy balance and potential alterations 
in growth hormone pulsatility during SGLT2 inhibition 
might contribute to reduced IGF-1 bioavailability. 
Lower IGF-1 levels further diminish the pro-formation 
signals on osteoblasts (3). The reduction in insulin/IGF-
1 anabolic tone contrasts sharply with the persistent or 
enhanced catabolic signals from PTH and ketones, tilting 
the bone remodeling balance towards net loss (42). The 
endocrine crosstalk extends to the gut-bone axis (43). 
Previous investigations detected that, SGLT2 inhibitors 
induce modest increases in glucagon-like peptide-1 
(GLP-1) levels, partly due to slowed gastric emptying and 
possibly via effects on renal DPP-4 activity (44). Recently, 
GLP-1 and its analogs have shown bone-protective effects 
in some studies, stimulating osteoblast proliferation and 
inhibiting osteoclast formation. However, the magnitude 
of GLP-1 elevation with SGLT2 inhibitors alone is likely 
insufficient to counteract the dominant negative pathways 
described above (45). The potential interaction between 
SGLT2i and GLP-1 receptor agonists (GLP-1 RAs), often 
used in combination, on bone health is an area of active 
investigation, with some preclinical data suggesting 
GLP-1 RAs might mitigate SGLT2i-induced bone loss, 
highlighting the complexity of endocrine interactions 
(46).

Impact of SGLT2 inhibitors on osteocytes
The osteocyte, embedded within the mineralized matrix, 
acts as the master regulator of bone remodeling, sensing 
mechanical strain and orchestrating the activity of 
osteoblasts and osteoclasts via signaling molecules like 
sclerostin, RANKL, and nitric oxide (47). The metabolic 
and mineral disturbances induced by SGLT2 inhibitors 
place significant stress on osteocytes. Hypophosphatemia 
directly impairs osteocyte function and survival (48). 
Osteocytes require phosphate for energy metabolism 
and to maintain their dendritic processes, crucial for 

communication and mechanosensing. Phosphate 
deprivation can lead to osteocyte apoptosis, creating 
micro-damage signals that trigger targeted bone 
remodeling, often resorptive (49). Meanwhile, the 
osmotic stress and altered fluid flow within the canalicular 
network due to glycosuria and diuresis might also perturb 
osteocyte mechanosensitivity (50,51). Furthermore, 
elevated FGF23, produced primarily by osteocytes in 
response to phosphate and vitamin D status, places an 
additional secretory burden on these cells. Chronic 
stimulation of FGF23 production may alter osteocyte 
gene expression profiles and viability (52). Ketone bodies 
like β-hydroxybutyrate can also affect osteocyte signaling 
(23). Therefore, the dysregulation of osteocyte function 
disrupts the finely tuned balance of bone remodeling 
signals, contributing to the uncoupling where resorption 
outpaces formation. Inflammation is another layer of 
crosstalk (53). T2DM is characterized by chronic low-
grade inflammation, with elevated levels of cytokines like 
TNF-α, IL-1β, and IL-6. While SGLT2 inhibitors generally 
reduce systemic inflammation markers due to weight loss 
and improved glycemia, the initial phase of therapy or 
specific contexts might involve transient inflammatory 
responses (54). Pro-inflammatory cytokines are potent 
stimulators of osteoclastogenesis, synergizing with 
RANKL. TNF-α, for instance, can directly enhance 
RANK signaling and prolong osteoclast survival. Any 
residual or transient inflammation in diabetic patients on 
SGLT2i could further amplify bone resorption pathways 
(Figure 1) (55).

Impact of SGLT2i on oxidative stress pathways
SGLT2 inhibitors may impact inflammatory and oxidative 
stress pathways, which are critical regulators of bone 
remodeling. Chronic low-grade inflammation and 
increased oxidative stress in diabetes contribute to altered 
bone turnover and fragility (16). SGLT2 inhibitors have 
shown anti-inflammatory and antioxidative effects in 

Figure 1. Proposed effects of SGLT2 inhibitors on osteocyte function and bone remodeling.
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various tissues through suppressing pro-inflammatory 
cytokines and reducing reactive oxygen species production 
(56). These molecular actions may have protective effects 
on bone cells by mitigating inflammation-induced 
osteoclastogenesis and apoptotic pathways in osteoblasts 
and osteocytes (49). Thus, SGLT2 inhibitors’ influence 
on inflammation and oxidative stress adds a layer of 
metabolic-immune crosstalk shaping bone health (3,16). 
Bone remodeling is tightly coupled with vascular function 
and microcirculation, integrating endocrine, paracrine, 
and metabolic signals (57). Recent studies found that, 
SGLT2 inhibitors improve endothelial function and 
microvascular integrity, potentially enhancing bone 
perfusion and nutrient delivery essential for osteogenesis 
and matrix mineralization (21). Improved vascular health 
may positively affect bone remodeling dynamics, although 
clinical evidence linking these vascular effects directly to 
skeletal outcomes remains limited (58).

A short look at the insulin signaling pathway
A further aspect of endocrine crosstalk involves the 
insulin signaling pathway. Type 2 diabetes is characterized 
by insulin resistance and hyperinsulinemia, conditions 
that negatively influence bone quality and increase 
fracture risk (59). Insulin has anabolic effects on bone, 
promoting osteoblast proliferation and differentiation. 
By improving glycemic control and insulin sensitivity 
systemically, SGLT2 inhibitors may indirectly benefit 
bone metabolism (16). Nevertheless, the potential for 
glucose-lowering therapies, including SGLT2 inhibitors, 
to cause weight loss can contribute to a reduction in 
mechanical loading on the skeleton, which may offset 
metabolic advantages and lead to decreased bone mass 
(39). The interplay between glucose and lipid metabolism 
also modulates bone cell function and energy supply 
(60). Besides, SGLT2 inhibitors induce shifts in substrate 
utilization favoring lipolysis and ketone body production, 
altering systemic energy balance (61). Ketone bodies 
may serve as alternative fuel for osteoblasts, potentially 
promoting anabolic bone activity under certain metabolic 
states (62). This metabolic adaptation implicates nutrient 
sensing pathways such as mammalian target of rapamycin 
complex 1 (mTORC1) signaling, which integrates energy, 
nutrient, and growth factor cues to regulate bone cell 
growth and matrix synthesis (62, 63). Previous authors 
showed that, SGLT2 inhibitors’ capacity to suppress 
aberrant mTORC1 activation in diabetic kidneys suggests 
a parallel mechanism may exist in bone tissue, limiting 
pathological remodeling and supporting skeletal integrity 
(3).

Conclusion
In summary, SGLT2 inhibitors affect bone function 
through multiple molecular pathways interconnected by 
metabolic and endocrine crosstalk. Their influence on 
renal phosphate transport triggers endocrine responses 

involving FGF23, PTH, and vitamin D that modulate 
bone remodeling. Concurrently, alterations in energy 
metabolic signaling by AMPK and mTORC1, antioxidant 
and anti-inflammatory effects, improved endothelial 
function, and systemic metabolic shifts contribute to the 
regulation of bone cell activity and skeletal homeostasis. 
While clinical data reflect some concerns regarding bone 
health, particularly fracture risk, the net effects of SGLT2 
inhibitors on bone depend on a balance of these opposing 
molecular mechanisms within the framework of the 
individual’s metabolic context.

Authors’ contribution 
Conceptualization: Parzhin Khazdoozi and Asaad Abass Fadhel 
Khalif.
Data curation: Hanie Fooladi, Abnoos Mokhtariardekani and 
Asaad Abass Fadhel Khalif.
Investigation: Parzhin Khazdoozi and Mansooreh Kashefi
Supervision: All authors.
Validation: Abnoos Mokhtariardekani and Hojjat Eghbali Jelodar
Visualization: Hojjat Eghbali Jelodar and Somayeh Ghamkhari
Writing–original draft: All authors.
Writing–review and editing: All authors.

Conflicts of interest
The authors declare that they have no competing interests. 

Ethical issues
Ethical issues (including plagiarism, data fabrication, double 
publication) have been completely observed by the authors.

Declaration of generative AI and AI-assisted technologies in the 
writing process
During the preparation of this work, the authors utilized Perplexity to 
refine grammar points and language style in writing. Subsequently, 
the authors thoroughly reviewed and edited the content as 
necessary, assuming full responsibility for the publication’s content.

Funding/Support
None.

References
1.	 Vallon V. The mechanisms and therapeutic potential of SGLT2 

inhibitors in diabetes mellitus. Annu Rev Med. 2015;66:255–
70. doi: 10.1146/annurev-med-051013-110046. 

2.	 Zhou Z, Jardine M, Perkovic V, Matthews DR, Mahaffey 
KW, de Zeeuw D, et al. Canagliflozin and fracture risk in 
individuals with type 2 diabetes: results from the CANVAS 
Program. Diabetologia. 2019;62:1854–67. doi: 10.1007/
s00125-019-4955-5. 

3.	 Ye Y, Zhao C, Liang J, Yang Y, Yu M, Qu X. Effect of Sodium-
Glucose Co-transporter 2 Inhibitors on Bone Metabolism and 
Fracture Risk. Front Pharmacol. 2018;9:1517. doi: 10.3389/
fphar.2018.01517. 

4.	 Su N, Yang J, Xie Y, Du X, Chen H, Zhou H, et al. Bone function, 
dysfunction and its role in diseases including critical illness. 
Int J Biol Sci. 2019;15:776–87. doi: 10.7150/ijbs.27063. 

5.	 Blau JE, Taylor SI. Adverse effects of SGLT2 inhibitors on bone 
health. Nat Rev Nephrol. 2018;14:473–4. doi: 10.1038/
s41581-018-0028-0. 

6.	 Taylor SI, Blau JE, Rother KI. Possible adverse effects of SGLT2 
inhibitors on bone. Lancet Diabetes Endocrinol. 2015;3:8–10. 
doi: 10.1016/s2213-8587(14)70227-x. 

7.	 Vinke JSJ, Heerspink HJL, de Borst MH. Effects of sodium 



Khazdoozi et al

Journal of Parathyroid Disease, Volume 14, 20266

glucose cotransporter 2 inhibitors on mineral metabolism 
in type 2 diabetes mellitus. Curr Opin Nephrol Hypertens. 
2019;28:321–7. doi: 10.1097/mnh.0000000000000505. 

8.	 Silva BC, Bilezikian JP. Parathyroid hormone: anabolic and 
catabolic actions on the skeleton. Curr Opin Pharmacol. 
2015;22:41–50. doi: 10.1016/j.coph.2015.03.005. 

9.	 Iwanowska M, Kochman M, Szatko A, Zgliczyński W, Glinicki 
P. Bone Disease in Primary Hyperparathyroidism-Changes 
Occurring in Bone Metabolism and New Potential Treatment 
Strategies. Int J Mol Sci. 2024;25:11639. doi: 10.3390/
ijms252111639. 

10.	 Boyce BF, Xing L. Functions of RANKL/RANK/OPG in 
bone modeling and remodeling. Arch Biochem Biophys. 
2008;473:139–46. doi: 10.1016/j.abb.2008.03.018. 

11.	 Liu S, Tang W, Zhou J, Stubbs JR, Luo Q, Pi M, et al. Fibroblast 
growth factor 23 is a counter-regulatory phosphaturic 
hormone for vitamin D. J Am Soc Nephrol. 2006;17:1305–15. 
doi: 10.1681/asn.2005111185. 

12.	 Andrukhova O, Zeitz U, Goetz R, Mohammadi M, Lanske B, 
Erben RG. FGF23 acts directly on renal proximal tubules to 
induce phosphaturia through activation of the ERK1/2-SGK1 
signaling pathway. Bone. 2012;51:621–8. doi: 10.1016/j.
bone.2012.05.015. 

13.	 Li A, Cong Q, Xia X, Leong WF, Yeh J, Miao D, et al. 
Pharmacologic Calcitriol Inhibits Osteoclast Lineage 
Commitment via the BMP-Smad1 and IκB-NF-κB Pathways. J 
Bone Miner Res. 2017;32:1406–20. doi: 10.1002/jbmr.3146. 

14.	 Areco VA, Kohan R, Talamoni G, Tolosa de Talamoni NG, 
Peralta López ME. Intestinal Ca(2+) absorption revisited: A 
molecular and clinical approach. World J Gastroenterol. 
2020;26:3344–64. doi: 10.3748/wjg.v26.i24.3344. 

15.	 Lu CL, Shyu JF, Wu CC, Hung CF, Liao MT, Liu WC, et al. 
Association of Anabolic Effect of Calcitriol with Osteoclast-
Derived Wnt 10b Secretion. Nutrients. 2018;10:1164. doi: 
10.3390/nu10091164. 

16.	 Dong B, Lv R, Wang J, Che L, Wang Z, Huai Z, et al. The 
Extraglycemic Effect of SGLT-2is on Mineral and Bone 
Metabolism and Bone Fracture. Front Endocrinol (Lausanne). 
2022;13:918350. doi: 10.3389/fendo.2022.918350. 

17.	 Liu Y, Song CY, Wu SS, Liang QH, Yuan LQ, Liao EY. 
Novel adipokines and bone metabolism. Int J Endocrinol. 
2013;2013:895045. doi: 10.1155/2013/895045. 

18.	 Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, 
et al. Leptin regulates bone formation via the sympathetic 
nervous system. Cell. 2002;111:305–17. doi: 10.1016/s0092-
8674(02)01049-8. 

19.	 Szekeres Z, Sandor B, Bognar Z, Ramadan FHJ, Palfi A, 
Bodis B, et al. Clinical Study of Metabolic Parameters, Leptin 
and the SGLT2 Inhibitor Empagliflozin among Patients with 
Obesity and Type 2 Diabetes. Int J Mol Sci. 2023;24:4405. 
doi: 10.3390/ijms24054405. 

20.	 Lewis JW, Edwards JR, Naylor AJ, McGettrick HM. Adiponectin 
signalling in bone homeostasis, with age and in disease. Bone 
Res. 2021;9:1. doi: 10.1038/s41413-020-00122-0. 

21.	 Lambrou GI, Samartzi A, Vlachou E, Tsartsalis AN. Is the 
Impact of Sodium-Glucose Co-Transporter 2 (SGLT2) Inhibitors 
on Bone Metabolism and Fracture Incidence a Class or Drug 
Effect? A Narrative Review. Medicines (Basel). 2025;12:10. 
doi: 10.3390/medicines12020010. 

22.	 Wu Q, Zhang J, Zhang F, Li D. SGLT2 inhibitors as metabolic 
modulators: beyond glycemic control in type 2 diabetes. Front 
Endocrinol (Lausanne). 2025;16:1601633. doi: 10.3389/
fendo.2025.1601633. 

23.	 Luo C, Dai Z, He W, He Y, Yang P, Huang M, et al. Ketogenic 
diet and β-hydroxybutyrate in osteoporosis: current progress 
and controversy. Front Nutr. 2025;12:1508695. doi: 10.3389/

fnut.2025.1508695. 
24.	 Jiang T, Xia T, Qiao F, Wang N, Jiang Y, Xin H. Role and 

Regulation of Transcription Factors in Osteoclastogenesis. Int J 
Mol Sci. 2023;24:16175. doi: 10.3390/ijms242216175. 

25.	 He Y, Cheng X, Zhou T, Li D, Peng J, Xu Y, et al. 
β-Hydroxybutyrate as an epigenetic modifier: Underlying 
mechanisms and implications. Heliyon. 2023;9:e21098. doi: 
10.1016/j.heliyon.2023.e21098. 

26.	 Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, 
Kim D, et al. The ketone metabolite β-hydroxybutyrate blocks 
NLRP3 inflammasome-mediated inflammatory disease. Nat 
Med. 2015;21:263–9. doi: 10.1038/nm.3804. 

27.	 Duan P, Bonewald LF. The role of the wnt/β-catenin signaling 
pathway in formation and maintenance of bone and teeth. 
Int J Biochem Cell Biol. 2016;77:23–9. doi: 10.1016/j.
biocel.2016.05.015. 

28.	 Anand AA, Khan M, V M, Kar D. The Molecular Basis of Wnt/β-
Catenin Signaling Pathways in Neurodegenerative Diseases. Int 
J Cell Biol. 2023;2023:9296092. doi: 10.1155/2023/9296092. 

29.	 Delgado-Calle J, Sato AY, Bellido T. Role and mechanism 
of action of sclerostin in bone. Bone. 2017;96:29–37. doi: 
10.1016/j.bone.2016.10.007. 

30.	 Lee HK, Notario GR, Won SY, Kim JH, Lee SM, Kim HS, et 
al. Elevated sclerostin levels contribute to reduced bone 
mineral density in non-ambulatory stroke patients. Bone Rep. 
2025;25:101829. doi: 10.1016/j.bonr.2025.101829. 

31.	 Islek T, Mirioglu S, Gursu M, Kazancioglu R, Demirel M, Selek 
S, et al. Short-term effects of dapagliflozin on biomarkers of 
bone and mineral metabolism in patients with diabetic kidney 
disease: A prospective observational study. Nefrologia (Engl 
Ed). 2024;44:868–76. doi: 10.1016/j.nefroe.2024.11.013. 

32.	 Bellido T, Saini V, Pajevic PD. Effects of PTH on osteocyte 
function. Bone. 2013;54:250–7. doi: 10.1016/j.
bone.2012.09.016. 

33.	 Aryana I, Rini SS, Soejono CH. Importance of Sclerostin as 
Bone-Muscle Mediator Crosstalk. Ann Geriatr Med Res. 
2022;26:72–82. doi: 10.4235/agmr.22.0036. 

34.	 Fairfield H, Rosen CJ, Reagan MR. Connecting Bone and 
Fat: The Potential Role for Sclerostin. Curr Mol Biol Rep. 
2017;3:114–21. doi: 10.1007/s40610-017-0057-7. 

35.	 Rodríguez-Ortiz ME, Díaz-Tocados JM, Torralbo AI, Valdés-
Díaz K, Rivas-Domínguez A, Guerrero F, et al. Impact of 
elevated sclerostin levels on bone resorption: unravelling 
structural changes and mineral metabolism disruption. Bone 
Joint Res. 2025;14:448–62. doi: 10.1302/2046-3758.145.Bjr-
2024-0227.R1. 

36.	 Jonasson G, Rythén M. Alveolar bone loss in osteoporosis: 
a loaded and cellular affair? Clin Cosmet Investig Dent. 
2016;8:95–103. doi: 10.2147/ccide.S92774. 

37.	 Pi M, Quarles LD. Novel bone endocrine networks integrating 
mineral and energy metabolism. Curr Osteoporos Rep. 
2013;11:391–9. doi: 10.1007/s11914-013-0178-8. 

38.	 Sharma P, Sharma RK, Gaur K. Understanding the impact of 
diabetes on bone health: A clinical review. Metabol Open. 
2024;24:100330. doi: 10.1016/j.metop.2024.100330. 

39.	 Erythropoulou-Kaltsidou A, Polychronopoulos G, Tziomalos 
K. Sodium-Glucose Co-Transporter 2 Inhibitors and Fracture 
Risk. Diabetes Ther. 2020;11:7–14. doi: 10.1007/s13300-019-
00724-w. 

40.	 Ferron M, Wei J, Yoshizawa T, Del Fattore A, DePinho RA, 
Teti A, et al. Insulin signaling in osteoblasts integrates bone 
remodeling and energy metabolism. Cell. 2010;142:296–308. 
doi: 10.1016/j.cell.2010.06.003. 

41.	 Kawai M, Rosen CJ. The insulin-like growth factor system 
in bone: basic and clinical implications. Endocrinol Metab 
Clin North Am. 2012;41:323–33, vi. doi: 10.1016/j.



                                                   Bone function following SGLT2i therapy

                                        Journal of Parathyroid Disease, Volume 14, 2026 7

ecl.2012.04.013. 
42.	 Elis S, Courtland HW, Wu Y, Fritton JC, Sun H, Rosen CJ, et 

al. Elevated serum IGF-1 levels synergize PTH action on the 
skeleton only when the tissue IGF-1 axis is intact. J Bone 
Miner Res. 2010;25:2051–8. doi: 10.1002/jbmr.100. 

43.	 Gu C, Du H, Li N, Zhou Y, Li S, Sun Y, et al. The gut-bone axis in 
osteoporosis: a multifaceted interaction with implications for 
bone health. Front Endocrinol (Lausanne). 2025;16:1569152. 
doi: 10.3389/fendo.2025.1569152. 

44.	 Azizogli AR, Vitti MR, Mishra R, Osorno L, Heffernan C, 
Kumar VA. Comparison of SGLT1, SGLT2, and Dual Inhibitor 
biological activity in treating Type 2 Diabetes Mellitus. Adv Ther 
(Weinh). 2023;6:2300143. doi: 10.1002/adtp.202300143. 

45.	 Ma X, Zhang X. Research progress of diabetic osteoporosis: 
a comprehensive review. Front Endocrinol (Lausanne). 
2025;16:1595228. doi: 10.3389/fendo.2025.1595228. 

46.	 Al-Mashhadi ZK, Viggers R, Starup-Linde J, Vestergaard P, 
Gregersen S. SGLT2 inhibitor treatment is not associated with 
an increased risk of osteoporotic fractures when compared 
to GLP-1 receptor agonists: A nationwide cohort study. Front 
Endocrinol (Lausanne). 2022;13:861422. doi: 10.3389/
fendo.2022.861422. 

47.	 Schaffler MB, Cheung WY, Majeska R, Kennedy O. Osteocytes: 
master orchestrators of bone. Calcif Tissue Int. 2014;94:5–24. 
doi: 10.1007/s00223-013-9790-y. 

48.	 Cuttone A, Xourafa A, Morace C, Cannavò V, Bueti FM, 
Mandraffino G, et al. Effects of Sodium-Glucose Cotransporter 
2 Inhibitors on Calcium Homeostasis: Where We Stand Now. 
Cells. 2025;14:724. doi: 10.3390/cells14100724. 

49.	 Ru JY, Wang YF. Osteocyte apoptosis: the roles and key 
molecular mechanisms in resorption-related bone diseases. 
Cell Death Dis. 2020;11:846. doi: 10.1038/s41419-020-
03059-8. 

50.	 Yang F, Yu W, Huo X, Li H, Qi Q, Yang X, et al. Effects of 
Osteocyte Shape on Fluid Flow and Fluid Shear Stress of the 
Loaded Bone. Biomed Res Int. 2022;2022:3935803. doi: 
10.1155/2022/3935803. 

51.	 Verbruggen SW, Vaughan TJ, McNamara LM. Fluid flow in 
the osteocyte mechanical environment: a fluid-structure 
interaction approach. Biomech Model Mechanobiol. 
2014;13:85–97. doi: 10.1007/s10237-013-0487-y. 

52.	 Quarles LD. Skeletal secretion of FGF-23 regulates phosphate 
and vitamin D metabolism. Nat Rev Endocrinol. 2012;8:276–
86. doi: 10.1038/nrendo.2011.218. 

53.	 Terkawi MA, Matsumae G, Shimizu T, Takahashi D, Kadoya K, 
Iwasaki N. Interplay between Inflammation and Pathological 
Bone Resorption: Insights into Recent Mechanisms and 
Pathways in Related Diseases for Future Perspectives. Int J Mol 
Sci. 2022;23:1786. doi: 10.3390/ijms23031786. 

54.	 Zhang R, Xie Q, Lu X, Fan R, Tong N. Research advances in the 
anti-inflammatory effects of SGLT inhibitors in type 2 diabetes 
mellitus. Diabetol Metab Syndr. 2024;16:99. doi: 10.1186/
s13098-024-01325-9. 

55.	 Weitzmann MN. The Role of Inflammatory Cytokines, the 
RANKL/OPG Axis, and the Immunoskeletal Interface in 
Physiological Bone Turnover and Osteoporosis. Scientifica 
(Cairo). 2013;2013:125705. doi: 10.1155/2013/125705. 

56.	 Mashayekhi M, Safa BI, Gonzalez MSC, Kim SF, Echouffo-
Tcheugui JB. Systemic and organ-specific anti-inflammatory 
effects of sodium-glucose cotransporter-2 inhibitors. Trends 
Endocrinol Metab. 2024;35:425–38. doi: 10.1016/j.
tem.2024.02.003. 

57.	 Han Y, You X, Xing W, Zhang Z, Zou W. Paracrine and 
endocrine actions of bone-the functions of secretory proteins 
from osteoblasts, osteocytes, and osteoclasts. Bone Res. 
2018;6:16. doi: 10.1038/s41413-018-0019-6. 

58.	 Filipowska J, Tomaszewski KA, Niedźwiedzki Ł, Walocha JA, 
Niedźwiedzki T. The role of vasculature in bone development, 
regeneration and proper systemic functioning. Angiogenesis. 
2017;20:291–302. doi: 10.1007/s10456-017-9541-1. 

59.	 Eller-Vainicher C, Cairoli E, Grassi G, Grassi F, Catalano 
A, Merlotti D, et al. Pathophysiology and Management of 
Type 2 Diabetes Mellitus Bone Fragility. J Diabetes Res. 
2020;2020:7608964. doi: 10.1155/2020/7608964. 

60.	 Choi IA, Umemoto A, Mizuno M, Park-Min KH. Bone 
metabolism - an underappreciated player. NPJ Metab Health 
Dis. 2024;2:12. doi: 10.1038/s44324-024-00010-9. 

61.	 Kyriakidou A, Koufakis T, Gika H, Kotsa K. Metabolomics 
Insights into the Benefits of SGLT2 Inhibitors in Type 2 
Diabetes. Clin Pharmacol. 2025;17:253–67. doi: 10.2147/
cpaa.S497906. 

62.	 Puchalska P, Crawford PA. Multi-dimensional Roles of Ketone 
Bodies in Fuel Metabolism, Signaling, and Therapeutics. Cell 
Metab. 2017;25:262–84. doi: 10.1016/j.cmet.2016.12.022. 

63.	 Kim SG, Buel GR, Blenis J. Nutrient regulation of the mTOR 
complex 1 signaling pathway. Mol Cells. 2013;35:463–73. 
doi: 10.1007/s10059-013-0138-2. 


