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Abstract: Recently, there have been investigations on metformin (Met) as a potential treatment for
bone diseases such as osteoporosis, as researchers have outlined that type 2 diabetes mellitus (T2DM)
poses an increased risk of fractures. Hence, this systematic review was conducted according to
the 2020 PRISMA guidelines to evaluate the evidence that supports the bone-protective effects of
metformin on male animal models with T2DM. Five databases—Google Scholar, PubMed, Wiley
Online Library, SCOPUS, and ScienceDirect—were used to search for original randomized controlled
trials published in English with relevant keywords. The search identified 18 articles that matched
the inclusion criteria and illustrated the effects of Met on bone. This study demonstrates that Met
improved bone density and reduced the effects of T2DM on adiposity formation in the animal
models. Further research is needed to pinpoint the optimal dosage of Met required to exhibit these
therapeutic effects.
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1. Introduction

According to the International Diabetes Federation (IDF) in 2019, approximately
373.9 million adults between the ages of 20 and 79 years have impaired glucose toler-
ance [1]. Malaysia’s National Diabetes Registry Survey (NDRS) and the National Health
and Morbidity Survey 2019 also reported that 3.9 million adults aged 18 and above have
type 2 diabetes, corresponding to 1in 5 adults having type 2 diabetes [2]. Further inspection
revealed that patients with T2DM experience a 50-80% increased risk of bone breakage [3].
As T2DM is considered to be a risk factor, more research is necessary to identify possible
preventive measures for these patients. On the other hand, Cheung et al. [4] anticipate
that the statistics of hip fractures will grow considerably in Asian countries between 2018
and 2050. The annual medical expenditure is also forecasted to reach USD 10 billion
by 2050, assuming that treatment costs remain constant. These statistics are concerning
when considering the prevalence of T2DM and the status of the disease as a risk factor
for osteoporosis.

Bone health can be described as bones being without compromise in bone density,
unlike bones during osteoporosis. Features integral to bone strength include, but are not
limited, to the cortical bone’s porosity and the trabecular bone’s microarchitecture [5].
Malone and Hansen discussed how although obesity and increased risk of developing
T2DM are closely linked, obesity is not the primary source of the advancement of this
metabolic disease [6]. Inherited insulin resistance is also considered to be one of the many
factors contributing to T2DM by altering the muscle and islet x-cells. Therefore, this
brings forth an upsurge in glucose and insulin release that causes increased production of
glucose by the liver and insulin by the pancreas. The quantification unit for bone health is
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generally bone mineral density (BMD). However, a recent epidemiological study outlined
how although higher BMD has been considered an indicator of lower fracture risk, patients
with T2DM have higher BMD than healthy individuals, but still have an elevated risk of
fracture [7]. Unnanuntana et al. [8] pointed out that when comparing the improvement in
bone density between patients receiving osteoporosis treatment and placebo, translation of
the medication’s effectiveness was only 18% when considering fracture prevention. Hence,
an increase in BMD does not automatically imply a reduction in fracture risk, and other
possible factors can influence a patient’s risk of fracture.

Other elements that can forecast fracture risk should be noted, such as measuring
serum adiponectin levels. Komorita et al. [9] disclosed a correlation between elevated
serum adiponectin levels and heightened risk of fractures in patients with T2DM. Moreover,
Yamamoto, Yamauchi, and Sugimoto underlined how using the trabecular bone score
(TBS) proved to be a more dominant factor in verifying bone fragility in patients with
T2DM [10]. On the other hand, Yu et al. described how increased marrow adipose tissue
(MAT) and reduction in MAT unsaturation are connected to skeletal frailty [11]. In general,
the location of MAT is in the bone marrow, and its expression of MAT originates from
mesenchymal cells of the bone marrow after differentiation. The study also showed an
amplified proportion of MAT in obese T2DM patients, suggesting a connection between
T2DM, MAT, and skeletal health.

There are currently plenty of antidiabetic medications on the market, including but
not limited to the thiazolidinedione class, sulfonylurea, and sodium-glucose cotransporter
(SGLT2) inhibitors [12]. However, the American Diabetes Association (ADA) mentions
that metformin remains the first line of treatment for patients diagnosed with T2DM, due
to its favorable results in terms of efficacy, safety, pricing, and the upside of reducing the
risk of cardiovascular incidents [13]. Exploration of metformin also showed that it could
induce osteogenic effects crucial for bone formation [14]. The Diabetes Prevention Program
reported that overweight participants treated with metformin displayed a substantial
decline in body weight, waist circumference, and prevalence of T2DM by 31% [15]. This
observed mechanism begins with the signaling of AMPK on Runt-related transcription
factor 2 (Runx2), which is responsible for explicitly managing the formation of osteoblasts,
which are cells crucial for bone formation. The activation of AMPK also downregulates
advanced glycation end products (AGEs) and allosteric site activation of insulin receptors
(IRs), reducing glucose uptake and providing a suitable environment for osteoblastogenesis
which, in turn, suppresses the peroxisome proliferator-activated receptor y (PPAR-y) and
inhibits the process of adipogenesis. This signaling pathway is crucial, as osteoblasts and
adipocytes share a similar progenitor cell, known as bone marrow stromal cells (BMSCs);
differentiation favoring either pathway could be a factor in contributing to bone formation
or bone loss, respectively [16].

There is a paucity of literature on metformin’s effectiveness in improving bone quality
in animal models. As there is increasing evidence that T2DM is a potential risk factor for
osteoporosis, the interest in researching whether metformin could be used as a preventative
measure or treatment is high. This systematic review aims to identify the possible beneficial
effects of metformin on bone health, focusing on bone density and adiposity, as both of
these factors are indicators of the bone’s wellbeing. It is within expectations that both
conditions’ prevalence will increase soon. Hence, this review aims to provide an overview
of metformin’s effects on bone, along with a plausible change in the management strategy
for the concomitant disease that could benefit public health.

2. Methodology

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were referred to while conducting a sizable literature search. This literature
search aimed to encapsulate the effects of metformin treatment on bone marrow density
and adiposity in animal models. The electronic search incorporated the most recent studies
and evidence for this review while reducing the probability of the databases used: Google
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Scholar, Wiley Online Library, PubMed, ScienceDirect, SCOPUS, and SpringerLink. The
results were filtered, and only studies published between 2000 and 2021 were picked,
diminishing the prospect of involuntarily omitting older studies. Studies had to have used
metformin as part of the intervention, the animal model could not have had comorbidities,
and lastly, animal models with the presence of estrogen were excluded, as this influences
the bone mineral density. The inclusion criteria of relevant articles revolved around the
keywords and terms mentioned individually, including “(metformin AND bone AND
type 2 diabetes mellitus AND animal) OR (adiposity)”, replacing bone. The full-text
articles accumulated were then imported to EndNote X9.2 as a repository, where the
search results obtained were exported as EndNote files. Subsequently, using the Covidence
software allowed the co-authors to aid in filtering the gathered manuscripts and possible
duplications, while the remaining results were screened based on their title, abstract, and
relevance to this review to reduce publication bias.

The studies included were controlled animal studies using metformin as the treatment
for T2DM and recording the measurements of interest, such as the animal models’ bone
mineral density and adiposity at baseline and after treatment. Interventions that utilized
metformin for the treatment of T2DM were included. The administration methods, e.g.,
orally or through injection at any dosage, were incorporated and recorded for this review.
The placebo group was the only intervention used as a contrast, and the treatment goals of
all the articles accumulated were conventional.

By assessing the compiled articles, the observed pathological features of T2DM in vivo
were grouped in Table 1 according to how they were analyzed; they included the following.

Table 1. Features that are determinants of bone mineral density and adiposity.

Determinants of Bone Determinants of Adiposity

Mineral Density
Presence or progression of bone porosity Decreased adipocyte size
Low bone mineral density /mineralization Decreased fat mass
Alkaline phosphatase (ALP) Total serum triglyceride (TG)
Tartrate-resistant acid phosphatase (TRAP) Total cholesterol (TC)

2.1. Selection of Studies

The compiled titles and abstracts from the electronic searches were screened inde-
pendently by two authors (D.K.W.L. and N.P.) and assessed to select suitable research
papers, for which we obtained the full text. Should any difference in opinion between the
two authors arise, a third author (A.K.) would step in and solve the dispute and come to
an agreed conclusion. Subsequently, two authors (D.K.W.L. and N.P.) evaluated the entire
document of collected articles against the inclusion criteria. When required to work out
any disagreements, the third author (A.K.) acted as a mediator whenever the two review
authors could not resolve their dispute through discourse. If a study did not present all
essential data, we directly reached out to the authors to seek additional information and,
by observation, if the same set of information was present in more than one paper, we
included the paper with the most significant number of models or the most informative
data. Through assessing manuscripts that met the inclusion criteria, the aforementioned
features were taken into account, and are reported in the table below. The tabulated results
briefly summarize the amassed documents’ similarities and differences.

Three responses are utilized as follows for each section:

Yes (the phenotypic feature was present).

No (the phenotypic feature was not present).

Not reported (NR; the feature not reported in the model).

Only significant differences from the control were recorded as demonstrating the
phenotype for quantitative data, and the results were then qualitatively assessed.
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2.2. Rodent Selection Criteria

The impact of the female hormone estrogen on bone mass, as documented by Mon-
dockova et al. [17], reported that the insufficiency of this hormone would result in rapid
bone loss. The reduction in estrogen levels also affects the regulation of bone development,
such as its inability to achieve peak bone mass, maintain bone metabolism, and suppress
bone loss. Finkelstein et al. [18] also demonstrated a significant decay in bone formation
during the late perimenopause phase, which was shown to progress at a similar rate as
during the first postmenopausal years. Zhu et al. also mentioned that leptin resistance was
observed due to these hormonal changes, leading to obesity and increased risk of diabetes
and bone loss [19]. Hence, articles incorporating only male animal models were included
in this systematic review, so as to provide a more controlled environment.

3. Results

According to the keywords in the methodology section, the search yielded 3452 records.
Of the 3452 records, 1019 were from Google Scholar, 427 from PubMed, 210 from ScienceDi-
rect, 1274 from Wiley Online Library, and 522 from SCOPUS. The total number of articles
removed was 3415 after filtering the records through the exclusion criteria, comprising
(a) 650 articles that were not original research articles, (b) 268 articles not related to the aim,
(c) 1,027 duplicates, and (d) 1,470 articles not related to the scope of the review (Figure 1).
The remaining 36 articles underwent complete text analysis, and we removed 18 articles,
while the remaining 18 articles were appropriate. The 18 articles selected are summarized
in Tables 2 and 3, and discussed in the present systematic review.

‘ Flow Chart for Articles Selection and Exclusion

=
=
g Total records identified through
é database searching (n=3452)
E | Excluded articles such as reviews,
."-j 4‘ *| book chapters, patents, conference
= and symposium papers (n= 630)
Articles related to the aim of the
= review (n=2801)
-g | » | Articles not related to metformin,
E v T2DM and bone (a= 268)
E Record screening (n=2533)
l ‘—‘I Duplicated articles (n = 1027)
B Record after duplications removed
= (n=15086)
a | Articles not related to the
:'-.]. Jy * protective actions of metformin on
the bone excluded (n= 1470)
Full text articles assessed for
eligibility (n= 36)
=
: 1
=
z Full text articles included for
'ﬁ qualitative review (n= 18)

Figure 1. Flow chart of the study selection criteria based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
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Table 2. Summary of studies that reported on the effects of metformin on bone mineral density in animal models with type 2 diabetes mellitus.
Determinants of Bone Health
First Author, Y Strai Age Duration of Dosage of Treatment
1rst Author, Year Mouse Strain 8 Treatment 8 Reduced Bone Improved Bone Increased  Decreased
Porosity Mineral Density ALP TRAP
Adeyemi, 2020 [20] Wistar 10-12 weeks old 4 weeks 180 and 200 mg/kg/body weight NR NR Yes Yes
(b.w.)/per day (p.o.)
cels Goto-Kakizaki (GK) rats . . . Yes (cortical, trabecular
Adulyaritthikul, 2019 [21] and Wistar (control) NR 4 weeks 15 mg/kg b.w. twice daily (b.i.d) and iliac bone) NR Yes NR
Aljalaud, 2019 [22] Albino Wistar 8 weeks old 6 weeks 150 mg/kg/day NR Yes NR NR
Felice, 2017 [23] Wistar 8 weeks old 3 weeks 100 mg/kg/day NR Yes Yes Yes
Bornstein, 2017 [24] C57BL/6] 18 weeks old 6 weeks 300 mg/kg/day Yes Yes NR NR
Molinuevo, 2010 [25] Sprague-Dawley NR 2 weeks 100 mg/kg/day NR NR Yes Yes
50 mg/kg/day and 100 mg/kg/day
Pereira, 2018 [26] Wistar NR 10 days Poly (lac-tic-co-glycolic acid) (PLGA) Yes NR NR NR
+ 10 mg/kg & 100 mg/kg
Sun, 2017 [27] Wistar 7 weeks old 1 month 100 mg/kg/bw/day NR NR Yes Yes
Tolosa, 2013 [28] Sprague-Dawley 2 months old 2 weeks 100 mg/kg/day NR NR Yes No (Increase)
: BKS-Lepre™2C447° and
Zhou, 2020 [29] C57BLKS (control) 6 weeks old 9 weeks 200 mg/kg/day No (No Changes) No (No Changes) NR NR
Zhou, 2019 [30] C57BL/6 wild-type 6 weeks old 10 weeks 200 mg/kg/day NR Yes NR NR

Zheng, 2019 [31]

Sprague-Dawley 5 weeks old 16 weeks 900 mg/kg/day NR NR Yes Yes
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Table 3. Summary of studies that reported on the effects of metformin on adiposity in animal models with type 2 diabetes mellitus.

First Author, Year

Mouse Strain

Age

Duration of

Dosage of Treatment

Determinants of Adiposity

Treatment
].)ecreased. Decreased Fat Mass  Decreased TG Decreased TC
Adipocyte Size
Lee, 2017 [32] Sprague-Dawley 6 weeks old 8 I\;e\?viseligd 500 mg/kg/day NR Yes Yes NR
Bornstein, 2017 [24] C57BL/6] 18 weeks old 6 weeks 300 mg/kg/day Yes No (No Changes) NR NR
Kim, 2016 [33] C57BL/6 4 weeks old 14 weeks 10 mg/kg and 50 mg/kg Yes NR Yes Yes
Luo, 2016 [34] C57BL/6 8-10 weeks old 4 weeks 250 mg/kg/day Yes Yes NR NR
de Oliveira Santana, 2016 [35] SWISS 4 weeks old 2 months 100 mg/kg/day Yes NR Yes Yes
Ismail, 2013 [36] Wistar 4 weeks old 2 weeks 400 mg/kg/day NR NR Yes Yes
Pei, 2012 [37] Sprague-Dawley 4 weeks old 6 weeks 200 mg/kg/day NR Yes NR NR
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3.1. Attributes of Subjects

Through the accumulation of 18 studies, a total of 790 mice were included—not includ-
ing the work of Bornstein et al. [24], where the number was not explicitly mentioned—and
the age varied from 4 weeks to 18 weeks old. Furthermore, the study with the largest
sample size was that of Pereira et al. [26], with 166 rats, and the study of de Oliveira Santana
et al. [35] was the smallest, with 28. Regarding the strain of the mice, 5 of the 18 studies
used C57BL/6 mice, another 5 used Sprague-Dawley rats, and 4 used Wistar rats.

3.2. Nature of the Studies

According to the tabulated data, the duration of treatment ranged from 10 days to as
long as 16 weeks. Moreover, the metformin dosage also varied, from 10 mg/kg/day to as
much as 900 mg/kg/day. All of the included studies were randomized controlled trials.
Seven studies in this systematic review euthanatized the animals to observe both the tibia
and the femur, whereas the others looked at alveolar bones, and one study investigated
parietal bones. Meanwhile, for adiposity, four studies examined total serum triglyceride,
three examined white adipose tissues, two examined epididymal adipose tissue, and one
examined mesenteric vascular bed adiposity index.

4. Discussion
4.1. Effects of Type 2 Diabetes Mellitus on Bone Mineral Density

The relationship between T2DM and bone health has not been adequately addressed;
therefore, an approach to defining bone health and the risk factors associated with T2DM
patients should provide a clear overview of the ramifications. To identify treatment plans
for managing these diseases, researchers must first understand the pathogenesis of the bone
disease, and recognize the process of bone modeling and remodeling. Bone modeling and
remodeling occur from birth to adulthood, and only remodeling occurs afterwards. During
bone remodeling, osteoclasts’ bone resorption rate is higher than their bone formation.
When osteocytes discern a malformation of the bone or the emergence of microcracks,
they initiate the resorption procedure, leading to the resorption of the damaged area and
repairing the new bone. However, complications arise when the resorption rate increases
further due to other risk factors, such as ageing T2DM, causing further reductions in bone
quality and density, and disrupted microarchitecture. To date, medications prescribed
for osteoporosis can reduce the risk of fractures, but with limitations, including multiple
contraindications and side effects, such as hypocalcemia. Thus, healthcare professionals
are faced with significant challenges when deciding suitable treatment options [38].

Multiple studies have shown that T2DM affects the process of bone turnover through
the reduction of osteoid—a pre-mineralized tissue that transforms into the lamellae after
calcification in the bone matrix [39]—in terms of its thickness, volume, and the osteoblast
surface area when compared to individuals without T2DM of the same age [40]. Fur-
thermore, as the accumulation of AGEs continued, diminished osteoblast formation was
reported in patients with T2DM. AGEs are proteins or lipids modified through the glycosy-
lation process in the presence of sugar; as such, observations of patients with T2DM are
likely to reveal a higher aggregation of AGEs in the body [41]. The buildup of AGEs causes
modifications to the features of collagen and laminin, contributing to frailty and leading to
lower BMD [42]. Both of these parameters influence the generation of osteoblasts, which
are derived from mesenchymal cells, and are responsible for producing type I collagen and
mineralization of the bone, which then matures to form osteocytes [43].

Furthermore, as obesity increases, the buildup of visceral adipose tissue promotes the
production of non-esterified fatty acids (NEFAs), consisting mainly of saturated palmitic
acid that induces inflammation and insulin resistance [44]. Liu et al. [45] also highlighted
how palmitic acid upregulates the transcription and translation process of PPAR-y and
spindle and kinetochore-associated protein 1 (SKA1). Their study noted that PPAR-y was
able to bolster the levels of SKA1, and found further evidence of a predicted binding site for
PPAR-y on the promoter region of SKA1 through the JASPAR database. Overexpression of
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SKAL1 is potentially cancer-inducing, as a study conducted by Wang et al. [46] demonstrated
a connection between SKA1 and the advancement of prostate cancer. Furthermore, PPAR-y
can also alter the BMSC lineage by encouraging adipogenesis through the stimulation
of adipogenic pathways. This action inhibits osteoblastogenesis and the formation of os-
teoblasts, leading to diminished bone quality and mass. Increased bone marrow adipocytes
were able to repress cells of osteogenic descent and support the production of osteoclasts
from hematopoietic stem cells (HSCs) by secreting adipokines, signaling for bone resorption
and, hence, losing bone mass [47].

A systematic review conducted by Adulyaritthikul et al. [21] demonstrated the effects
of T2DM on the bone by utilizing male type 2 diabetic Goto-Kakizaki (GK) rats as an
example of a non-obese diabetic model, and using a synchrotron computed tomography
(synchrotron CT) machine to scan for changes in bone porosity and microarchitecture. The
results indicated that the percentage of bone porosity of the femur cortical bone of the T2DM
group was significantly higher, with a value of 26.50 % =+ 2.42%, compared to the control
group (5.363% =% 0.76%). On the other hand, the porosity for the femur trabecular bone
of the T2DM rats was observed to be higher, with a value of 71.07% =+ 2.61% compared to
the control group (38.16% =+ 1.84%). The tibial, cortical, and trabecular bone recordings
demonstrated that the former had a higher porosity (33.37% =+ 2.87%) compared to the con-
trol (6.054% == 0.87%). The trabecular bone also exhibited higher porosity (68.88% 4= 2.43%)
in contrast to the control group (44.47% =+ 2.35%). Lastly, the iliac bone also illustrated a
higher percentage of porosity in the T2DM group (74.28% =+ 2.51%) when compared with
the control group (50.67% == 3.80%). Bornstein et al. [24] recorded several isolated tibia and
femur parameters after inducing obesity and T2DM by providing a high-fat diet (HFD)
(60% kcal from fat) to C57BL/6] mice for 15 weeks. The parameters were measured using a
microtomographic imaging system (uCT). They included trabecular bone volume fraction
(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), medullary area (Ma.Ar),
cortical area (Ct.Ar), total cross-sectional area (Tt.Ar), and polar moment of inertia. MAT
parameters through osmium tetroxide (OsO4) staining were measured, followed by uCT,
comprising marrow adipose tissue volume, marrow volume, and relative MAT volume.
Based on the data collected, the HFD regimen did not display a significant change in the
BV/TV or Tb.N, but increased the Tb.Th and Ma.Ar which, in turn, increased the polar
moment of inertia. Concerning MAT, it increased the total MAT volume. Inspections
showed no substantial changes in the femur for the variables BV/TV, Tb.N, and Tb.Th,
but showed a small difference in Ma.Ar, as well as in other areas, such as the cortical area,
total cross-sectional area, endocortical perimeter, and periosteal perimeter. On the other
hand, the H&E staining technique quantified the visceral adipose tissue (VAT) and inguinal
adipose, and upon closer inspection, the HFD procedure increased the inguinal adipocyte
size and the VAT adipocyte cell size.

Other articles share similar observations, such as the work of Felice et al. [23] utilizing
Wistar rats fed with a fructose-rich diet (FRD) for five weeks. The bones of interest were
the left femur, tibia, and second lumbar vertebra. The long bones were measured at the
distal femoral or proximal tibial metaphysis section to understand the trabecular bone
better. The parameters evaluated were total bone mineral content (totBMC), total bone
mineral density (totBMD), trabecular bone mineral content (trBMC), and trabecular bone
mineral density (trBMD), using pQCT. On the other hand, parameters such as cortical bone
mineral content (cBMC), cortical bone mineral density (cBMD), cortical thickness, periosteal
circumference, and endocortical circumference were also utilized to analyze the diaphysis
for cortical bone using pQCT. This study also measured the parameters BV/TV, Tb.N,
Tb.Th, and trabecular separation (Tb.S). However, based on the pQCT data, there were no
significant differences in the distal femoral and proximal tibial metaphysis compared to the
control group. The data for the diaphysis also demonstrated no substantial discrepancies
between the experimental groups, which held for the other parameters, such as BV/TV,
Tb.N, Tb.Th, and Tb.S. Molinuevo et al. [25] illustrated that after the introduction of T2DM,
the animal models experienced a decrease in bone thickness when comparing the control
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group (30 £ 1) and the diabetic group (19 =+ 1). Pereira et al. [26] conducted their research
and discovered that the introduction of T2DM affected the alveolar bone, and was graded
with a histopathological score of 3, explaining that there was complete reabsorption of the
alveolar process and drastic loss of the cement. BMD decreased to a value of 0.11 g/cm? in
models with T2DM in the study conducted by Zheng et al. [31], compared to the control
group, with a value of 0.17 g/cm?. Research from Zhou et al. [30] also exhibited an alveolar
bone loss area of 65 x 10> mm? when compared to the control group, which had a value
of 57 x 1072 mm?,

4.2. Effects of Type 2 Diabetes Mellitus on Marrow Adiposity

On the other hand, bone marrow adipose tissue (BMAT) is fat content commonly
found within the bone marrow space, accounting for roughly 50-70% of the marrow
volume during adulthood and 10% of the total adipose tissue depot in humans. These
tissues were initially considered to inert and to have no functional properties, but recent
studies demonstrated that BMAT could manage metabolic functions. To better understand
how T2DM affects BMAT, the characteristics of BMAT should be well comprehended. The
growth of BMAT commences from the terminal phalanges, followed by the appendicular
skeleton, emerging in the axial skeleton, and finally expecting the bone marrow to transform
into MAT during the human lifespan [48]. In cases of animals with T2DM, there have
been reports of the metabolic disease having a detrimental effect on the BMAT; hence, it is
paramount that the potential pathophysiological changes caused by T2DM that specifically
affect BMAT are well comprehended. As observed in models with T2DM, while the levels
of free fatty acids (FFAs) and triglycerides reportedly increased, the likelihood of PPAR-y
activation also increased [49]. The activation of PPAR-y can then stimulate the adipocyte
differentiation process, leading to an increase in adipocyte synthesis and, therefore, an
increase in BMAT.

Further evidence suggests that circumstances that are related to bone loss—such
as ageing, osteoporosis, and T2DM, along with the increased growth of BMAT in this
environment—cause the BMAT to lose its brown-adipose-tissue-like attribute that is nec-
essary to supply the microenvironment that encourages osteogenesis, thus silencing the
osteogenic differentiation process [47]. During this shift in the microenvironment induced
by T2DM, oxidative stress resulting from the heightened levels of pro-inflammatory cy-
tokines and stimulation of the production of reactive oxygen species (ROS) results in a
deviation of the standard cellular pathway. Muruganandan et al. [47] also explained that
due to the divergence of the cellular pathway favoring the FoxO transcription factors that
require $-catenin, this action diminishes the T-cell factor /lymphoid enhancer-binding factor
(TCF/LEF)-mediated osteogenic signaling in MSCs, as both of these pathways compete
for the same protein substrate. As such, the bone remodeling process runs amok, whereby
osteogenesis is interrupted and adipogenesis is encouraged, leading to unregulated adipose
production levels, reduced bone density, and impaired skeletal health.

Alternatively, another proposed course of action as to how T2DM could affect BMAT
is by inhibiting growth hormone (GH) secretion from the pituitary glands, hindering bone
development and lipolysis, as T2DM and obesity are closely linked. Reducing growth
hormone production can worsen obesity and create a health-threatening cycle [50]. Yang
et al. [51] also concluded that patients with a high body mass index (BMI) experience
negatively growth hormone secretion feedback when analyzed during the growth hor-
mone stimulation test. In a study involving animal models, mice with genetic defects
of both GH receptor and insulin-like growth factor 1 (IGF-1) had reduced bone length
during observations compared to mice with only one of those insufficiencies [52]. GH is
purportedly responsible for synthesizing IGF-1 in rodent chondrocytes, which signals other
cells in a paracrine approach that motivates chondrocyte multiplication and endochondral
ossification, which are crucial in the bone formation process.

Further investigations revealed that the paracrine IGF-1 pathway primarily impacts the
trabecular bone, as was observed in experiments involving the knockout of the osteoblast-
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explicit IGF-1 gene, which resulted in the dwindling of trabecular bone volume, along with
compromised trabecular framework and mineralization. Both GH and IGF-1 play a role in
the cycle of exacerbating obesity, and exploring the 118-hydroxysteroid dehydrogenase type
1 (118-HSD-1) enzyme can provide a better understanding. The 118-HSD-1 enzyme is most
commonly found in adipose tissues and the liver, catalyzing the interconversion of inactive
cortisone to active cortisol [53]. Cortisol has the physiological response of triggering the
process of lipid metabolism, which generates FFAs and glycerol, with the latter required for
gluconeogenesis. However, it was assumed to adopt a lipogenic characteristic and facilitate
lipogenesis when there is an overabundance of free-flowing cortisol due to the increased
glucose production that stimulates insulin release. Hence, insulin was responsible for the
lipogenesis observed [54].

Moreover, the GH-IGF-1-118-HSD-1 enzyme interaction is crucial, as both GH and
IGF-1 operate as its inhibitor; therefore, any disruption in the activation of either hormone
could result in increased production of cortisol, leading to a disruption in circulating gluco-
corticoid regulation and increasing the severity of both T2DM and obesity. Additionally,
GH can promote osteoblastogenesis, and these osteoblasts then express IGF-1 through the
stimulation of parathyroid hormone (PTH). In another study involving the outcomes of GH
replacement therapy on PTH in patients with adult GH deficiency (AGHD), the secretion
of PTH increased notably after the treatment as compared to without treatment [55], which
indicates that GH could play a part in promoting PTH and further encouraging bone
development. This pathway increases the yield of IGF-1, which further activates the syn-
thesis of the receptor activator of nuclear factor kappa-B ligand (RANKL) and, in response,
stimulates osteoclast production, with the purpose of breaking up and absorbing the bone
for remodeling. As the quantity of RANKL starts to multiply, the ratio of osteoprotegerin
(OPG) to RANKL becomes disproportionate, leading to extended bone absorption and,
possibly, lower bone mass if the ratio is not maintained. Mrak et al. [56] conducted a study
and found that GH plays a role in preserving the RANKL:OPG ratio by stimulating the
output of OPG to revert the fluctuation. Therefore, understanding the effects of T2DM on
GH and adipose tissues could be a potential area of interest for therapeutic interventions
related to bone diseases such as osteoporosis and obesity.

Furthermore, one of many plausible mechanisms involved in the overproduction of
marrow fat in T2DM is stipulated to be visceral fat [57]. As the glucose levels in the blood
increase, this leads to an elevation in insulin production to restore the disparity. However,
the continuous heightened volume of insulin has detrimental effects, such as amplifying
the process of lipogenesis, which can contribute to the expansion of visceral fat [54]. In
addition, due to the excessive production of visceral fat and suppression of lipolysis, a large
quantity of available FFAs shift towards the liver through the visceral adipose tissue (VAT)
passage channels’ portal vein. The overabundance of adipose tissues further catalyzes the
release of adipokines, encouraging insulin resistance [58]. One of the many adipokines
that are well studied and contribute to the condition of insulin resistance is TNF-ot—a
pro-inflammatory cytokine. A study conducted by Hivert et al. [59] mentioned that when
there is an obstruction in the expression of the TNF-« protein, it impedes the initiation
of hyperinsulinemia in murine models. However, the reverse—such as the increase in
the production of FFAs and triglycerides—occurs when TNF-« is administered, which
validates the role of TNF-« in the pathophysiology of insulin resistance. Esposito et al. [60]
conducted a study to understand the effects of a high-fat meal on endothelial function
between patients with T2DM and healthy individuals. The experiment demonstrated
that individuals with T2DM have a hindered response towards L-arginine and higher
TNEF-o levels compared to healthy individuals after a high-fat meal, implying impaired
endothelial function in the former group. As endothelial function decreased, Cersosimo and
DeFronzo [61] described how the rate of transport of insulin across the capillary bed was
prolonged, leading to further insulin resistance. Not only that, but TNF-« was also reported
to modify the permeability of the intestinal capillaries, which could hamper the metabolic
action of insulin, further aggravating insulin resistance. Further reports also indicate that
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elevated TNF-« can directly modify the functioning of 3-cells by provoking their apoptosis,
leading to the disintegration and decline of working -cells and, therefore, inducing insulin
resistance [62]. Prolonged insulin resistance will stress the pancreatic 3-cells as they try to
secrete more insulin to combat the high blood sugar levels; however, over time, they will
deteriorate and possibly lose their function, participating in the pathogenesis of T2DM and
obesity, resulting in increased visceral fat and BMAT [63].

Lastly, Kim and Schafer [57] delineated how plasma leptin concentration can be consid-
ered a process that increases marrow fat in T2DM. Fat cells commonly secrete the hormone
leptin, including in BMAT [64]. Leptin acts on the hypothalamus at higher concentrations
and induces appetite suppression and energy output to maintain homeostasis. However, in
the case of T2DM, it is suggested that an oversupply of leptin may occur, as the metabolic
condition impairs the functioning of leptin receptors [65]. Over an extended period of
unregulated T2DM, the body develops a lower sensitivity towards leptin, and becomes
resistant to the hormone, reducing its ability to distinguish between satiety and overeating,
encouraging the advancement of obesity and BMAT [66].

Additionally, in a review conducted by Hamrick and Ferrari [67], it was explained that
leptin also plays a direct role in managing the process of bone formation and resorption. As
the BMSCs encompass leptin receptors, their successful binding increases the production
of OPG, followed by the reduction in RANKL, which results in the repression of osteoclast
differentiation that is responsible for bone resorption and bone loss, thus stimulating bone
formation. However, subsequently, higher amounts of leptin prompt the cell death of
BMSCs, which represent bimodal-shape feedback, through which early accumulation of
leptin improves bone development, but consequent elevations damage the bone formation.
Few studies have looked into the effects of T2DM on BMAT, some of which had similar
outcomes in their plasma profiles, such as increased cholesterol and triglyceride levels. First
and foremost, Lee et al. [32] experimented on male Sprague-Dawley rats to understand the
effects of T2DM on mesenteric perivascular adipose tissues and overall plasma profiles in
terms of triglyceride and cholesterol. The results indicated that the instigation of T2DM with
a high-fat and -fructose diet triggered an upsurge in percentages of mesenteric perivascular
adiposity index for both high-fat diets for eight weeks and twelve weeks, with 1.7 £ 0.1
and 1.8 £ 0.1, respectively, as compared to the control group, with values of 0.9 £ 0.04 and
0.8 + 0.1, respectively.

On the other hand, observations showed that plasma triglycerides increased, with
values of 158 £ 16 and 166 = 21, respectively, when compared to the control values of 66 £ 9
and 86 & 9, respectively, further validating the effects of T2DM on adiposity. Furthermore,
Molinuevo et al. [25] aimed at examining the effects of streptozotocin-induced T2DM on
plasma triglycerides in rats, and cholesterol also demonstrated elevated plasma levels,
with a value of 59 =+ 2 for cholesterol, compared to the control group (43 +£ 4). In contrast,
triglycerides had a value of 62 £ 5, compared to the standard group’s value of 45 + 4.
Tolosa et al. [28] hypothesized that T2DM could influence bone metabolism by inducing
hypertriglyceridemia, with a fourfold increase compared to the control group, from 62 £ 7
to 252 & 25. The adipokine TNF-« was also a measured parameter, with values increasing
from 24.7 £ 1.8 to 123 =+ 9.0. The H&E stains on the BMAT also demonstrated a significant
increase in the T2DM model compared to its benchmark counterpart.

Moreover, the objective of Bornstein et al. [24] was to identify the effects of T2DM
on BMAT through its quantification using osmium tetroxide (OsO4), along with micro-
computed tomography (uCT). The results demonstrated that the MAT volume, marrow
volume, and relative MAT volume significantly increased in value due to the introduction
of T2DM, compared to the control group. In addition, the researchers also explained that
the conducted lipid profiling displayed a considerable difference in multiple unique lipid
species in HFD murine models. Lastly, the visceral (VAT) and inguinal adipose tissue
were evaluated based on their adipose size, and the HFD group illustrated an escalation
compared to the control batch. Furthermore, an investigation to determine the effects of
T2DM on murine white adipose tissue (WAT) by measuring the average adipocyte area
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utilizing Image]J software, along with H&E staining for quantification of adipocyte size,
found that T2DM significantly increases both of these parameters, validating its negative
consequences on MAT [34]. The subsequent study gathered the WAT of different groups
and weighed it to compute the difference as percentages in body weight. The outcome
showed that the HFD group significantly rose compared to the other groups, signifying the
overall increase in adipose tissues in the T2DM murine model [37]. de Oliveira Santana [35]
also looked into plasma criteria such as total serum cholesterol, HDL, VLDL, LDL, and
triglycerides of SWISS male mice models fed with a low-carbohydrate HFD (LCHFD) to
observe the variation between the test groups, along with H&E staining of WAT to quantify
the weight of WAT, mesenteric adipose tissue, and retroperitoneal adipose tissue. Based on
the results obtained, the aforementioned adipose tissues displayed a significant increase in
weight in comparison to the control group, while the plasma parameters—such as triglyc-
erides, LDL, and total cholesterol—also exhibited elevation with values of 143.8 + 16.52
from 106.5 £ 4.35, 46.52 & 11.10 from 15.76 & 4.69, and 174.6 &+ 6.104 from 113.4 £ 7.250,
respectively. H&E staining also revealed that LCHFD increased the mean diameter of
adipocytes, further supporting the detrimental effects of T2DM on adiposity. Lastly, Is-
mail et al. [36] analyzed the serum variables of mice induced with an HFD, including
cholesterol, triglycerides, LDL, VLDL, and HDL, and obtained values of 190 + 4.4 from
118.6 +2.9,195.7 £ 10.5 from 98.3 £ 6, 208.6 & 9.6 from 57.6 4= 4.4, 38 & 2.1 from 19.6 2.1,
and 23.6 + 2.1 from 34 + 1, respectively.

4.3. Effects of Metformin on Bone Mineral Density

As previously mentioned, T2DM influences glucose metabolism by instigating the
production of ROS and AGE, causing oxidative pressure and provoking the redirection
of MSCs towards developing HSCs and osteoclasts responsible for bone resorption [68].
While the disease advances, the PPAR-y receptor is activated, and promotes the process of
adipogenesis, increasing visceral fats in the body, leading to the accumulation of BMAT and
the pathogenesis of obesity, which further exacerbates the symptoms of T2DM. Healthcare
professionals commonly prescribe metformin to relieve and manage the high glucose levels
found in a T2DM patients and, additionally, to reverse the increased BMD and adiposity
caused by the illness. A study to identify the effects of metformin on bone mineralization
in male Wistar rats showed that the administration of metformin at 200 and 180 mg/kg
body weight (b.w.) per day orally, three days after the induction of T2DM for four weeks,
raised the levels of bone development indicators such as osteocalcin (OCN) and total
alkaline phosphatase (TALP). In contrast, the bone resorption marker tartrate-resistant acid
phosphatase (TRAP) was significantly reduced compared to the untreated group. Therefore,
Adeyemi et al. [20] proposed that metformin usage can maintain the wellbeing of bones in
models with T2DM. Adulyaritthikul et al. [21] aimed to investigate the effects of metformin
treatment on bone porosity in male T2DM Goto-Kakizaki rats. The diabetic rats were given
15 mg/kg body weight of metformin twice daily through oral gavaging for four weeks, and
the microarchitectures of different sections of bone were analyzed and observed through
synchrotron computed tomography and imaging. The results indicated that metformin
could successfully reduce femur cortical, tibial cortical, and iliac bone porosity, where the
authors concluded that the usage of metformin treatment is favorable for bone health. The
study by Aljalaud [22] also found similar results—the bone thickness was significantly
enlarged compared to the diabetic control group when given 150 mg/kg/day of metformin
for six weeks. Felice et al. [23] hypothesized that T2DM alters the orderly conservation of
bone architecture, and that metformin can inhibit that side effect. The rats were allocated
100 mg/kg/day of metformin through their drinking water for three weeks, but did not
display any significant changes in BMC, BMD, or the other structural criteria previously
mentioned. The authors noted that although there were no visible changes based on the
analysis conducted, this does not imply that the condition of the bone is not affected by
T2DM or metformin, as BMD may not be a suitable evaluation tool for assessing bone
quality. Moreover, the purpose of another article chosen for this systematic review was to
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evaluate the effects of metformin treatment on bone tissue reconstruction in male T2DM
rats fed with 100 mg/kg/day for two weeks. The results indicated that the introduction of
metformin promoted an increase in bone thickness and area of reossification; the researchers
concluded that metformin could promote bone recovery in T2DM rat models [25]. On the
other hand, there are reports of reductions in bone loss caused by metformin in T2DM rat
models with periodontal disease. The study included two groups with different dosages of
metformin: one with 50 mg/kg/day and the other with 100 mg/kg/day, with the latter
showing lesser degradation and destruction of the alveolar process and cement [26]. In a
subsequent investigation, Sun et al. [27] aimed to assess the effects of metformin utilization
on orthodontic tooth movement, defined as the process when compulsion applied instigates
bone resorption on the pressure section and bone apposition on the tension section in T2DM
models [69]. The route of administration was intragastric, with a dosage of 100 mg/kg/day
for a month, and the results suggested that metformin can favorably repair the damage
caused by T2DM by increasing the availability of ALP, reducing TRAP production, and
regularizing tooth movement. Furthermore, a group of researchers mentioned that T2DM is
detrimental to bone metabolism and further harms the microarchitecture of the long bone,
and speculated that metformin could hinder these setbacks. The male Sprague-Dawley
rats were given 100 mg/kg/day of metformin in their drinking water for two weeks,
which reduced TRAP activity, thus moderately improving the bone microarchitecture [28].
Additionally, a different article intended to understand the preventive impact of metformin
on T2DM models, and discovered that supplying 900 mg/kg/day of metformin also
significantly increased ALP, OCN, and BMD [31]. Although Zhou et al. [30] investigated
the effects of metformin on inflammatory signaling, they also observed slight alveolar
bone loss and tooth movement when provided 200 mg/kg/day of metformin for 10 weeks.
A study headed by Zhou et al. [29] administered 200 mg/kg/day of metformin to BKS-
Lepre™2C%47° db/db male mice for nine weeks, demonstrating partial reversion of the
alveolar and periodontal bone loss induced by T2DM. Furthermore, Bornstein et al. [24]
managed to illustrate that metformin could partially rescue some areas of the bone—such as
the cortical bone area fraction, which was affected by T2DM—Dbut did not affect other areas,
such as the trabecular thickness, when given metformin of 300 mg/kg/day for six weeks.

4.4. Effects of Metformin on Marrow Adiposity

Based on current literature, T2DM plays a part in complicating the fate of MSCs
by tilting the balance between osteoblastogenesis and adipogenesis, favoring the latter.
However, metformin can reduce marrow adipocytes’ numbers and size by inhibiting PPAR-
v and the formation of adipocytes caused by T2DM [70]. In this study, 500 mg/kg/day of
metformin was given through drinking water for two different durations: one group for
8 weeks, and another for 12 weeks. The results demonstrated that metformin prevented
the increase in the adiposity index compared to the diabetic untreated group for both
durations. Therefore, the researchers concluded that metformin could prevent visceral
adiposity accumulation in the T2DM rat model [32].

Furthermore, Molinuevo et al. [25] showed that metformin at 100 mg/kg/day for
two weeks diminished cholesterol and triglyceride levels, which are markers of increased
adipocyte formation in male Sprague-Dawley rats. A study conducted with the feeding
of metformin at 100 mg/kg/day through the drinking water of the rats for two weeks
was able to avert the buildup of BMAT compared to the diabetic model [28]. Moreover,
Bornstein et al. [24] aspired to depict the effects of metformin on BMAT, and found that the
administration of 300 mg/kg/day of metformin for six weeks reduced the accumulation of
BMAT catalyzed by T2DM. Additionally, the C57BL/6 mice treated with metformin at two
different dosages—10 mg/kg and 50 mg/kg daily—for 14 weeks were able to lessen the
impact of T2DM on their lipid profiles by reducing the total cholesterol, LDL-cholesterol,
and triglyceride levels. Moreover, the quantity and diameter of fats found in visceral fat also
shrunk in the group treated with metformin [33]. The study conducted by Luo et al. [34]
demonstrated that metformin delivery at 250 mg/kg/day for four weeks reduced adipocyte
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size and volume in ob/ob C57BL/6 mice. The study performed by Pei et al. [37] contem-
plated the consequences of administering 200 mg/kg/day of metformin for six weeks, and
found that the weight of the WAT was notably reduced in the group treated with metformin
compared to the diabetic group. Subsequently, this study used SWISS male mice models to
explore the effects of oral metformin at 100 mg/kg/day on the lipid profile and adipose
tissues for two months, to observe any possible development. The research demonstrated
reduced adipose tissue weight and cholesterol levels, signifying the suppression of PPAR-y
and adipogenesis [35]. Lastly, Ismail, Soliman, and Ismail [36] noted that using metformin
at 400 mg/kg/day for two weeks improved the lipid profile parameters, such as cholesterol,
triglycerides, LDL, and VLDL, while restoring HDL levels.

5. Strengths and Weaknesses

As murine models are inexpensive due to their small size and lower housing mainte-
nance compared to other animals closer to the human genome—such as chimpanzees—they
are still the most preferred animal models for research [71]. Furthermore, mice have simpler
physiology than other model animals, and can mimic the pathophysiology of human dis-
eases and, in this context, T2DM [72]. Moreover, as it mimics the pathophysiology of T2DM,
the effects of metformin on bone could also be observed. The selected articles included a
wide range of metformin dosages, from 15 mg/kg/bw to 900 mg/kg/bw, making it easier
to analyze which dosage yielded the best results.

However, a significant limitation of this systematic review is the utilization of only
animal models, and the translation to human studies would mean needing to cross the
species barrier, requiring much time. Another discrepancy among the articles was the
route of administration of metformin. There are scarce data on the differences between
administering the drug ad libitum in drinking water, by oral gavaging, or intravenously, as
animal models may not drink as much of the metformin dissolved in water, affecting the
actual dosage provided to the animal. Hence, this warrants further investigations of the
potentially different medication routes, potency levels, and other functional characteristics
between the courses of administration, as the variation in the route may lead to compli-
cations and cause other unwanted obstacles. It would also be a fair and easy comparison
when the study includes force-feeding or ad libitum feeding.

6. Future Directions

All 18 articles discussed in this systematic review presented very encouraging results
as to the beneficial effects of metformin on bone mineral density and adiposity. Through
the literature search, there were some studies conducted on humans to learn more about
metformin and its effects on BMD and adiposity, but there were too few studies that had
done so to conduct a systematic review.

By incorporating a more detailed, time-dependent, and concentration-dependent
analysis, the studies of the effects of metformin could be improved. Although higher
concentrations may risk unwanted side effects such as hypoglycemia and gastrointestinal
complications, they may also exhibit unknown effects that could be noteworthy to increase
the library of research on metformin, as previous studies have mainly focused on T2DM,
but not on BMD and adiposity. Moreover, regulatory and expression studies are vital. More
researchers should explore the regulatory pathways and protein expression after metformin
administration, further elucidating the mechanisms affected by metformin administration.
Moreover, other therapies—such as GLP1-RA or SGLT2 inhibitors—and their potential
effects on bone mineral density and adiposity could also be an interesting perspective.

A study concluded on the usage of metformin-hydrochloride-loaded poly(D, L-lactide-
co-glycolide) (PLGA) demonstrated better results in managing blood glucose levels, in-
flammation, and bone loss found in the experimental periodontal disease model as com-
pared to the conventional drug preparation [26]. The author also stated that using this
polymeric nanoparticle—a biocompatible and biodegradable synthetic polymer—offers
improved therapeutic effectiveness, consistent and drawn-out drug release, decreased
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toxicity, stability, and lower drug decomposition. Conducting an investigative study on the
safety and toxicity profiles of the metformin variants’, along with their pharmacokinetics
and pharmacodynamic profiles, could also help further enumerate the information pool
about metformin.

7. Conclusions

In this systematic review, an attempt was made to compile and discuss the effects of
metformin on bone mineral density and adiposity, and the result are simplified in Figure 2.

T2DM

’

Accumulation of AGEs

v

Inhibit osteoblast formation

’

Reduced bone formation

|

Reduced bone mineral density

v

Metformin treatment

'

Inhibit mitocondrial respiration

.
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v ’

Activate Runx2 Inhibit PPARYy
Increase bone Inhibit
formation adipogenesis

Figure 2. Bone pathophysiology and possible effects of metformin on BMD and adiposity [16].
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The studies indicate that metformin exhibits a preventative and ameliorative effect
by restoring BMD and adiposity before or after the detrimental effects of type 2 diabetes
mellitus in various in vivo animal models. When administered, metformin activates the
AMPK pathway, which improves insulin sensitivity, suppressing adipogenesis and creating
an environment suitable for MSCs to favor osteoblastogenesis. Moreover, by restoring
the homeostasis of bone metabolism, the rate of bone resorption can be reduced, as the
PPAR-y is inhibited, thus promoting bone formation and remodeling to restore the loss
of bone density. The reviewed articles demonstrate the benefits of metformin on bone
mineral density, such as reduced bone porosity, improved bone mineral density, increased
ALP, and decreased TRAP. Meanwhile, for the benefits on adiposity, the studies exhibit
decreased adipocyte size, fat mass, TG, and TC. Further studies should be conducted to
ensure that metformin can act as a promising drug that relieves T2DM symptoms and
osteoporosis. Through this systematic review, the effects of metformin on the associated
pathways of bone mineral density and adiposity demonstrated a strong interconnection,
and this prospect should be further explored.

Author Contributions: Conceptualization, D.K.W.L., A.K. and N.P,; methodology, D.K.W.L.; vali-
dation, A.K. and N.P,; formal analysis, D.K.W.L.; investigation, D.K.W.L.; data curation, D.K.W.L,;
writing—original draft, D.K.W.L., A.K. and N.P.,; writing—review and editing, D.K.W.L., AK. and
N.P; visualization, D.K.W.L.; supervision, A.K. and N.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the Monash University Library Services, who
provided the resources for this systematic review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. International Diabetes Federation. Available online: https://idf.org/aboutdiabetes/what-is-diabetes/facts-figures.html
(accessed on 4 May 2021).

2. National Institutes of Health (NIH). Available online: http://iku.gov.my/nhms-2019 (accessed on 4 May 2021).

3.  Wang, HJ.; Giambini, H.; Chen, ].W.; Wang, Q.S.; Hou, H.G.; Luo, SM.; Chen, ].Y.; Zhuang, T.E; Chen, Y.E; Wu, T.T.; et al.
Diabetes mellitus accelerates the progression of osteoarthritis in streptozotocin-induced diabetic mice by deteriorating bone
microarchitecture, bone mineral composition, and bone strength of subchondral bone. Ann. Transl. Med. 2021, 9, 1-17. [CrossRef]
[PubMed]

4. Cheung, C.L.; Ang, S.B.; Chadha, M.; Chow, E.S.L.; Chung, Y.S.; Hew, EL.; Jaisamrarn, U.; Ng, H.; Takeuchi, Y.; Wu, C.H.; et al.
An updated hip fracture projection in Asia: The Asian Federation of Osteoporosis Societies study. Osteoporos. Sarcopenia 2018, 4,
16-21. [CrossRef] [PubMed]

5. Sietsema, D.L. Fighting the Epidemic: Bone Health and Osteoporosis. Nurs. Clin. N. Am. 2020, 55, 193-202. [CrossRef] [PubMed]

6. Malone, J.I.; Hansen, B.C. Does obesity cause type 2 diabetes mellitus (T2DM)? Or is it the opposite? Pediatr. Diabetes 2019, 20, 5-9.
[CrossRef]

7. Sellmeyer, D.E.; Civitelli, R.; Hofbauer, L.C.; Khosla, S.; Lecka-Czernik, B.; Schwartz, A.V. Skeletal Metabolism, Fracture Risk, and
Fracture Outcomes in Type 1 and Type 2 Diabetes. Diabetes 2016, 65, 1757-1766. [CrossRef]

8. Unnanuntana, A.; Gladnick, B.P,; Donnelly, E.; Lane, ]. M. The Assessment of Fracture Risk. J. Bone Jt. Surg. Am. 2010, 92, 743-753.
[CrossRef]

9. Komorita, Y.; Iwase, M.; Fujii, H.; Ohkuma, T; Ide, H.; Jodai-Kitamura, T.; Sumi, A.; Yoshinari, M.; Nakamura, U.; Kang, D.C; et al.
Serum adiponectin predicts fracture risk in individuals with type 2 diabetes: The Fukuoka Diabetes Registry. Diabetologia 2017,
60, 1922-1930. [CrossRef]

10. Yamamoto, M.; Yamauchi, M.; Sugimoto, T. Prevalent vertebral fracture is dominantly associated with spinal microstructural
deterioration rather than bone mineral density in patients with type 2 diabetes mellitus. PLoS ONE 2019, 14, €0222571. [CrossRef]

11.  Yu, EW,; Greenblatt, L.; Eajazi, A.; Torriani, M.; Bredella, M.A. Marrow adipose tissue composition in adult with morbid obesity.

Bone 2017, 97, 38-42. [CrossRef]


https://idf.org/aboutdiabetes/what-is-diabetes/facts-figures.html
http://iku.gov.my/nhms-2019
http://doi.org/10.21037/atm-20-6797
http://www.ncbi.nlm.nih.gov/pubmed/34268381
http://doi.org/10.1016/j.afos.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30775536
http://doi.org/10.1016/j.cnur.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32389253
http://doi.org/10.1111/pedi.12787
http://doi.org/10.2337/db16-0063
http://doi.org/10.2106/JBJS.I.00919
http://doi.org/10.1007/s00125-017-4369-1
http://doi.org/10.1371/journal.pone.0222571
http://doi.org/10.1016/j.bone.2016.12.018

J. Clin. Med. 2022, 11, 4193 17 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chaudhury, A.; Duvoor, C.; Dendi, V.S.R.; Kraleti, S.; Chada, A.; Ravilla, R.; Marco, A.; Shekhawat, N.S.; Montales, M.T.; Kuriakose,
K.; et al. Clinical Review of Antidiabetic Drugs: Implications for Type 2 Diabetes Mellitus Management. Front. Endocrinol. 2017,
8, 6. [CrossRef]

American Diabetes Association. Pharmacologic Approaches to Glycemic Treatment. In Standards of Medical Care in Diabetes.
Diabetes Care 2021, 44, S111-S124. [CrossRef] [PubMed]

Lin, ]J.T,; Ji, B.Y.; Zhang, Y.C. Role of Metformin on Osteoblast Differentiation in Type 2 Diabetes. BioMed Res. Int. 2019,
2019, 9203934. [CrossRef]

Salvatore, T.; Pafundi, P.C.; Morgillo, F; Liello, R.D.; Galiero, R.; Nevola, R.; Marfella, R.; Monaco, L.; Rinaldi, L,;
Adinolfi, L.E; et al. Metformin: An old drug against old age and associated morbidities. Diabetes Res. Clin. Pract. 2020,
160, 108025. [CrossRef] [PubMed]

Bahrambeigi, S.; Yousefi, B.; Rahimi, M.; Shafiei-Irannejad, V. Metformin; an old antidiabetic drug with new potentials in bone
disorders. Biomed. Pharmacother. 2019, 109, 1593-1601. [CrossRef] [PubMed]

Mondockova, V.; Adamkovicova, M.; Lukacova, M.; Grosskopf, B.; Babosova, R.; Galbavy, D.; Martiniakova, M.; Omelka, R. The
estrogen receptor 1 gene affects bone mineral density and osteoporosis treatment efficiency in Slovak postmenopausal women.
BMC Med. Genet. 2018, 19, 174. [CrossRef]

Finkelstein, J.S.; Brockwell, S.E.; Mehta, V.; Greendale, G.A.; Sowers, M.ER; Ettinger, B.; Lo, J.C.; Johnston, ].M.; Cauley, J.A;
Danielson, M.E.; et al. Bone Mineral Density Changes during the Menopause Transition in a Multiethnic Cohort of Women.
J. Clin. Endocrinol. Metab. 2008, 93, 861-868. [CrossRef]

Zhu, J; Ji, M.X,; Xing, L.; Yu, Z.Z.; Guo, X.Y.; Chen, X.P;; Shu, J. Ovarian Hormonal Change-Related Energy Metabolism and
Obesity in Menopausal Women. In Hormone Therapy and Replacement in Cancer and Aging-Related Disease; IntechOpen: London,
UK, 2019. [CrossRef]

Adeyemi, W.J.; Olayaki, L.A.; Abdussalam, T.A.; Fabiyi, T.O.; Raji, T.L.; Adetunji, A.A.R. Co-administration of omega-3 fatty acids
and metformin showed more desirable effects than the single therapy on indices of bone mineralization but not gluco-regulatory
and antioxidant markers in diabetic rats. Biomed. Pharmacother. 2020, 121, 109631. [CrossRef]

Adulyaritthikul, P; Sanit, J.; Nokkaew, N.; Kongpol, K.; Mongkolpathumrat, P.; Lampang, S.N.; Rojviriya, C.; Kumphune, S. The
effect of metformin and P38 MAPK inhibitor on diabetic bone porosity in non-obese type 2 diabetic rats. J. Appl. Pharm. Sci. 2019,
9, 82-90. [CrossRef]

Aljalaud, N.A. Ameliorative and Preventive Effects of Metformin, Nigella sativa, Punica granatum and Zingiber officinale on
Bone Damage and Infections Caused by Diabetes mellitus in Animal Model. J. Pure Appl. Microbiol. 2019, 13, 465-473. [CrossRef]
Felice, J.I.; Schurmana, L.; McCarthya, A.M.; Sedlinskya, C.; Aguirreb, ].I; Cortizo, A.M. Effects of fructose-induced metabolic
syndrome on rat skeletal cells and tissue, and their responses to metformin treatment. Diabetes Res. Clin. Pract. 2017, 126, 202-213.
[CrossRef]

Bornstein, S.; Moschetta, M.; Kawano, Y.; Sacco, A.; Huynh, D.; Brooks, D.; Manier, S; Fairfield, H.; Falank, C.; Roccaro, A.M.; et al.
Metformin Affects Cortical Bone Mass and Marrow Adiposity in Diet-Induced Obesity in Male Mice. Endocrinology 2017, 158,
3369-3385. [CrossRef] [PubMed]

Molinuevo, M.S.; Schurman, L.; McCarthy, A.D.; Cortizo, A.M.; Tolosa, M.].; Gangoiti, M.V.; Arnol, V.; Sedlinsky, C. Effect of
Metformin on Bone Marrow Progenitor Cell Differentiation: In Vivo and In Vitro Studies. J. Bone Miner. Res. 2010, 25, 211-221.
[CrossRef] [PubMed]

Pereira, A.d.S.B.E; Brito, G.A.d.C.; Lima, M.L.dS.; Silva Junior, A.A.d.; Silva, E.d.S.; de Rezende, A.A.; Bortolin, R.H.; Galvan, M.;
Pirih, FQ.; Aratjo Janior, R.Ed.; et al. Metformin Hydrochloride-Loaded PLGA Nanoparticle in Periodontal Disease Experimental
Model Using Diabetic Rats. Int. J. Mol. Sci. 2018, 19, 3488. [CrossRef] [PubMed]

Sun, J.; Du, J.; Feng, W.; Lu, B.Y,; Liu, H.R,; Guo, J.; Amizuka, N.; Li, M.Q. Histological evidence that metformin reverses the
adverse effects of diabetes on orthodontic tooth movement in rats. J. Mol. Hist. 2017, 48, 73-81. [CrossRef] [PubMed]

Tolosa, M.].; Chuguransky, S.R.; Sedlinsky, C.; Schurman, L.; McCarthy, A.D.; Molinuevo, M.S.; Cortizo, A.M. Insulin-deficient
diabetes-induced bone microarchitecture alterations are associated with a decrease in the osteogenic potential of bone marrow
progenitor cells: Preventive effects of metformin. Diabetes Res. Clin. Pract. 2013, 101, 177-186. [CrossRef] [PubMed]

Zhou, X.Y.; Wang, Q.; Nie, L.L.X.; Zhang, P; Zhao, P.F; Yuan, Q.; Ji, N.; Ding, Y.; Wang, Q. Metformin ameliorates the NLPP3
inflammasome mediated pyroptosis by inhibiting the expression of NEK7 in diabetic periodontitis. Arch. Oral Biol. 2020,
116, 104763. [CrossRef]

Zhou, X.Y,; Zhang, P; Wang, Q.; Ji, N.; Xia, S.S.; Ding, Y.; Wang, Q. Metformin ameliorates experimental diabetic periodontitis
independently of mammalian target of rapamycin (mTOR) inhibition by reducing NIMA-related kinase 7 (Nek?7) expression.
J. Periodontol. 2019, 90, 1032-1042. [CrossRef]

Zheng, L.E; Shen, X.M,; Ye, J.].; Xie, Y.; Yan, S.J. Metformin alleviates hyperglycemia-induced apoptosis and differentiation
suppression in osteoblasts through inhibiting the TLR4 signaling pathway. Life Sci. 2019, 216, 29-38. [CrossRef]

Lee, H.J.; Cantt, S.M.; Donoso, A.S.; Choi, M.R.; Peredo, H.A.; Puy6, A.M. Metformin prevents vascular prostanoid release
alterations induced by a high-fat diet in rats. Auton. Autacoid Pharmacol. 2017, 37, 37-43. [CrossRef]

Kim, EK,; Lee, S.H,; Jhun, ].Y.;; Byun, ] K,; Jeong, ].H.; Lee, S.Y.; Kim, ] K.; Choi, J.Y.; Cho, M.L. Metformin Prevents Fatty Liver and
Improves Balance of White/Brown Adipose in an Obesity Mouse Model by Inducing FGF21. Mediat. Inflamm. 2016, 2016, 5813030.
[CrossRef]


http://doi.org/10.3389/fendo.2017.00006
http://doi.org/10.2337/dc21-S009
http://www.ncbi.nlm.nih.gov/pubmed/33298420
http://doi.org/10.1155/2019/9203934
http://doi.org/10.1016/j.diabres.2020.108025
http://www.ncbi.nlm.nih.gov/pubmed/31954752
http://doi.org/10.1016/j.biopha.2018.11.032
http://www.ncbi.nlm.nih.gov/pubmed/30551413
http://doi.org/10.1186/s12881-018-0684-8
http://doi.org/10.1210/jc.2007-1876
http://doi.org/10.5772/intechopen.89336
http://doi.org/10.1016/j.biopha.2019.109631
http://doi.org/10.7324/JAPS.2019.90711
http://doi.org/10.22207/JPAM.13.1.52
http://doi.org/10.1016/j.diabres.2017.02.011
http://doi.org/10.1210/en.2017-00299
http://www.ncbi.nlm.nih.gov/pubmed/28977604
http://doi.org/10.1359/jbmr.090732
http://www.ncbi.nlm.nih.gov/pubmed/19594306
http://doi.org/10.3390/ijms19113488
http://www.ncbi.nlm.nih.gov/pubmed/30404181
http://doi.org/10.1007/s10735-016-9707-y
http://www.ncbi.nlm.nih.gov/pubmed/27981392
http://doi.org/10.1016/j.diabres.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23806481
http://doi.org/10.1016/j.archoralbio.2020.104763
http://doi.org/10.1002/JPER.18-0528
http://doi.org/10.1016/j.lfs.2018.11.008
http://doi.org/10.1111/aap.12057
http://doi.org/10.1155/2016/5813030

J. Clin. Med. 2022, 11, 4193 18 of 19

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

Luo, T.; Nocon, A.; Fry, J.; Sherban, A.; Rui, X.L.; Jiang, B.B.; Xu, X.J.; Han, J.Y;; Yan, Y.; Yang, Q.; et al. AMPK Activation by
Metformin Suppresses Abnormal Extracellular Matrix Remodeling in Adipose Tissue and Ameliorates Insulin Resistance in
Obesity. Diabetes 2016, 65, 2295-2310. [CrossRef] [PubMed]

de Oliveira Santana, K.N.; Lelis, D.F; Mendes, K.L.; Lula, J.E; Paraiso, A.F.; Andrade, J.EO.; Feltenberger, ].D.; Cota, J.;
da Costa, D.V.; de Paula, A.M.B.; et al. Metformin Reduces Lipogenesis Markers in Obese Mice Fed a Low-Carbohydrate and
High-Fat Diet. Lipids 2016, 51, 1375-1384. [CrossRef]

Ismail, T.A.; Soliman, M.M.; Ismail, S.A. Adiponectin Regulation in Type 2 Diabetic Rats: Effects of Insulin, Metformin and
dexamethasone. Am. J. Pharmacol. Toxicol. 2013, 8, 197-208. [CrossRef]

Pei, L.; Yang, J.; Du, J.; Liu, H.Q.; Ao, N.; Zhang, Y.Y. Downregulation of chemerin and alleviation of endoplasmic reticulum stress
by metformin in adipose tissue of rats. Diabetes Res. Clin. Pract. 2012, 97, 267-275. [CrossRef] [PubMed]

Camacho, PM.; Petak, S.M.; Binkley, N.; Diab, D.L.; Eldeiry, L.S.; Farooki, A.; Harris, S.T.; Hurley, D.L.; Kelly, |,
Lewiecki, E.M.; et al. American Association of Clinical Endocrinologist/ American College of Endocrinology Clinical Practice
Guidelines for the Diagnosis and Treatment of Postmenopausal Osteoporosis—2020 Update Executive Summary. Endocr. Prac.
2020, 26, 564-570. [CrossRef]

Trammell, L.H.; Kroman, A.M. Chapter 13-Bone and Dental Histology. In Research Methods in Human Skeletal Biology, 1st ed.;
DiGangi, E.A., Moore, M.K., Eds.; Elsevier: Oxford, UK, 2013; pp. 361-395.

Cortet, B.; Lucas, S.; Legroux-Gerot, L; Penel, G.; Chauveau, C.; Paccou, ]. Bone disorders associated with diabetes mellitus and
its treatments. Jt. Bone Spine 2019, 86, 315-320. [CrossRef]

Goldin, A.; Beckman, J.A.; Schmidt, A.M.; Creager, M.A. Advanced Glycation End Products: Sparking the Development of
Diabetic Vascular Injury. Circulation 2006, 114, 597-605. [CrossRef]

Picke, A.K.; Campbell, G.; Napoli, N.; Hofbauer, L.C.; Rauner, M. Update on the impact of type 2 diabetes mellitus on bone
metabolism and material properties. Endocr. Connect. 2019, 8, R55-R70. [CrossRef]

Hayashi, M.; Ono, T.; Nakashima, T. Signaling in Osteoblast Differentiation. In Physiology and Pathobiology of Bone Formation,
1st ed.; Cao, X., Ed.; Elsevier: Tokyo, Japan, 2020; Volume 2020, pp. 416—426. [CrossRef]

Palomer, X.; Delgado-Pizzaro, J.; Barroso, E.; Vazquez-Carrera, M. Palmitic and Oleic Acid: The Yin and Yang of Fatty Acids in
Type 2 Diabetes Mellitus. Trends Endocrinol. Metab. 2018, 29, 178-190. [CrossRef]

Liu, Q.Q.; Wang, P; He, Q.].; Ma, R.; Lee, S.C. PPARy promotes diabetes-associated centrosome amplification via increasing the
expression of SKA1 directly at the transcriptional level. J. Cell Physiol. 2019, 234, 20694-20703. [CrossRef]

Wang, K.; Sun, J.; Teng, ].E; Yu, Y.E; Zhong, D.C.; Fan, Y. Overexpression of spindle and kinetochore-associated protein 1
contributes to the progression of prostate cancer. Tumor Biol. 2017, 39, 1-8. [CrossRef] [PubMed]

Muruganandan, S.; Govindarajan, R.; Sinal, C.J. Bone Marrow Adipose Tissue and Skeletal Health. Curr. Osteoporos. Rep. 2018, 16,
434-442. [CrossRef] [PubMed]

Li, YJ.; Meng, Y.; Yu, X.J. The Unique Metabolic Characteristics of Bone Marrow Adipose Tissue. Front. Endocrinol. 2019, 10, 69.
[CrossRef]

Grygiel-Gorniak, B. Peroxisome proliferator-activated receptors and their ligands: Nutritional and clinical implications-A Review.
Nutr. J. 2014, 13, 1-9. [CrossRef]

Salvatori, R. Growth hormone deficiency in patients with obesity. Endocrine 2015, 49, 304-306. [CrossRef]

Yang, A.; Cho, S.Y.,; Kwak, M.].; Kim, S.J.; Park, SW.; Jin, D.K.; Lee, J.E. Impact of BMI on peak growth hormone responses to
provocative tests and therapeutic outcome in children with growth hormone deficiency. Sci. Rep. 2019, 9, 16181. [CrossRef]
[PubMed]

Tritos, N.A.; Klibanski, A. Chapter Nine-Effects of Growth Hormone on Bone. In Progress in Molecular Biology and Translational
Science: Growth Hormone in Health and Disease, 1st ed.; Casanueva, FF., Ed.; Elsevier: London, UK, 2016; pp. 193-211. [CrossRef]
Agha, A.; Monson, ].P. Modulation of glucocorticoid metabolism by the growth hormone-IGF-1 axis. Clin. Endocrinol. 2007, 66,
459-465. [CrossRef]

Laycock, J.; Meeran, K. Chapter 10: The Adrenal Glands (1): Adrenal Cortex. In Integrated Endocrinology, 1st ed.;
John Wiley & Sons: Oxford, UK, 2013; pp. 211-246.

Ahmad, A.M.,; Thomas, J.; Clewes, A.; Hopkins, M.T.; Guzder, R.; Ibrahim, H.; Durham, B.H.; Vora, ].P,; Fraser, W.D. Effects of
Growth Hormone Replacement on Parathyroid Hormone Sensitivity and Bone Mineral Metabolism. J. Clin. Endocrinol. Metab.
2003, 88, 2860-2868. [CrossRef]

Mrak, E.; Villa, I; Lanzi, R.; Losa, M.; Guidobono, F.; Rubinacci, A. Growth hormone stimulates osteoprotegerin expression and
secretion in human osteoblast-like cells. J. Endocrinol. 2007, 192, 639-645. [CrossRef]

Kim, T.Y.; Schafer, A.L. Diabetes and Bone Marrow Adiposity. Curr. Osteoporos. Rep. 2016, 14, 337-344. [CrossRef]

Griffith, M.L.; Younk, L.M.; Davis, S.N. Visceral Adiposity, Insulin Resistance, and Type 2 Diabetes. Am. ]. Lifestyle Med. 2010, 4,
230-243. [CrossRef]

Hivert, M.E; Sullivan, L.M.; Shrader, P,; Fox, C.S.; Nathan, D.M.; D’Agostino, R.B.; Wilson, PW.E.,; Benjamin, E.J.; Meigs, ].B. The
association of tumor necrosis factor « receptor 2 and tumor necrosis factor o with insulin resistance and the influence of adipose
tissue biomarkers in humans. Metab. Clin. Exp. 2010, 59, 540-546. [CrossRef] [PubMed]


http://doi.org/10.2337/db15-1122
http://www.ncbi.nlm.nih.gov/pubmed/27207538
http://doi.org/10.1007/s11745-016-4209-y
http://doi.org/10.3844/ajptsp.2013.197.208
http://doi.org/10.1016/j.diabres.2012.02.023
http://www.ncbi.nlm.nih.gov/pubmed/22445233
http://doi.org/10.4158/GL-2020-0524
http://doi.org/10.1016/j.jbspin.2018.08.002
http://doi.org/10.1161/CIRCULATIONAHA.106.621854
http://doi.org/10.1530/EC-18-0456
http://doi.org/10.1016/B978-0-12-801238-3.11182-1
http://doi.org/10.1016/j.tem.2017.11.009
http://doi.org/10.1002/jcp.28674
http://doi.org/10.1177/1010428317701918
http://www.ncbi.nlm.nih.gov/pubmed/28651496
http://doi.org/10.1007/s11914-018-0451-y
http://www.ncbi.nlm.nih.gov/pubmed/29855795
http://doi.org/10.3389/fendo.2019.00069
http://doi.org/10.1186/1475-2891-13-17
http://doi.org/10.1007/s12020-015-0571-4
http://doi.org/10.1038/s41598-019-52644-1
http://www.ncbi.nlm.nih.gov/pubmed/31700044
http://doi.org/10.1016/bs.pmbts.2015.10.008
http://doi.org/10.1111/j.1365-2265.2007.02763.x
http://doi.org/10.1210/jc.2002-021787
http://doi.org/10.1677/joe.1.07073
http://doi.org/10.1007/s11914-016-0336-x
http://doi.org/10.1177/1559827609360959
http://doi.org/10.1016/j.metabol.2009.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19846171

J. Clin. Med. 2022, 11, 4193 19 of 19

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

Esposito, K.; Ciotola, M.; Sasso, F.C.; Cozzolino, D.; Franco, S.; Assaloni, R.; Ceriello, A.; Giugliano, D. Effect of a single
high-fat meal on endothelial function in patients with the metabolic syndrome: Role of tumor necrosis factor-«. Nutr. Metab.
Cardiovasc. Dis. 2007, 17, 274-279. [CrossRef]

Cersosimo, E.; DeFronzo, R.A. Insulin resistance and endothelial dysfunction: The road map to cardiovascular diseases.
Diabetes Metab. Res. Rev. 2006, 22, 423-436. [CrossRef] [PubMed]

Al-Shoumer, K.A.S.; Al-Essa, T.M. Is there a relationship between vitamin D with insulin resistance and diabetes mellitus?
World |. Diabetes 2015, 6, 1057-1064. [CrossRef]

Shoelson, S.E.; Lee, ].S.; Goldfine, A.B. Inflammation and insulin resistance. J. Clin. Invest. 2006, 116, 1793-1801. [CrossRef]
[PubMed]

Ducy, P; Amling, M.; Takeda, S.; Priemel, M.; Schiling, A.E,; Beil, ET.; Shen, ].H.; Vinson, C.; Rueger, ] M.; Karsenty, G. Leptin
Inhibits Bone Formation through a Hypothalamic Relay: A Central Control of Bone Mass. Cell 2000, 100, 197-207. [CrossRef]
Roden, M.; Ludwig, C.; Nowotny, P; Schneider, B.; Clodi, M.; Vierhapper, H.; Roden, A.; Waldhdusl, W. Relative hypoleptinemia
in patients with type 1 and type 2 diabetes mellitus. Int. ]. Obes. 2000, 24, 976-981. [CrossRef]

Pan, H.T.; Guo, J.; Su, Z.Q. Advances in understanding the interrelations between leptin resistance and obesity. Physiol. Behav.
2014, 130, 157-169. [CrossRef]

Hamrick, M.W,; Ferrari, S.L. Leptin and the sympathetic connection of fat to bone. Osteoporos. Int. 2007, 19, 905-912. [CrossRef]
Aung, M.; Amin, S.; Gulraiz, A.; Gandhi, ER.; Pena Escobar, J.A.; Malik, B.H. The Future of Metformin in the Prevention of
Diabetes-Related Osteoporosis. Cureus 2020, 12, e1041. [CrossRef] [PubMed]

i§eri, H.; Kurt, G.; Kisnisci, R. Chapter 25-Biomechanics of Rapid Tooth Movement by Dentoalveolar Distraction Osteogenesis. In
Current Therapy in Orthodontics, 1st ed.; Nanda, R., Kapila, S., Eds.; Elsevier: Saint Louis, MO, USA, 2010; pp. 321-337. [CrossRef]
Lin, F; Pan, Y.N.; Zhang, Y.W.; Zhou, Q. The Effect of Metformin on Vertebral Marrow Fat in Postmenopausal Women with Newly
Diagnosed Type 2 Diabetes Mellitus. Menopause 2020, 27, 326-332. [CrossRef] [PubMed]

Hickman, D.L.; Johnson, J.; Vemulapalli, T.H.; Crisler, ].R.; Shepherd, R. Chapter 7-Commonly Used Animal Models. In Principles
of Animal Research for Graduate and Undergraduate Students, 1st ed.; Suckow, M.A., Stewart, K.L., Eds.; Academic Press: Boston, MS,
USA, 2013; pp. 117-175. [CrossRef]

Kottaisamy, C.P.D.; Raj, D.S.; Kumar, V.P.; Sankaran, U. Experimental animal models for diabetes and its related complications—a
review. Lab. Anim. Res. 2021, 37, 23. [CrossRef] [PubMed]


http://doi.org/10.1016/j.numecd.2005.11.014
http://doi.org/10.1002/dmrr.634
http://www.ncbi.nlm.nih.gov/pubmed/16506274
http://doi.org/10.4239/wjd.v6.i8.1057
http://doi.org/10.1172/JCI29069
http://www.ncbi.nlm.nih.gov/pubmed/16823477
http://doi.org/10.1016/S0092-8674(00)81558-5
http://doi.org/10.1038/sj.ijo.0801266
http://doi.org/10.1016/j.physbeh.2014.04.003
http://doi.org/10.1007/s00198-007-0487-9
http://doi.org/10.7759/cureus.10412
http://www.ncbi.nlm.nih.gov/pubmed/33062529
http://doi.org/10.1016/B978-0-323-05460-7.00025-9
http://doi.org/10.1097/GME.0000000000001473
http://www.ncbi.nlm.nih.gov/pubmed/31834159
http://doi.org/10.1016/B978-0-12-802151-4.00007-4
http://doi.org/10.1186/s42826-021-00101-4
http://www.ncbi.nlm.nih.gov/pubmed/34429169

	Introduction 
	Methodology 
	Selection of Studies 
	Rodent Selection Criteria 

	Results 
	Attributes of Subjects 
	Nature of the Studies 

	Discussion 
	Effects of Type 2 Diabetes Mellitus on Bone Mineral Density 
	Effects of Type 2 Diabetes Mellitus on Marrow Adiposity 
	Effects of Metformin on Bone Mineral Density 
	Effects of Metformin on Marrow Adiposity 

	Strengths and Weaknesses 
	Future Directions 
	Conclusions 
	References

