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INTRODUCTION

Osteoporosis is a metabolic condition resulting in a loss of 
bone mineral density (BMD), increasing bone fragility, lead-
ing to an increased risk of fracture. Nearly 54 million men 
and women over the age of 50 in the United States have 
osteoporosis or low bone mass (1). The National Osteoporo-
sis Foundation reports that 50% of women and 20% of men 
will incur an osteoporotic related fracture in their lifetime; 
thus, the economic burden is significant. In a study examin-
ing hospitalizations and associated expenses between the 
years 2000 and 2011 in women 55 and older, it was deter-
mined that osteoporotic fractures (OFs) resulted in a greater 
number of hospitalizations compared to myocardial infarc-
tion (MI), stroke, and breast cancer (2). Additionally, OF 
generated the greatest health care expenditures at $5.1 bil-
lion. These data are quite concerning and require an exami-
nation as to potential contributing factors. More recently, 
evidence of elevated fracture risk in those with diabetes has 
generated increased interest in examining the connection 
between diabetes and skeletal health.

The Centers for Disease Control and Prevention esti-
mate more than 100 million Americans have diabetes (30.3 

million) or are considered prediabetic (84.1 million), with an 
incidence of 1.5 million new cases per year (3). The over-
whelming prevalence of diabetes has resulted in an extensive 
economic burden estimated at $327 billion in 2017. Diabetes 
mellitus (DM) is a condition in which the body is unable to 
appropriately manage blood glucose due to either insuffi-
cient insulin production (typically Type 1 DM [T1DM]) or 
cellular insulin resistance (Type 2 DM [T2DM]). Diabetes 
results in progressive and extensive damage and can lead to 
several comorbidities. In addition to commonly recognized 
diabetic complications such as retinopathy, nephropathy, 
neuropathy, stroke, coronary artery disease, and peripheral 
vascular disease, diabetes appears to negatively influence 
bone (4). Studies have reported elevated fracture risk with 
diabetes. For instance, Valderrabano and Linares (5) provide 
a thorough review of studies evaluating fracture risk in 
T1DM (8 studies) and T2DM (7 studies). Each of these stud-
ies reported an increased risk of fracture in diabetic popula-
tions compared to controls, with elevated risk of hip fracture 
being of particular concern. Interestingly, Weber et al. (6) 
examined fracture incidence across the lifespan (0–89 years) 
in T1DM as part of The Health Improvement Network study. 
They reported that fracture risk was elevated at all age 
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categories compared to nondiabetics, with peak fracture 
rates occurring between the age of 60–69 for males and 
40–49 in females. The Fracture Risk Assessment score 
(FRAX) is a common tool used to assess the likelihood of 
incurring an OF by assessing a variety of variables such as 
age, smoking status, family history, and BMD. Recently, 
however, the FRAX was reported to underestimate fracture 
risk in those with DM, suggesting that including diabetes as 
a variable to the FRAX could improve the prediction accu-
racy of the tool (7).

Fracture risk associated with diabetes can vary substan-
tially, however, as the result of numerous factors such as the 
type of diabetes, length of diagnosis, and disease manage-
ment. Thus, understanding the possible mechanisms by 
which diabetes may influence bone, which is quite complex, 
is important. Additionally, research examining bone in those 
with diabetes is novel, and there is still much more to learn. 
The following review will explore some of the potential 
effects DM has on the microenvironment of bone and subse-
quent negative consequences to bone health. Furthermore, 
exercise as a potential mechanism to mediate some of the 
negative effects of diabetes and thereby optimize bone 
physiology, improving skeletal health, will be discussed.

Diabetic Factors Affecting Cellular Differentiation

Bone tissue undergoes constant changes as it responds and 
adapts to mechanical loading as well as the alterations in the 
microenvironment. The critical cells involved in the bone 
remodeling process include osteoclasts, osteoblasts, and 
osteocytes. The cellular interplay between osteoclast bone 
resorption and osteoblast bone formation is critical to formu-
lating osteocytes and maintaining a healthy skeleton. As the 
activity of these 2 cell types becomes uncoupled, with 
resorption outweighing formation, BMD is compromised 
(8). Because the etiology of T1DM and T2DM is heteroge-
neous, the process by which each condition influences skel-
etal development and maintenance is somewhat distinct. 
This is quite evident when examining the literature relative 
to BMD. Bone mineral density is often used as the primary 
marker of fracture risk. Normal BMD values are often 
equated with optimal skeletal health. Studies have reported 
low BMD with T1DM, while BMD in T2DM is more vari-
able across the literature. Bone mineral density is lower, the 
same, or in many cases higher in T2DM compared to healthy 
controls (9–12). The discrepancies in BMD between T1DM 
and T2DM can in part be attributed to insulin.

Insulin is involved in anabolic mechanisms influencing 
bone metabolism via osteoblast differentiation and activity 
(13). This is especially problematic since reduced insulin 
levels with T1DM can potentially limit bone accrual during 
the critical years of bone growth, resulting in greater suscep-
tibility to osteoporosis (14). Hyperinsulinemia associated 
with T2DM, in combination with enhanced mechanical 
loading due to overweight/obesity conditions, stimulate 
osteoblast proliferation and activity increasing BMD (4). 
Regardless of BMD status, both T1DM and T2DM demon-
strate an increased risk of fracture (5). The discrepancy seen 

in T2DM, having higher BMD yet increased fracture risk, 
provides some evidence of altered bone quality with DM 
influencing the mechanical properties that typically help 
protect the bone from fractures.

Although BMD, measured via dual energy x-ray 
absorptiometry, is the most common method for evaluating 
bone health, it does not provide information on bone quality. 
Bone mineral density provides information relative to the 
mineral content of bone, while bone quality relates to aspects 
of bone geometry/architecture and material properties. 
According to Donnelly (15):

… geometric factors include the macroscopic 
geometry of the whole bone and the microscopic 
architecture of the trabeculae. Material factors 
include of the constituent tissue arising from the 
composition and arrangement of the primary 
microstructural constituents, collagen and mineral, 
as well as microdamage and microstructural dis-
continuities such as microporosity and lamellar 
boundaries (pp. 2128–9).

These variables are independent of BMD, influencing 
structural integrity (15,16). Bone quality variables such as 
bone geometry and architecture can be evaluated via quanti-
tative computed tomography (QCT), high-resolution periph-
eral QCT (HR-pQCT), and high-resolution magnetic reso-
nance imaging, while methods such as scanning electron 
microscopy and microindentation testing can evaluate bone 
material properties. For a complete review of bone quality 
evaluation methods, see Donnelly (15). Bone quality assess-
ments may prove more beneficial to understanding the influ-
ence of diabetes on bone health.

Examining the microenvironment of bone has provided 
some insight regarding potential variables that influence 
bone at the cellular level. Elevated blood glucose appears to 
induce mechanisms that negatively affect bone quality. One 
such mechanism involves the alteration in osteoblast differ-
entiation from mesenchymal stem cells (MSCs). Mesenchy-
mal stem cells are pluripotent cells that can give rise to a 
variety of cell types including osteoblasts and adipocytes 
(17). Runt-related transcription factor 2 (RUNX2) and per-
oxisome proliferator-activated receptor γ (PPARγ) regulate 
MSC differentiation. Runt-related transcription factor 2 
favors osteogenesis and osteoblast formation, while PPARγ 
promotes adipogenesis. High glucose levels appear to reduce 
RUNX2 and promote PPARγ, which results in increased 
bone adiposity reducing bone quality (17,18).

Osteoblast status may also be influenced by advanced 
glycation end products (AGEs). Advanced glycation end 
products are a commonly produced byproduct of the hyper-
glycemic environment seen with DM as the result of the 
nonenzymatic reduction of sugars with protein or fat, known 
as glycation. Advanced glycation end products, in conjunc-
tion with an inflammatory environment, are thought to cre-
ate osteoblast dysfunction and increase osteoclastogenesis 
(13). In vivo, AGEs induce apoptosis of osteoblasts, which 
could disrupt normal skeletal regulation (19). Furthermore, 
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AGEs have a deleterious effect on the function of protein 
structures such as collagen. Advanced glycation end prod-
ucts appear to induce mechanical changes in bone via glyco-
sylation of Type 1 collagen, resulting in nonenzymatic cross-
links. Collagen is critical to the integrity of bone, as it is a 
major component of the bone matrix providing ductility and 
tensile strength (20,21). According to Saito and Marumo 
(20):

A trend towards increased loss in bone quality in 
terms of impaired enzymatic cross-link formation 
and/or an increase in AGEs cross-links in type 1 and 
2 diabetes may lead to accelerated increase of bone 
fragility, which is independent of BMD (p. 209).

Biomechanical Integrity of Diabetic Bone

The altered microenvironment with DM appears to influence 
the cellular activity of bone, thereby having the potential to 
impact bone integrity. Assessing the biomechanical proper-
ties of bone is challenging due to the invasive nature of test-
ing previously available. Thus, the majority of research has 
used animal models. In a study by Reddy et al. (22), the 
femur and tibia of diabetic-induced and nondiabetic control 
rats were excised and tested using a 3-point bending test. 
Using a standard load-deformation curve, the researchers 
evaluated variables of breaking strength (maximum stress 
applied at fracture), energy absorption capacity to yield 
point (how much energy can be absorbed without damage; 
area under the load-deformation curve), toughness (ability to 
absorb energy during failure), and bending stiffness (repre-
sented by the slope of the load-deformation curve). The 
breaking strength, energy absorption capacity to yield point, 
and toughness were reduced by 37%, 27%, and 34%, respec-
tively, while bending stiffness was increased 38% in the 
diabetic group compared to the control group. Similarly, 
Saito et al. (23) reported that diabetic rats demonstrated 
reduced bone mechanical properties, which was attributed in 
part to impaired enzymatic cross-links. With the advance-
ment of technology, researchers are able to assess bone 
microarchitecture and bone integrity variables in humans.

High-resolution peripheral QCT allows for the quantifi-
cation of microstructural parameters of bone. Studies using 
HR-pQCT technology have provided insight regarding 
potential structural differences between diabetic and nondia-
betic bone. Several, but not all, report increased cortical 
bone porosity and cortical pore volume (10,24–26). The 
altered microstructure with DM is thought to influence bone 
integrity. Patsch et al. (25) reported increased cortical poros-
ity related to deficits in overall bone strength parameters 
such as stiffness, failure load, and cortical load fraction. 
Similarly, Farr et al. (10) discovered reduced bone material 
strength, as determined by in vivo microindentation testing, 
in T2DM compared to nondiabetic individuals despite no 
significant differences in BMD between DM and non-DM 
individuals. Using a handheld microindentation instrument, 
a force was applied by a probe to the midshaft of the anterior 
aspect of the nondominant tibia and the indentation distance 

was measured. The researcher indicated the increased corti-
cal porosity via microindentation was associated with 
reduced bone material strength in T2DM. Even when no 
differences are present in cortical bone porosity, altered cor-
tical bone biomechanical properties and higher cortical bone 
AGEs are present in T2DM compared to nondiabetic indi-
viduals (27).

Potential Benefits of Exercise

The American Diabetes Association promotes the integra-
tion of exercise to aid in the nonpharmacological manage-
ment of diabetes. Exercise also supports improvement of 
other health parameters in persons with diabetes, such as 
cardiovascular fitness and muscular strength (28). The con-
nection between exercise and diabetic bone is not as well 
understood as other diabetic comorbidities; however, being 
physically active throughout the lifespan is a widely recog-
nized approach to address optimal bone development during 
youth and prevention of bone loss during adulthood (29). 
Exercise can be osteogenic by means of mechanical loading 
and optimizing the microenvironment. Both variables have 
the potential to be influential to improving diabetic bone 
health.

Exercise causes bone to adapt to the stress induced by 
muscle contraction forces as well as mechanical loading, 
known as Wolff’s law (30). As bone incurs an internal or 
external load (stress), it undergoes a level of deformation 
relative to its original length, known as strain. The objective 
of exercise is to generate a strain on bone to stimulate a sub-
sequent adaptive response via mechanotransduction, 
improving bone strength for future loading conditions. 
Mechanotransduction involves the detection of the strain/
deformation generated by a mechanical force (internal or 
external), converting it to a biochemical signal triggering a 
subsequent effector cell response, ultimately increasing in 
osteogenesis in the location of the deformation as the result 
of enhanced osteoblast differentiation (30). When specifi-
cally trying to develop an osteogenic exercise prescription, 
strain magnitude and strain rate are critical variables (31). 
Concerning strain magnitude, the exercises selected must 
reach a level of a “minimum effective strain” to induce an 
adaptive response. Depending on the training status of an 
individual, untrained/sedentary compared to trained/active, 
the maximum effective strain may vary, with exercises pro-
ducing lower strains needed for untrained/sedentary and 
higher strains needed for trained/active individuals. Addi-
tionally, greater strain rates, such as higher velocity dynamic 
movements, increase the fluid movement within bone, gen-
erating a fluid shear stress stimulating the osteogenic 
response (30,31). This is evident when examining BMD of 
various athletes. Athletes engaged in sports with higher 
ground reaction forces generally have higher BMD (32,33). 
Thus, dynamic weight-bearing exercises, such as walking, 
running, jumping/plyometrics, and resistance training that 
introduces novel amounts of muscle and mechanical stress 
are optimal for generating an adaptive response. Incorporat-
ing these types of exercise modalities to improve bone 
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accrual during youth and reduce losses with aging (29) could 
serve to counteract the negative impact of DM. More specifi-
cally, DM reduces osteoblastgenesis and induces adipogen-
esis, increasing the lipid accumulation in bone which reduces 
bone quality. Mechanical stimulation of bone will downreg-
ulate PPARγ and result in an increase in the differentiation of 
osteoblasts and reduce adipogenesis (34–36). Thus, exercise 
has the potential to mitigate some of the negative factors of 
DM on bone cellular differentiation; however, more research 
is needed to support this conclusion.

The microenvironment is also important for supporting 
optimal bone health. Uncontrolled blood glucose, hypergly-
cemia, and subsequent AGEs formation appear to be detri-
mental to the bone microenvironment. Impaired cellular 
regulation of osteoblasts, as well as the glycation of collagen 
altering bone biomechanics may be improved with exercise-
mediated reductions in blood glucose and AGEs. Both aero-
bic and resistance exercise help in managing blood glucose 
and reduce AGEs (37–39). Exercise has also been shown to 
improve bone quality, strength, and ductility despite no 
changes in bone geometry (40,41). Improvements in bone 
quality induced by exercise also can reduce fatigue-induced 
microcracks (i.e., produced by repeated stress), serving to 
protect against fracture (41). Further research is needed to 
determine the association between exercise-induced micro-
environment changes in DM and the subsequent impact on 
bone. The focus of this research should be on bone quality 
parameters rather than BMD since the two may be distinct in 
predicting fracture risk with DM.

While there is an extensive amount of research examin-
ing the benefits of exercise on DM, the focus has often been 
on management of the disease, weight loss, and cardiovascu-
lar fitness. Few studies have examined the influence on bone 
health. The studies that have been conducted report mixed 
results. As part of a 1-year weight-loss intervention study, 
Schwartz et al. (42) reported BMD losses in participants 
with T2DM completing the Look AHEAD lifestyle study. 
The study’s intervention included a dietary and an exercise 
component aimed at inducing weight loss. It is important to 
note that the exercise intervention included a weekly goal of 
at least 175 min of moderate intensity aerobic exercise, but 
resistance exercise was not included. The researchers indi-
cated that the weight loss was associated with BMD losses, 
which could relate to reduced skeletal loading. Villareal et 
al. (43) examined the impact of a weight management pro-
gram combined with exercise on a variety of parameters 
including BMD. Obese adults completed a 6-month weight 
management program combined with an aerobic, resistance, 
or combined aerobic and resistance exercise program. Bone 
mineral density of the hip decreased 2.6%, 1.1%, and less 
than 1% in the aerobic, combined, and resistance exercise 
groups, respectively. The control group, with no weight 
management nor exercise intervention, increased BMD less 
than 1%. Therefore, these studies appear to indicate weight 
management programs can pose a challenge when trying to 
reduce weight/fat mass while not sacrificing BMD. In con-
trast, Daley et al. (44) found that, when high-intensity 

resistance training was included with a weight-loss interven-
tion, BMD was maintained in obese participants with T2DM, 
while the weight-loss only group lost BMD. Thus, higher 
skeletal loading via resistance training may be necessary to 
preserve bone when also addressing the need for weight loss.

Bello et al. (45) used a diverse exercise regimen to 
examine the benefits of exercise on BMD participants diag-
nosed as prediabetic or T2DM. The exercise intervention 
used included 3 moderate-to-vigorous intensity exercise 
sessions on different days: aerobic exercise (day 1), weight-
bearing exercise (day 2), and aquatic exercise (day 3) for a 
period of 32 weeks. Significant increases in BMD of the 
Ward’s triangle were observed in the exercise group com-
pared to control. Although BMD did not increase signifi-
cantly in the femoral neck, greater trochanter, total hip, or 
whole body in the exercise group, losses were not observed 
as noted in the control group (greater trochanter and whole 
body).

Exercise Prescription Considerations

While there is very limited research directly assessing exer-
cise intervention protocols on diabetic bone parameters, the 
research to date seems to indicate that exercise has the 
potential to positively influence bone in those with DM. 
Exercise protocols designed to maximize bone accrual and 
optimize skeletal health should take into consideration the 
principles associated with mechanotransduction by optimiz-
ing strain magnitude and strain rate (46). Strain magnitude is 
the intensity of the load or the degree of ground reaction 
forces associated with the exercise mode. For example, 
walking, running, and jumping induce ground reaction 
forces of approximately 1–2, 2–3, and 3–4 times body 
weight, respectively (47,48). Activities inducing higher 
strain magnitudes, such as higher intensity resistance exer-
cises (>60% 1 repetition maximum) and jumping/plyomet-
rics, are thought to be osteogenic; however, using heavy 
loads or generating large ground reaction forces may not be 
safe or appropriate for those beginning an exercise regimen 
or for individuals with diagnosed osteoporosis. Thus, exer-
cise protocols can manipulate frequency and strain rate to 
initiate a skeletal response. Greater frequency or increased 
strain rates via high velocity dynamic movements combined 
with lower strain magnitudes can also generate an adaptive 
response (46). As the ability to handle greater loads improves, 
incorporating exercises that challenge the body resulting in 
higher strain magnitude can potentially be used safely, 
depending on the population.

When developing an exercise prescription to address 
bone health, the presence or absence of diagnosed osteo-
porosis should influence which modes of exercise are most 
appropriate. Since osteoporosis increases bone fragility 
and fracture risk, it is important to note that activities 
involving heavy loading or high ground reaction forces 
and twisting, compression, or spinal flexion may need to 
be avoided. The American College of Sports Medicine 
provides specific evidence-based recommendations for 
training frequency, intensity, time, type, volume, and 
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progression for general fitness as well as frequency, inten-
sity, time, type guidelines for individuals with osteoporo-
sis (49). Additionally, the American College of Sports 
Medicine position stand “Physical Activity and Bone 
Health” provides exercise prescription recommendations 
specifically addressing bone health. Recommendations 
include weight-bearing endurance activities performed 
3–5 times per week and moderate- to high-intensity resis-
tance training targeting major muscle groups 2–3 times 
per week. In addition to traditional resistance exercises, 
plyometric training should be incorporated when appro-
priate to elicit high ground reaction forces at high strain 
rates.

Additionally, programs should incorporate resistance 
exercises and plyometrics that load areas at high risk for 
osteoporotic related BMD loss including the spine, hips, and 
wrists. For example, squats and jumps load the hips and 
spine, while overhead press and push-ups (standard or plyo-
metric) load the wrists. Neuromotor or balance activities are 
encouraged to help reduce fall risk (49,50). Morrison et al. 
(51) determined fall frequency and fall risk to be higher in 
patients with T2DM compared to nondiabetic controls. 
Exercise has been found to positively impact proprioception, 
strength, and neuromotor control that appear to be compro-
mised with diabetic complications, subsequently reducing 
fall risk. Exercise programs should progress accordingly, to 
induce novel stress based on the health and fitness of the 
client. Figure 1 provides examples of exercises for each 
recommended mode of activity. As with Figure 1, much like 
a triangle balanced on its point, so too must exercise pre-
scriptions be balanced, incorporating all the recommended 

training modalities to optimize outcomes and progress from 
lower intensities to higher intensities. Ideally, exercise pre-
scriptions targeting bone health need to be of sufficient strain 
magnitude, include movements that are dynamic in nature, 
generating a variety of force vectors through the incorpora-
tion of multidirectional movement patterns to induce a novel 
stress, and incorporate faster movements that induce high 
strain rates (29,52).

Summary

The relationship between DM and bone health is complex, 
involves numerous variables, and is not fully understood. To 
date, research has provided some initial indications that 
insulin status, hyperglycemia, and AGEs are some of the 
variables that create a microenvironment which alters bone 
cellular activity, induces bone adiposity, and potentially 
increases porosity. These variables ultimately compromise 
bone material properties, subsequently increasing fracture 
risk. Exercise can serve as a nonpharmacological method to 
positively modify the microenvironment and cellular activ-
ity, thereby improving osteogenesis and bone quality in dia-
betics. The exercise prescription should include dynamic 
weight-bearing exercise, optimizing parameters of load 
intensity, frequency, and rate. Independent of DM, exercise 
is a recognized method for optimizing bone accrual during 
youth as well as slowing loss with aging. More research is 
needed to fully understand the significance of exercise to 
positively alter skeletal regulation and fracture risk in dia-
betics. Future studies should examine bone quality and not 
simply BMD since these variables may be independently 
impacted by DM.

FIGURE 1. Sample recommendations and exercises for a balanced osteogenic exercise prescription 
including frequency and intensity ranges. RM = repetition maximum.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-02 via free access



Diabetic Skeletal Health and Exercise
re


v

ie
w

113

REFERENCES

1.	 National Osteoporosis Foundation. (n.d.). What is osteoporosis 
and what causes it? Retrieved from: https://www.nof.org/
patients/what-is-osteoporosis/.

2.	 Singer A, Exuzides A, Spangler L, O’Malley C, Colby C, 
Johnston K, Agodoa I, Baker J, Kagan R. Burden on illness for 
osteoporotic fractures compared with other serious diseases 
among postmenopausal women in the United States. Mayo 
Clinic Proc. 2015;90(1):53–62.

3.	 National Center for Chronic Disease Prevention and Health 
Promotion. (2017). National diabetes statistics report: 
estimates of diabetes and its burden in the United States. 
Retrieved from: https://www.cdc.gov/diabetes/pdfs/data/
statistics/national-diabetes-statistics-report.pdf.

4.	 Sundararaghavan V, Mazur MM, Evans B, Liu J, Ebraheim 
NA. Diabetes and bone health: latest evidence and clinical 
implications. Ther Adv in Musculoskel Dis. 2017;9(3):67– 
74.

5.	 Valderrabano RJ, Linares MI. Diabetes mellitus and bone 
health: epidemiology, etiology and implications for fracture 
risk stratification. Clin Diabetes Endocrinol. 2018;4(9):1–8.

6.	 Weber DR, Haynes K, Leonard MB, Willi SM, Denburg MR. 
Type 1 diabetes is associated with an increased risk of fracture 
across the lifespan: a population-based cohort study using the 
Health Improvement Network (THIN). Diabetes Care 2015; 
38:1913–20.

7.	 Giangregorio LM, Leslie WD, Lix LM, Johansson H, Oden A, 
McCloskey E, Kanis JA. FRAX underestimates fracture risk 
in patients with diabetes. JBMR. 2011;27(2):301–8.

8.	 Sims NA, Gooi JH. Bone remodeling: multiple cellular 
interactions required for coupling of bone formation and 
resorption. Semin Cell Dev Biol. 2008;31(19):444–51.

9.	 De Liefde II, Van Der Klift M, De Laet CEDH, Van Daele 
PLA, Hoffman A, Pols HAP. Bone mineral density and 
fracture risk in type-2 diabetes mellitus: the Rotterdam study. 
Osteoporos Int. 2005;16:1713–20.

10.	 Farr JN, Drake MT, Amin S, Melton III JM, McCready LK, 
Kholsa S. In vivo assessment of bone quality in postmenopausal 
women with type II diabetes. JMBR. 2014;29(4):787–95.

11.	 Joshi A, Varthakavi P, Chadha M, Bhagwat N. A study of bone 
mineral density and its determinants in type 1 diabetes 
mellitus. J Osteoporos. 2013;1–8.

12.	 Tuominen JT, Impivaara O, Puukka P, Ronnemaa T. Bone 
mineral density in patients with type 1 and type 2 diabetes. 
Diabetes Care 1999;22(7):1196–200.

13.	 Sanches CP, Vianna AGD, Barreto FDC. The impact of type 2 
diabetes on bone metabolism. Diabetol Metab Syndr. 2017; 
85(9):1–7.

14.	 Thraikill K, Bunn RC, Lumpkin CJ, Wahl E, Cockrell G, 
Morris L, Kahn CR, Fowlkes J, Nyman JS. Loss of insulin 
receptor in osteoprogenitor cells impairs structural strength of 
bone. J Diabetes Res. 2014;1–9.

15.	 Donnelly E. Methods for assessing bone quality: a review. 
Clin Orthop Relat Res. 2010;469(8):2128–38.

16.	 Burr DB. Bone quality: understanding what matters. J 
Musculoskel Neuron Interact. 2004;4(2):184–6.

17.	 Wang W, Zhang X, Zheng J, Yang J. High glucose stimulates 
adipogenic and inhibits osteogenic differentiation in MG-63 
cells through cAMP/protein kinase A/extracellular signal-
regulated kinase pathway. Mol Cell Biochem. 2009; 
338:115–22.

18.	 Botolin S, Faugere MC, Malluche H, Orth M, Meyer R, 
McCabe LR. Increased bone adiposity and peroxisomal 

proliferator-activated receptor-ɣ 2 expression in type 1 
diabetic mice. Endocrine Soc. 2005;146(8):3622–31.

19.	 Alikhani M, Alikhani Z, Boyd C, MacLellan CM, Raptis M, 
Liu R, Pischon N, Trackman PC, Gerstenfeld L, Graves DT. 
Advanced glycation endproducts stimulate osteoblast 
apoptosis via the MAP kinase and cytosolic apoptotic 
pathways. Nat Inst Health. 2007;40(2):345–53.

20.	 Saito M, Marumo K. Collagen cross-links as a determinant of 
bone quality: a possible explanation for bone fragility in 
aging, osteoporosis and diabetes mellitus. Osteoporos Int. 
2010;21(2):195–214.

21.	 Yamamoto M, Sugimoto T. Advanced glycation end products, 
diabetes, and bone strength. Curr Osteoporos Rep. 
2016;14(6):320–26.

22.	 Reddy GK, Stehno-Bittel L, Hamade S, Enwemeka CS. The 
biomechanical integrity of bone in experimental diabetes. 
Diabetes Res Clin Pract. 2001;54:1–8.

23.	 Saito M, Fujii K, Mori Y, Marumo K. Role of collagen 
enzymatic and glycation induced cross-links as a determinant 
of bone quality in spontaneously diabetic WBN/Kob rats. 
Osteoporos Int. 2006;17:1514–23.

24.	 Paccou J, Ward KA, Jameson KA, Dennison EM, Cooper C, 
Edwards MH. Bone microarchitecture in men and women 
with diabetes: the importance of cortical porosity. Calcif 
Tissue Int. 2016;98(5):465–73.

25.	 Patsch JM, Burghart AJ, Yap SP, Baum T, Schwartz AV, Joseph 
GB, Link TM. Increased cortical porosity in type 2 diabetic 
postmenopausal women with fragility fractures. J Bone Min 
Res. 2013;28(2):313–24.

26.	 Samelson EJ, Demissie S, Cupples LA, Zhang Z, Xu H, Liu C, 
Boyd SK, McLean RR, Broe KE, Kiel DP, Bouxsein ML. 
Diabetes and deficits in cortical bone density, microarchitecture, 
and bone size: Framingham HR-pQCT study. J Bone Min Res. 
2018;33(1):54–61.

27.	 Karim L, Moulton J, Van Vliet M, Velie K, Robbins A, 
Malekipour F, Abdeen A, Ayers D, Bouxsein ML. Bone 
microarchitecture, biomechanical properties, and advanced 
glycation end-products in the proximal femur of adults with 
type 2 diabetes. Bone. 2018;114:32–9.

28.	 Colberg SR, Sigal RJ, Yardley JE, Riddell MC, Dunstan DW, 
Dempsey PC, Horton ES, Castorino K, Tate DF. Physical 
activity and diabetes: a position statement of the American 
Diabetes Association. Diabetes Care. 2016;39:2065–79.

29.	 Kohrt WM, Bloomfield SA, Little KD, Nelson ME, Yingling 
VR. Physical activity and bone health. Med Sci Sports Exerc. 
2004;36(11):1985–96.

30.	 Duncan RL, Turner CH. Mechanotransduction and the 
functional response of bone to mechanical strain. Calcif Tissue 
Int. 1995;57:344–58.

31.	 Lanyon LE. Functional strain as a determinant for bone 
remodeling. Calcif Tissue Int. 1984;36:S56–61.

32.	 Creighton DL, Morgan AL, Boardley D, Brolinson PG. 
Weight-bearing exercise and markers of bone turnover in 
female athletes. J Appl Physiol. 2001;90:565–70.

33.	 Morel J, Combe B, Francisco J, Bernard J. Bone mineral 
density of 704 amateur sportsmen involved in different 
physical activities. Osteoporos Int. 2001;12(2):152–7.

34.	 David V, Martin A, Lafage-Proust MH, Malaval L, Peyroche 
S, Jones DB, Vico L, Guignandon A. Mechanical loading 
down-regulates peroxisome proliferator-activated receptor ɣ 
in bone marrow stromal cells and favors osteoblastogenesis at 

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-02 via free access



114	 Journal of Clinical Exercise Physiology, Vol. 8, No. 3, 2019	 www.acsm-cepa.org
re


v

ie
w

the expense of adipogenesis. Endocrine Soc. 2007;148(5): 
2553–62.

35.	 Chen Y, Wang S, Bu S, Wang Y, Duan Y, Yang S. Treadmill 
training prevents bone loss by inhibition of PPARγ expression 
but not promoting of Runx2 expression in ovariectomized 
rats. Eur J Appl Physiol. 2011:111:1759–67.

36.	 Yang X, Cai X, Wang J, Tang H, Yuan Q, Gong P, Lin Y. 
Mechanical stretch inhibits adipogenesis and stimulates 
osteogenesis of adipose stem cells. Cell Prolif. 2012:45: 
158–66.

37.	 Asuako B, Moses MO, Eghan BA, Sarpong PA. Fasting 
plasma glucose and lipid profiles of diabetic patients improve 
with aerobic exercise training. Ghana Med J. 2017;51(3): 
120–7.

38.	 Grace A, Chan E, Giallauria F, Graham PL, Smart NA. 
Clinical outcomes and glycaemic responses to different 
aerobic exercise training intensities in type II diabetes: a 
systematic review and meta-analysis. Cardiovasc Diabetol. 
2017;16(37):1–10.

39.	 Van Dijk JW, Manders RJF, Tummers K, Bonomi AG, 
Stehouwer CDA, Hartgens F, Van Loon LJC. Both resistance- 
and endurance-type exercise reduce the prevalence of 
hyperglycaemia in individuals with impaired glucose tolerance 
and in insulin-treated and non-insulin-treated type 2 diabetic 
patients. Diabetologia. 2012;55:1273–82.

40.	 Wallace JM, Ron MS, Kohn DH. Short-term exercise in mice 
increases tibial post-yield mechanical properties while two 
weeks of latency following exercise increases tissue-level 
strength. Calc Tiss Inter. 2009;84(4)297–304.

41.	 Kohn DH, Sahar ND, Wallace JM, Golcuk K, Morris MD. 
Exercise alters mineral and matrix composition in the absence 
of adding new bone. Cells Tissues Organs. 2009;189:33–7.

42.	 Schwartz, AV, Johnson, KC, Kahn, SE, Shepherd, JA, Nevitt, 
MC, Peters, AL, Walkup, MP, Hodges, A, Williams, CC, Bray, 
GA, and the Look AHEAD Research Group. Effect of 1 year 
of an intentional weight loss intervention on bone mineral 

density in type 2 diabetes: results from the Look AHEAD 
randomized trial. J Bone Min Res. 2012;27(3):619–27.

43.	 Villareal DT, Aguirre L, Gurney AB, Waters DL, Sinacore 
DR, Colombo E, Armamento‑Villareal R, Qualls C. Aerobic 
or resistance exercise, or both, in dieting obese older adults. N 
Engl J Med. 2017:376(20):1943–55.

44.	 Daly RM, Dunstan DW, Owen N, Jolley D, Shaw JE, Zimmet 
PZ. Does high-intensity resistance training maintain bone 
mass during moderate weight loss in older overweight adults 
with type 2 diabetes? Osteoporosis Int. 2005;16(12): 
1703–12.

45.	 Bello M, Sousa MC, Neto G, Oliveira L, Guerras I, Mendes R, 
Sousa N. The effect of a long-term, community based exercise 
program on bone mineral density in postmenopausal women 
with pre-diabetes and type 2 diabetes. J Human Kinet. 2014; 
43:43–8.

46.	 Ehrlich PJ, Lanyon LE. Mechanical strain and bone cell 
function: a review. Osteoporos Int. 2002;13:688–700.

47.	 Rowlands AV, Stiles VH. Accelerometer counts and raw 
acceleration output in relation to mechanical loading. J 
Biomech. 2012;45:448–54.

48.	 Knudson D. Fundamentals of biomechanics. 2nd ed. New 
York, NY: Springer; 2007.

49.	 Riebe D, Ehrman, JK, Liguori G, Magal M. ACSM’s 
guidelines for exercise testing and prescription. 10th ed. 
Philadelphia, PA: Wolters Kluwer; 2018.

50.	 Ehrman JK, Gordon PM, Visich PS, Keteyian SJ. Clinical 
exercise physiology. 4th ed. Champaign, IL: Human Kinetics; 
2019.

51.	 Morrison S, Colberg SR, Mariano M, Parson HK, Vinik AI. 
Balance training reduces falls risk in older individuals with 
type 2 diabetes. Diabetes Care. 2010;33:748–50.

52.	 Swain DP. ACSM’s resource manual for guidelines for 
exercise testing and prescription. 7th ed. Philadelphia, PA: 
Wolters Kluwer Health/Lippincott Williams & Wilkins; 2014.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-02 via free access


