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Diabetes mellitus is associated with inadequate bone health and quality and height-
ened susceptibility to fractures, even in patients with normal or elevated bone mineral 
density. Elevated advanced glycation end-products (AGEs) and a suppressed incretin 
pathway are among the mechanisms through which diabetes affects the bone. Accord-
ingly, the present review aimed to investigate the effects of antidiabetic medications on 
bone quality, primarily through AGEs and the incretin pathway. Google Scholar, Co-
chrane Library, and PubMed were used to examine related studies until February 2024. 
Antidiabetic medications influence AGEs and the incretin pathway directly or indirectly. 
Certain antidiabetic drugs including metformin, glucagon-like peptide-1 receptor ago-
nists (GLP-1RA), dipeptidyl-peptidase-4 (DDP-4) inhibitors, α-glucosidase inhibitors 
(AGIs), sodium-glucose co-transporter-2 inhibitors, and thiazolidinediones (TZDs), di-
rectly affect AGEs through multiple mechanisms. These mechanisms include decreasing 
the formation of AGEs and the expression of AGEs receptor (RAGE) in tissue and increas-
ing serum soluble RAGE levels, resulting in the reduced action of AGEs. Similarly, metfor-
min, GLP-1RA, DDP-4 inhibitors, AGIs, and TZDs may enhance incretin hormones directly 
by increasing their production or suppressing their metabolism. Additionally, these 
medications could influence AGEs and the incretin pathway indirectly by enhancing gly-
cemic control. In contrast, sulfonylureas have not demonstrated any obvious effects on 
AGEs or the incretin pathway. Considering their favorable effects on AGEs and the incre-
tin pathway, a suitable selection of antidiabetic drugs may facilitate more protective ef-
fects on the bone in diabetic patients. 
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INTRODUCTION

Skeletal fragility frequently coexists with type 1 and type 2 diabetes, where it is 
regarded as a pathological consequence of this condition. While low bone mass in 
type 1 diabetes mellitus (T1DM) can greatly increase the risk of fractures, individu-
als with type 2 DM (T2DM) also experience an increased incidence of fractures, 
even when normal or high bone mineral density (BMD) and a higher body mass 
index are present (factors that protect against fractures in non-diabetic individu-
als). Therefore, diabetes may be linked to a reduction in the strength of bone that 

Corresponding author
Mohammed N. Abed
Department of Pharmaceutical Chemistry, 
College of Pharmacy, University of Mosul, 
University Street, Mosul 41002, Iraq
Tel: +964-7518354126
Fax: +964-7518354126
E-mail: m.n.abed@uomosul.edu.iq

Received: March 2, 2024
Revised: May 1, 2024
Accepted: May 18, 2024

Review Article
J Bone Metab 2024;31(3):169-181
https://doi.org/10.11005/jbm.2024.31.3.169
pISSN 2287-6375 eISSN 2287-7029

http://crossmark.crossref.org/dialog/?doi=10.11005/jbm.2024.31.3.169&domain=pdf&date_stamp=2024-08-31


Muthanna K. Zaki, et al.

170  https://e-jbm.org/ https://doi.org/10.11005/jbm.2024.31.3.169

is not accurately represented by the measurement of BMD. 
Rendering to the current definition, determining bone 
strength involves considering both bone density and qual-
ity, which include the structural and material characteris-
tics of bone.[1] Historically, the most commonly used mea-
surement for fracture risk prediction was BMD, a quantita-
tive parameter measured by dual energy X-ray absorpti-
ometry, however, this technique could incompletely ex-
presses the fracture risk.[2] On the other hand, image-
based noninvasive parameters, such as the trabecular bone 
score, quantitative computed tomography (QCT), and 
high-resolution peripheral QCT are newer approaches for 
assessing the bone quality.[3]

Generally, diabetes decreases the quality of bone in-
stead of BMD. The process of collagen cross-linking is cru-
cial for bone strength. Collagen cross-links can be further 
classified as enzymatic immature divalent cross-links, ma-
ture trivalent cross-links mediated by lysyl hydroxylase and 
lysyl oxidase, and non-enzymatic cross-links caused by oxi-
dation or glycation (advanced glycation end-products 
[AGEs]) such as pentosidine (PEN), which is a surrogate 
marker of AGEs. The formation mechanisms and function-
alities of these cross-link types differ from one another.[4] 
The presence of either reduced enzymatic cross-linking or 

an increase in non-enzymatic cross-links in bone collagen 
is believed to be a major contributing factor to the fragility 
of bones in aging, osteoporosis, and DM.[5] 

Furthermore, the incretin hormone which includes glu-
cose-dependent insulinotropic polypeptide (GIP), and glu-
cagon-like peptide-1 (GLP-1) was demonstrated to have 
beneficial effects on bone metabolism, the effect of these 
hormones is reduced or even absent in diabetic patients.
[6]  The material qualities of bone tissue are controlled by 
cellular activity, the rate of bone tissue turnover, and the 
degrees of oxidative stress and glycation.[7]  

Some antidiabetic drugs may decrease the risk of frac-
ture and improve bone quality while others do not. As 
shown in Table 1, the mechanisms that promote these ef-
fects are multiple.[8] However, some antidiabetic medica-
tions, including sulfonylureas and insulin, have a greater 
tendency to cause hypoglycemia, which in turn increases 
the risk of fall-related fractures regardless of their effects 
on the bone.[9] This review will summarize the current 
knowledge about the impacts of antidiabetic medications 
on bone health, focusing on their effects on AGEs and in-
cretin pathways in diabetic patients. This review article will 
discuss the effects of AGEs on the bone, the bone effects of 
incretin hormones including GIP, GLP-1, and GLP-2, the ef-
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fects of antidiabetic medications on AGEs and incretin 
pathway, in addition to the clinical impacts of these medi-
cations on the bone.  

METHODS

This article is a narrative review that mainly discusses the 
impacts of antidiabetic medications on bone health, focus-
ing on their effects on AGEs and the incretin pathway in 
T2DM. Using keywords related to the main subject of this 
study, a literature search was conducted between Novem-
ber 2023 and February 2024 on databases including 
Google Scholar, Cochrane Library, and PubMed. Antidia-
betics, DM, diabetic complications, and bone diseases, 
were used separately and in combination to reveal articles 
related to the main topic until the date of drafting this re-
view. Inclusion criteria included articles that discuss bone 
alterations in diabetic patients, and the effects of antidia-
betic drugs on the bone particularly their effects on AGEs 
and incretin pathway, in addition to articles that discuss 
the clinical significance and/or non-significance of antidia-
betics on the bone. The current narrative review goes into 
additional detail about these articles.

EFFECT OF AGES ON THE BONE (Fig. 1)

Type I collagen is a crucial constituent of bone and acts 
as a structural scaffold that improves the strength of the 
skeleton through mineralization. Type I collagen is a fi-
brous protein arranged in a triple-helix pattern, which al-
lows it to form organized fibrils that are made stronger 

through enzymatic cross-linking. Aside from enzymatic 
cross-linking, type I collagen can also undergo chemical 
cross-linking with “free-floating” sugars in the serum 
through the bonding of exposed amino acid residues. This 
can lead to post-translational modifications of collagen 
and ultimately the formation of AGEs. Individuals with DM 
are more likely to have AGEs accumulation in various or-
gans, including bone.[4]

By interacting with the cell surface receptor for AGEs (RAGE), 
both non-cross-linking includes Nε-carboxymethyllysine 
and cross-linking forms of AGEs impair osteoblastic func-
tion as shown in Figure 1. In the bone AGE-RAGE binding 
primarily induces apoptosis and altered differentiation of 
osteoblasts. This is accompanied by an increased expres-
sion of the receptor activator of nuclear factor-κB ligand 
(RANKL), which promotes increased osteoclastogenesis 
and impedes bone mineralization.[10] Along with an in-
crease in RANKL mRNA expression, these effects are at 
least in part mediated by osteocalcin mRNA and alkaline 
phosphatase (ALP) downregulation, as well as an increase 
in RAGE expression that promotes the AGE-RAGE pathway.
[11] Additionally, transforming growth factor-β (TGF-β) is 
secreted and expressed more when AGE-RAGE binding oc-
curs, which prevents osteoblastic cells from differentiation 
and mineralization.[12] AGEs also results in the inhibition 
of signaling pathways, include Wnt/β-catenin (the primary 
regulator of osteoblast development and activity), that are 
crucial for maintaining skeletal homeostasis.[13] 

On the other hand, the effects of AGEs on bone resorp-
tion by osteoclasts are controversial. In response to RANKL 
stimulation, bone marrow macrophages release a non-his-

Table 1. Effects of antidiabetic drugs on the bone

Drug Effect on AGEs Effects on incretin 
pathway Effects on bone References

Metformin Decrease Increase Positive Marx et al. [54], Kim [55]

Sulfonylureas Decrease Neutral Neutral Driessen et al. [60], Kanemoto et al. [91]

GLP-1 agonists Decrease Increase Positive/neutral Melton et al. [58], Alassaf et al. [92]

DPP-4 inhibitors Decrease Increase Positive/neutral Loh et al. [57], Vestergaard et al. [59]

AGIs Decrease Increase Neutral Bunck et al. [61] 

SGLT2 inhibitorsa) Decrease Increase Negative/neutral Cheng et al. [62], Dabhi et al. [65], Bilezikian et al. [66]

TZDsb) Decrease Increase Negative Ljunggren et al. [71], Owusu et al. [93]
a)Their effects on bone by mechanism not related to AGEs or incretin pathway, they cause alteration in calcium and phosphate homeostasis that can 
lead to bone loss.[67]
b)Their effects on bone is not related to AGEs or incretin pathway, but by stimulating PPAR-γ.[72]
AGEs, advanced glycation end-products; GLP-1, glucagon-like peptide-1; DPP-4, dipeptidyl peptidase 4; AGIs, α-glucosidase inhibitors; SGLT2, sodium 
glucose cotransporter 2; TZDs, thiazolidinediones; PPAR-γ, peroxisome proliferator-activated receptor-γ.
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tone nuclear protein known as high mobility group box 1 
(HMGB1). Via RAGE, the extracellular HMGB1 regulates the 
remodeling, differentiation, and function of the osteoclas-
tic actin cytoskeleton. Thus, it appears that the regulation 
of osteoclast activity is also influenced by the interaction 
between RAGE and other ligands.[14] Additionally, it ap-
pears that RANKL encourages the expression of RAGE and, 
as a result, osteoclast differentiation.[15]  

Moreover, RAGE can be generated as a soluble “decoy” 
receptor that could prevent AGE–RAGE signaling axes by 
binding AGEs. It has been demonstrated that low serum 
concentrations of soluble RAGE and elevated serum con-
centrations of the AGE PEN are independent of BMD risk 
indicators for fractures in diabetes.[16] Furthermore, AGEs 
competitively block the production of enzymatic cross-
links by binding to lysine residues, which are critical loca-
tions for enzymatic cross-linking in collagen molecules. 
Additionally, AGEs cross-link themselves decrease the 
strength of bone without causing cellular dysfunction. The 
overproduction of AGE cross-links in bone results in the 
brittleness of collagen fibers, leading to the buildup of mi-
crodamage. This microdamage then causes a decline in 
the post-yield properties and toughness of the bone.[17] 

The regulation of AGEs generation is dependent upon tis-
sue life span, oxidative stress, and glycemic control.[18]

EFFECTS OF INCRETIN PATHWAY ON THE 
BONE  

GLP-1 and GIP are the primary incretins generated by 
the intestine in response to dietary intake, and they func-
tion through signaling-mediated mechanisms by incretin 
receptors. Enteroendocrine cells in the intestinal mucosa 
secrete GLP-1, which binds to GLP-1 receptors (GLP-1Rs) 
found on various cell types, including islet β-cells. This in-
teraction leads to metabolic consequences in multiple or-
gans. Bone-related cells also express GLP-1Rs, which trig-
ger a variety of effects. On the other hand, GIP receptors 
(GIPRs) are also expressed in human osteoblasts, indicating 
various stages of differentiation.[19] 

Bone turnover is defined as a dynamic process that in-
cludes the use of energy from meal consumption. Inade-
quate availability of essential nutrients, particularly during 
the night, might stimulate the breakdown of bone tissue 
to maintain a consistent balance of calcium in the body.
[20] Following the intake of meals, bone resorption is sub-
sequently suppressed. The occurrence of this event may be 
influenced by gastrointestinal hormones that are secreted 
following the intake of food, such as GLP-1 and GIP.[21] 
Consistent with this theory, the finding that intravenous 
feeding is linked to lowered bone density indicates that a 
deficiency in incretin hormones may contribute to changes 
in bone remodeling.[22] Notably, many investigations 
have suggested that the incretin hormones GLP-1 and GIP 
may have a beneficial effect on bone health related to their 
ability to reduce bone loss and promote bone growth, as 
shown in Figure 2. Suggests that antidiabetic medicines 
such as GLP-1R agonists (GLP-1RA) or dipeptidyl pepti-
dase-4 (DPP-4) inhibitors may have a positive effect on 
bone metabolism.[23-25] 

GIP AND BONE METABOLISM

A functioning GIPR with high affinity that increases in-
tracellular calcium levels via the cyclic adenosine 3’,5’-mo-
nophosphate pathway was found by Bollag et al. [19] in 
their study of GIPR expression in normal rat bone, osteo-
blasts, osteocytes, and osteoblast-like cell lines. Further-

Fig. 1. Effects of advanced glycation end-products (AGEs) on the 
bone.[10] AGEs exert direct effects on osteoblast and osteoclast, 
causing damaging effects on the bone. RAGE, receptor for AGEs; 
RANKL, receptor activator of nuclear factor-κB ligand; ALP, alkaline 
phosphatase; TGF-β, transforming growth factor-β.
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more, in osteoblastic-like cells, GIP increases ALP activity 
and collagen type 1 expression, suggesting the anabolic 
effects of this incretin hormone.[26] These observations 
have been validated in ovariectomized  rats that are asso-
ciated with bone loss as compared with normal rats, inter-
mittent administration of GIP in these models results in a 
significant rise in lumbar BMD specifically in ovariecto-
mized rats. In addition, they confirmed that the activity of 
GIP is dependent on both dose and duration, where within 
three hours of treatment, high concentrations of GIP de-
creased GIPR expression in Saos-2 cells, whereas lower 
concentrations of GIP required a longer exposure period to 
reduce GIPR. Consequently, intermittent administration of 
GIP seems to have a beneficial effect on bone health, simi-
lar to parathyroid hormone, by promoting bone formation 
and preventing bone loss.[27] Furthermore, a study on ani-
mals with a deletion of the GIPR found a significant reduc-
tion in the degree of mineralization of bone matrix, the 
amount of mature cross-links of the collagen matrix, and 
lowered intrinsic material characteristics. In this study, the 
decline in collagen cross-link ratio was higher in trabecular 
bone (~42%) as compared with cortical bone (~16%). On 
the other hand, heterogeneity in BMD distribution was not 

significantly reduced in trabecular bone, while it was sig-
nificantly increased in cortical bone. In other words, it ap-
pears that the alteration of collagen maturity was greater 
in the trabecular bone, but the alteration of mineral matu-
rity was greater in the cortical bone.[28] The presence of 
GIPRs was also observed in osteoclastic-like cells of mu-
rine, where GIP seems to inhibit bone resorption triggered 
by RANKL.[29] 

In addition, the process of bone formation and bone re-
sorption was evaluated using two collagen-based markers,  
procollagen type N-terminal propeptide of type I collagen 
(P1NP) and C-terminal telopeptide (CTX). The administra-
tion of GIP infusion in this study led to an augmentation of 
the P1NP response, which is associated with bone forma-
tion, and a reduction in the CTX response, which is linked 
to bone resorption, during the hyperglycemic clamp. Thus, 
GIP has been shown to have advantageous impacts on 
bone quality.[30] 

GLP-1, GLP-2 AND BONE METABOLISM

Examining the impact of GLP-1 administration on bone 
in three different glycometabolic condition revealed that 

Fig. 2. The impact of incretin hormones on the metabolic process of bone.[25] Incretin hormones have the dual ability to directly act on osteo-
blasts and indirectly stimulate osteoblastogenesis through an increase in insulin secretion. In addition, incretin hormones can suppress osteoclas-
togenesis by enhancing thyroid calcitonin synthesis.
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participants with glucose metabolism exhibited a benefi-
cial impact of GLP-1 on bone structure after 3 days treat-
ment with either GLP-1 or a placebo.[31]      

It was also shown that GLP-1 can interact with human 
osteoblasts through a receptor that is distinct from the 
GLP-1R receptor found in the pancreas. GLP-1 selectively 
attaches to the cell membrane of osteoblastic MC3T3-EI 
cells to trigger the rapid breakdown of glycosylphosphati-
dylinositols, resulting in the production of diacylglycerol 
and inositol phosphoglycans which function as secondary 
messengers. The interaction between GLP-1 and MC3T3-EI 
influenced gene expression, specifically increasing the ex-
pression of osteocalcin, which is the primary protein re-
leased by osteoblasts.[32] In addition, osteocytes release 
sclerostin (SOST), which is produced by the SOST gene and 
favors the inhibition of bone development. It has been dis-
covered that GLP-1 decreases SOST mRNA levels, resulting 
in decreasing the harmful effects of SOST on the bone.[33]

Furthermore, Henriksen et al. [21] demonstrated a re-
duction in nocturnal bone breakdown following the deliv-
ery of GLP-2 at 10 PM. A total of 160 postmenopausal 
women were randomly grouped into four different groups. 
Each group received a daily dose of either 0.4, 1.6, or 3.2 
mg of GLP-2, or a placebo. Additionally, all participants 
were given calcium and vitamin D supplements for 120 
days. The results indicated that GLP-2 treatment did not 
have any harmful effects, and, notably, there was a sub-
stantial increase in BMD that was depending on the dos-
age. The 1.6 mg and 3.2 mg doses showed statistically sig-
nificant improvements in BMD compared to the placebo. 
The administration of GLP-2 resulted in an instant and 
continuous reduction in bone resorption markers includ-
ing CTX. However, the levels of bone production markers, 
such as osteocalcin, were unaffected.[21]   

EFFECTS OF ANTIDIABETIC 
MEDICATIONS ON AGES AND INCRETIN 
PATHWAY  

Metformin has been demonstrated to reduce AGE-RAGE 
pathway, beyond glycemic control, it led to inactivation of 
reactive carbonyl species, thus resulting in lower carbonyl 
stress and decreased formation of deleterious AGEs. Fur-
thermore, it can effectively decrease the expression of 
RAGE in endothelial cells subjected to elevated levels of 

glucose or AGEs.[34] Additionally, metformin inhibited cell 
death caused by AGE and reduced the production of RAGE 
protein in cultured osteoblastic cells.[35] Moreover, met-
formin has been observed to increase plasma active GLP-1 
levels with various mechanisms. It promotes the produc-
tion of pro-glucagon (a precursor of GLP-1) in the large in-
testine and directly boosts GLP-1 release from entero-en-
docrine GLP-1-producing cells leading to an elevation in 
total GLP-1 concentrations.[36] Beyond this stimulating 
action, metformin has also been linked to the up-regula-
tion of GLP-1R and GIPR expression in pancreatic beta cells 
through a peroxisome proliferator-activated receptor 
(PPAR) dependent pathway.[37] Also, it has been observed 
that metformin inhibits DPP-4 activity in T2DM patients.
[38] On the other hand, sulfonylureas reduces AGEs indi-
rectly through the enhancement in glycemic control.[39] 
Also, it demonstrated no significant effects on the incretin 
pathway.[40]

GLP-1RA directly activating the GLP-1R that potentiates 
the incretin pathway.[41] Regarding AGEs, GLP-1 agonists 
was suggested to suppress oxidative stress generation in-
duced by AGEs-RAGE and reduce tissue expression of RAGE 
via activation of cyclic adenosine monophosphate path-
ways.[42]   

DPP-4 inhibitors act by inhibiting the degradation of en-
dogenous incretin by DDP-4 enzyme and so improve the 
action of incretin pathway.[43] It has been discovered that 
the production of oxidative stress caused by AGE-RAGE in-
teraction leads to the release of DPP-4. This, in turn, en-
hances the harmful effects of AGEs, DPP-4 inhibitors pro-
vide a protection from these effects.[44,45] Additionally, it 
has been revealed that, vildagliptin, a DPP-4 inhibitor, is 
associated with decreased AGEs to some extents.[46]  

α-glucosidase inhibitors (AGIs) including acarbose dem-
onstrated to reduce the level of AGEs by acting as AGEs-in-
hibiting in patients with diabetes and decreases AGEs se-
rum levels.[47] Additionally, by blocking α-glucosidase in 
the upper part of the small intestine, leads to the presence 
of significant quantities of undigested carbohydrates in 
the lower part of the small intestine. The ileum, a section 
of the small intestine, contains a high concentration of en-
tero-endocrine L-cells. When these cells come into contact 
with foods, particularly carbohydrates they release GLP-1. 
Therefore, AGIs result in enhancement the secretion of 
GLP-1 from the intestine and potentiate the incretin path-
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way.[48] 
The impact of  sodium glucose cotransporter 2 (SGLT2) 

inhibitors on AGEs is not well understood however, it was 
suggested that improvements in glycemic control, as well 
as the restoration of renal and cardiovascular function, are 
anticipated mechanism by which SGLT2 inhibitors mini-
mize AGE generation and accumulation.[49] Also, SGLT2 
inhibitors have been demonstrated to decrease the forma-
tion of reactive oxygen species, therefore decreasing the 
buildup of AGEs in chronic diseases, including DM. Further-
more, due to enhancements in glomerular filtration result-
ing from SGLT2 inhibition, AGEs will likely be eliminated 
more efficiently.[50]  These medications have shown to en-
hance the sensitivity of pancreatic beta cells to GLP-1 and 
GIP in diabetic patients, which may be related to improved 
glycemic control.[51] On the other hand, Administering 
canagliflozin to individuals after gastric bypass surgery did 
not decrease the 4-hr plasma GLP-1 responses, but it de-
creased the initial increase in GLP-1 and GIP hormones.[52]  

Thiazolidinediones (TZDs) demonstrated to increase the 
level of total serum soluble RAGE that may lead to de-
crease the harmful effects of AGEs.[53] Furthermore, it re-
duce the  tissue RAGE expression resulting in decreases 
proinflammatory effects of AGEs.[54] Additionally, TZDs 
was suggested to enhance GIP secretion and action that 
potentiates the incretin pathway in diabetic patients.[55] 

CLINICAL IMPACT OF ANTIDIABETICS ON 
THE BONE

Many investigations demonstrated that metformin has 
beneficial effects on the bone.[56,57] A cohort study of 
1,964 patients with T2DM has confirmed a decreased inci-
dence of fractures with the use of metformin.[58] Further-
more, in Denmark, a comprehensive case-control study 
has shown that administering metformin could signifi-
cantly be linked to a reduced risk of fracture.[59] GLP-1RA 
and DPP-4 inhibitors have been revealed to induce benefi-
cial or neutral effects on the bone.[60,61] However, a meta-
analysis of randomized controlled trials, showed that ther-
apy with GLP-1RA decreased risk of fractures.[62] Addition-
ally, Monami et al. [63] study reported that DPP-4 inhibi-
tors usage may substantially be associated with lower frac-
ture risk rate when compared with non-users. These favor-
able impacts on the bone by metformin, GLP-1RA, and 

DPP-4 inhibitors, may be attributed to the ability of these 
medications to suppress the actions of AGEs and improve 
the incretin pathway. On the other hand, sulfonylureas and 
AGIs, have exhibited neutral effects on the bone.[64,65] 
Concerning SGLT2 inhibitors, despite their beneficial ef-
fects on AGEs and incretin pathway, canagliflozin revealed 
to have detrimental impacts on bone density, bone resorp-
tion, and fracture risk. In September 2015, the U.S. Food 
and Drug Administration revised the drug's label and add-
ed a new warning.[66,67] However, although the CANVAS 
data (canagliflozin cardiovascular assessment study) has 
shown that this drug has a harmful impact on the bone, 
there is still debate over the bone-related adverse effects 
of canagliflozin, as these effects have not been broadly 
verified in the subsequent trials.[68] While except for one 
study involving dapagliflozin,[69] there is no evidence to 
suggest any impact on BMD, bone markers, or the risk of 
fractures for empagliflozin and dapagliflozin. Therefore, it 
appears that both medications have a neutral effect on the 
metabolism of bones.[70,71] Nevertheless, the issues indi-
cated by research on canagliflozin inevitably influence the 
entire class. However, SGLT2 inhibitors influence the bone 
by a mechanism unrelated to AGEs or incretin pathway. 
SGLT2 inhibitors affect bone by inhibiting the SGLT2 in the 
cells of the proximal tubule epithelium, where they can 
disrupt the balance of calcium and phosphate levels in the 
body. As a result, secondary hyperparathyroidism may be 
developed causing bone resorption.[72,73] Even though, 
the promising effects of TZDs in reducing AGEs and en-
hancing the incretin pathway, there is extensive evidence 
to support the fact that the clinically approved TZDs, in-
cluding rosiglitazone and pioglitazone, have been shown 
to reduce bone density and increase the likelihood of frac-
tures, particularly in women.[74,75] Furthermore, a longi-
tudinal follow-up of patients in the action to control car-
diovascular risk in T2DM (ACCORD) study revealed that 
women were more likely to experience non-spine fractures 
when taking TZDs, compared to men, and that the risk de-
creased once the TZDs were discontinued.[76] TZDs modify 
bone remodeling that results in increasing bone resorption 
and inhibiting bone formation through their action as full 
PPAR-γ agonists.[77,78] 

According to the above-mentioned evidences, and be-
yond glycemic control, a proper selection criteria of certain 
antidiabetics, considering their effects on AGEs and incre-
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tin pathway, should be considered to result in a better 
bone profile and reduced risk of bone abnormality in dia-
betic individuals.[79] Metformin is recommended in such 
situation, GLP-1RA and DPP-4 inhibitors also could im-
prove the bone health, while, sulfonylureas and AGIs have 
a less beneficial effect on the bone. On the other hand, 
TZDs and canagliflozin should be evaded as their detri-
mental effects are observed in clinical trials, whereas other 
SGLT2 inhibitors are less well-validated options. Addition-
ally, when a combination of antidiabetics is the option, an 
augmentation in the favorable effects of such medications 
on AGEs and incretin pathway could occur.[80] The use of 
metformin and sitagliptin together may result in enhanced 
beneficial effects on bone when compared to metformin 
alone.[81] Similarly, the combination therapy of metformin 
and linagliptin has been demonstrated to have a better 
impact on the bone than metformin only.[82] Further-
more, the administration of a GIP together with GLP-1 re-
sulted in a pronounced suppression of the bone resorption 
marker CTX than each hormone alone in overweight men 
without diabetes.[83] In the context of this combination, 
tirzepatide, which is a dual GIPR/GLP-1RA was recently 
added, however, more investigations are required about its 
impact on bone metabolism.[84] Additionally, a combina-
tion of GIP and GLP-2 was demonstrated to have a syner-
gistic decrease in bone resorption that was greater than 
the reduction achieved by each hormone separately sup-
porting a dual GIPR/GLP-2 receptor agonist as future os-
teoporosis management.[85]

On the other hand, glucagon has been shown to have a 
beneficial impact on bone metabolism in T2DM. It appears 
that glucagon may speed up skeletal remodeling, expedite 
osteogenesis, and enhance the creation of mature bone 
tissue. Simultaneously, the osteoclastic process was also 
increased, providing raw materials for osteogenesis and 
maintaining dynamic balance. Accordingly, the successful 
use of a drug that acts as a glucagon receptor (GcgR) ago-
nist alone or in combination with other drugs may result in 
a reduction in osteoporosis in diabetic patients.[86] A nov-
el long-acting GLP-1R/GIPR/GcgR triple agonist (HM15211) 
that is being developed to treat obesity, has been demon-
strated to have bone protective effects despite the signifi-
cant weight loss that is associated with this compound. 
Consistent with the bone protective effect in vivo, HM15211 
led to significant increases in type 1 collagen-α1, -α2, and 

carboxylated osteocalcin expression.[87]
Moreover, not only antidiabetics could impact the AGEs 

and incretin pathways, other medications and dietary sup-
plements had an effect.[88-90] Vitamin D3 has been ob-
served to reduce the level of AGEs, and show synergistic 
protective effects on the bone when using with metfor-
min.[91-95] Additionally, omega-3 fatty acids reported to 
have favorable effects on AGEs in diabetic patients, and ac-
cordingly its combination with metformin could be prefer-
ably used in the management of bone health in diabetic 
patients.[96-98] On the other hand, calcium supplementa-
tion has shown to enhance the incretin pathway and its 
combination with metformin could alleviate the osteopo-
rosis induced by T2DM.[99,100] 

CONCLUSIONS  

Individuals with T2DM are more likely to experience fra-
gility and fractures due to the damaging effects of diabe-
tes on the bone including the negative effects of AGEs and 
reduction in the beneficial effects of incretin pathway. An-
tidiabetic medications could influence AGEs and incretin 
pathway either directly or indirectly, which could impact 
the bone. Metformin has been considered to have protec-
tive effects on the bone, GLP-1RA and DPP-4 inhibitors 
could also have beneficial effects on the bone, such effects 
may be related to the favorable effects of such medica-
tions on AGEs and incretin pathway. Sulfonylureas and 
AGIs reported to have neutral effects on the bone while 
canagliflozin and TZDs have been shown to have detri-
mental effects. However, combination therapy of antidia-
betic could result in augmentation in the favorable effects 
of antidiabetics on AGEs and incretin pathway that result 
in more protective effects on the bone. 
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