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Abstract  
 
     Nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ) is a transcription factor 
essential for adipocyte differentiation, insulin signaling, and processes of energy turnover in adipose, liver 
and muscle tissue. PPARγ also controls bone turnover and regulates bone cell differentiation of both 
mesenchymal and hematopoietic lineages. Recent evidence suggests that bone is an organ integral to 
energy metabolism not only with respect to energy storage, but also as an organ regulating systemic energy 
homeostasis. Since PPARγ is positioned at the crossroads of the control of bone mass and energy 
metabolism, therapeutic manipulation of its activity may affect bone. Indeed, anti-diabetic thiazolidinedione 
(TZD) therapy, which targets PPARγ activity, is associated with both decreased bone mass and increased 
fracture risk. However, the anti-osteoblastic activity of PPARγ can be separated from its metabolic activity by 
using selective PPARγ agonists, which raises the possibility of the development of therapies beneficial for 
diabetes and safe for bone. This Perspective reviews current evidence for the role of PPARγ in bone 
metabolism and bone cell differentiation. It also discusses the role of bone fat in the modulation of the bone 
marrow microenvironment and a possible contribution of this fat compartment to the systemic regulation of 
energy metabolism. IBMS BoneKEy. 2010 May;7(5):171-181. 
2010 International Bone & Mineral Society 
 
 
Introduction  
 
Nuclear receptor peroxisome proliferator-
activated receptor gamma (PPARγ) is an 
essential regulator of lipid, glucose, and 
insulin metabolism (1). PPARγ is a key 
transcription factor for adipocyte 
differentiation and for the maintenance of 
the adipogenic phenotype. This nuclear 
receptor is also a target for a class of anti-
diabetic drugs, thiazolidinediones (TZDs), 
which regulate adipose tissue capabilities to 
store fat and produce endocrine factors 
sensitizing peripheral tissues to insulin (1). 
Recent advances in understanding the role 
of bone in the systemic regulation of energy 
metabolism indicate that bone marrow cells, 
osteoblasts and adipocytes are involved in 
this process. Marrow adipocytes, the 
development and function of which are 
under PPARγ control, store significant 
quantities of fat and produce adipokines, 
leptin and adiponectin, involved in energy 

metabolism (2;3), whereas osteoblasts 
produce osteocalcin, a bone-specific 
hormone that has potential to regulate 
insulin production in the pancreas and 
adiponectin production in fat tissue (4). 
Perhaps not surprisingly, PPARγ plays an 
important role in the maintenance of bone 
mass. PPARγ regulates the lineage 
commitment of both marrow mesenchymal 
stem cells (MSCs) towards adipocytes and 
away from osteoblasts (5), and of 
hematopoietic stem cells (HSCs) towards 
osteoclasts (6). As a result, PPARγ controls 
both components of the bone remodeling 
process, bone formation and bone 
resorption.  

 
The PPARγ  Nuclear Receptor and Its 
Metabolic Activity 
 
PPARγ in adipocytes regulates energy 
storage and insulin signaling. The dietary 
abundance of fatty acids increases the 
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activity of PPARγ and leads to the activation 
of lipogenesis, a program designed for 
energy storage in the form of accumulated 
lipids in fat tissue. A scarcity of nutrients 
results in a decrease in PPARγ activity and 
allows for lipolysis, a process that mobilizes 
energy stored in fat tissue. Continuous over-
nutrition leads to excessive upregulation of 
PPARγ activity, increased lipid storage, the 
development of obesity and insulin 
resistance (7).  
 
The PPARγ protein belongs to the 
superfamily of nuclear receptors, which also 
includes the retinoic acid, estrogen, thyroid, 
vitamin D, and glucocorticoid receptors, and 
several other proteins involved in the 
metabolism of xenobiotics (1). PPARγ 
possesses a canonical domain structure 
common to other nuclear receptor family 
members, including the amino terminal AF-1 
transactivation domain, followed by a DNA-
binding domain, and a dimerization and 
ligand binding domain with a ligand-
dependent transactivation function AF-2 
located at the carboxy terminal region. Upon 
ligand binding and formation of the 
transcriptional complex, which includes a 
retinoic receptor heterodimerization partner 
and the assembly of co-activator proteins, 
PPARγ facilitates transcription by binding to 
cis-acting PPRE elements in a gene 
regulatory region. Transcriptional activity of 
PPARγ is controlled by binding of lipophilic 
ligands to the ligand binding pocket. The 
natural ligands are derived from nutrients or 
products of metabolic pathways and consist 
of polyunsaturated fatty acid derivatives and 
ecosanoids. Synthetic ligands include anti-
diabetic TZDs, of which rosiglitazone and 
pioglitazone have been used clinically since 
1999. PPARγ transcriptional specificity is 
determined by a ligand-specific interaction, 
which introduces allosteric alterations in the 
AF-2 domain, and recruitment of co-
activators in a ligand- and cell type-specific 
manner (1).  
 
The PPARγ nuclear receptor is expressed in 
mice and humans as two different isoforms, 
PPARγ1 and PPARγ2, due to alternative 
promoter usage and alternative splicing (1). 
In humans, PPARγ2 differs from PPARγ1 by 
the presence of 28 amino acids (30 amino 

acids in rodents) located in the AF-1 domain. 
PPARγ1 is expressed in a variety of cell 
types, including adipocytes, muscle, 
macrophages, osteoblasts and osteoclasts, 
whereas PPARγ2 expression is restricted to 
adipocytes, including marrow adipocytes, 
and is essential for the differentiation and 
maintenance of their phenotype and function 
(8;9).  
 
PPARγ  and Lipid Metabolism in Bone  
 
The phenotype of marrow adipocytes is 
similar to that of adipocytes present in white 
and brown fat, but the unique location of 
these cells in bone presumably directs their 
more specialized functions. For years, 
marrow fat was considered merely a cellular 
component of bone that served a passive 
role by occupying space no longer needed 
for hematopoiesis. However, recent 
developments demonstrating that fat plays 
an essential role as an endocrine organ 
involved in energy metabolism place marrow 
fat under a new research spotlight (2;3).   
 
A relatively well-characterized role of 
marrow adipocytes is in the support of 
hematopoiesis by producing the necessary 
cytokines and energy in the form of heat for 
hematopoietic cell development (10). In 
addition, marrow fat may participate in lipid 
metabolism by clearing and storing 
circulating triglycerides, thereby providing a 
localized energy reservoir for emergency 
situations affecting, for example, 
osteogenesis (e.g., bone fracture healing) 
(2). Marrow adipocytes produce leptin and 
adiponectin, the expression of which are 
under PPARγ control and which are 
endocrine regulators of caloric intake and 
insulin sensitivity. Interestingly, cells of the 
osteoblastic lineage express receptors for 
both leptin and adiponectin and it was 
demonstrated that these adipokines may 
modulate osteoblast differentiation and 
function (11;12). Thus, it is reasonable to 
believe that bone fat has a local endocrine 
function, which modulates the marrow 
environment supporting bone remodeling.  
 
By the third decade of human life, fat 
occupies almost the entire cavity of long 
bones. Similarly, TZD administration causes 
significant increase in bone fat, although its 
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metabolic profile may differ from fat that 
accumulates with aging (13). Nevertheless, 
based on significant quantities of fat in bone, 
it is likely that adipokines produced in bone 
may enter the circulation and contribute to 
the regulation of systemic energy 
metabolism. Hence, it is reasonable to 
believe that the endocrine function of 
marrow fat has not only local, but also 
systemic significance.  
 
PPARγ  Controls Bone Stem Cell 
Differentiation  
 
As shown in a number of in vitro models of 
MSC differentiation, as well as in primary 
bone marrow cells, the activation of the 
PPARγ2 isoform with either natural (fatty 
acids and ecosanoids) or artificial (TZD) 
ligands directs MSC differentiation toward 
the adipocyte lineage at the expense of 
osteoblast formation (5;14). Moreover, 
activation of PPARγ2 in cells of the 
osteoblast lineage converts them to 
terminally differentiated adipocytes and 
irreversibly suppresses their phenotype, 
including suppression of osteoblast-specific 
signaling pathways such as the Wnt, 
TGFβ/BMP and IGF-1 pathways and 
transcriptional regulators such as Dlx5, 
Runx2 and Osterix (9;15). Thus, PPARγ2 
acts as a positive regulator of adipocyte 
differentiation and a dominant-negative 
regulator of osteoblast differentiation. 
Additionally, in mesenchymal cells PPARγ2 
upregulates the expression of RANKL, a 
cytokine supporting osteoclastogenesis (13). 
Moreover, the PPARγ1 isoform has been 
shown to promote osteoclast differentiation 
from a pool of HSCs and bone resorption. In 
osteoclasts, PPARγ1 controls the 
expression of c-fos protein, an important 
determinant of osteoclast lineage 
commitment and development, and RANK 
signaling activity (6). Thus, in addition to the 
suppressive effect on osteoblast 
differentiation, PPARγ positively regulates 
osteoclastogenesis. The complexity of 
PPARγ effects on bone cell differentiation 
and bone remodeling is summarized in Fig. 
1. 
 
In vitro studies, using a cellular model of 
PPARγ2-controlled MSC differentiation, 

showed that besides controlling MSC fate, 
PPARγ2 also regulates the expression of a 
number of genes associated with the stem 
cell phenotype and formation of a micro-
environment supporting hematopoiesis (16). 
In general, PPARγ2 negatively regulates the 
expression of so-called “stemness” genes, 
which are involved in the recruitment and 
maintenance of the stem cell phenotype, 
and include ABCG2, Egfr, CD44, Kitl, SDF-1, 
LIF and LIFR (16). Interestingly, depending 
upon its activation status, PPARγ2 has a 
differential effect on the expression of genes 
involved in the support of hematopoiesis. 
Thus, the sole presence of PPARγ2, without 
activation with exogenous ligand, increased 
expression of hematopoiesis-supporting 
genes, as compared to cells that did not 
express PPARγ2. However, activation of 
PPARγ2 with rosiglitazone significantly 
decreased the expression of these genes 
and the support for hematopoiesis (16). On 
that note, prolonged TZD therapy in humans 
is associated with the development of 
anemia (17). Based on the above in vitro 
findings, one would suggest that activation 
of PPARγ in the bone marrow contributes to 
the decrease in blood cell number in diabetic 
patients on TZD therapy.  
 
During the natural process of aging, bone 
mass declines and fat mass in bone 
increases (reviewed in (18)). This correlates 
with changes in the levels of phenotype-
specific gene expression in MSCs; for 
example, levels of PPARγ2 increase, while 
levels of pro-osteoblastic Runx2 and Dlx5 
decrease (19). The systemic and cellular 
levels of natural PPARγ activators, such as 
oxidized fatty acids, increase with aging as 
well (19-21). Thus, as a result of increased 
PPARγ expression with aging, marrow-
borne MSCs lose their ”stemness” and are 
more prone to adipocytic and less prone to 
osteoblastic differentiation.  
 
An association between bone loss and 
increased marrow adiposity is visible not 
only during aging, but also during conditions 
of skeletal disuse, such as microgravity or 
paraplegia. In humans and animals, skeletal 
unloading results in bone loss, which is 
associated with increased expression of 
PPARγ and an increase in the marrow fat
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Fig. 1. The complexity of PPARγ effects on bone. PPARγ activities: Anti-OB – anti-osteoblastic; Pro-AD – 
pro-adipocytic; Pro-OC – pro-osteoclastic. 
 
compartment (22;23). Conversely, 
mechanical signals of high frequency and 
low intensity have anabolic effects on bone 
and decrease marrow adiposity and PPARγ 
expression (24).  
 
Selective Regulation of PPARγ  Pro-
adipocytic and Anti-osteoblastic Activity 
 
The PPARγ ligand binding domain contains 
a large binding pocket capable of 
encompassing a variety of ligands. This 
provides a wide array of potential contact 
points that can result in various PPARγ 
conformations and differential recruitment of 
co-activators, which determine specificity of 
this nuclear receptor (1). Although anti-
diabetic TZDs have a very beneficial profile 
in regard to insulin sensitization and 
lowering blood glucose levels, their adverse 
effects on weight gain, fluid retention, and 
bone fractures require development of 
selective PPARγ modulators (SPPARMs), 

which will have high potency to treat diabetic 
disease with minimal adverse effects.   
 
In MSCs, the anti-osteoblastic and pro-
adipocytic PPARγ2 activities can be 
separated by using ligands of different 
chemical structures, which suggests that 
PPARγ2 effects on the osteoblast and 
adipocyte phenotypes are mediated by 
distinct regulatory pathways (25). Indeed, 
gene expression profiling in response to 
rosiglitazone showed that PPARγ2 pro-
adipocytic activity is transcriptional in nature 
and involves binding to PPRE elements in 
gene regulatory regions, whereas its anti-
osteoblastic activity is PPRE-independent 
and involves changes in the activity of 
osteoblast-specific signaling pathways, such 
as the Wnt and TGFβ/BMP pathways, 
followed by suppression of osteoblast-
specific transcriptional activators (15). 
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The Role of PPARγ  Coregulators in the 
Control of Bone Mass 
 
It is well-appreciated that the activity and 
specificity of nuclear receptors are 
determined by coregulator proteins, which 
may either activate or repress their activity. 
It is also evident that proteins from the 
nuclear receptor family may share the same 
coregulators, which may lead to a form of 
competition for the same protein by two 
different nuclear receptors. An example of 
such competition and its effect on bone was 
recently reported between PPARγ and 
estrogen receptor (ER) for Src-2 coactivator 
(26). In animals with normal estrogen levels, 
Src-2 deficiency led to decreases in both ER 
and PPARγ activity, whereas in estrogen-
deficient animals with normal levels of Src-2, 
PPARγ activity was enhanced due to 
increased availability of Src-2 coactivator for 
this transcription factor (26).  
 
Recently, a member of the circadian clock 
system, the protein nocturnin, was identified 
as a new accessory protein for PPARγ. 
Nocturnin binds to PPARγ in the cytoplasm 
and facilitates its entry into the nucleus, 
which enhances PPARγ transcriptional 
activity. Mice deficient in nocturnin have 
higher bone mass and lower numbers of 
adipocytes in the marrow. Moreover, 
nocturnin overexpression in cells of the 
osteoblast lineage converts them to 
adipocytes and suppresses the osteoblast 
phenotype (27).  
 
PPARγ Polymorphism and Skeletal Status 
 
That PPARγ regulates skeletal homeostasis 
has been suggested by studies of single 
nucleotide polymorphisms (SNPs) in the 
PPARγ gene sequence. These studies 
showed that some relatively common SNPs, 
which are associated with the development of 
metabolic diseases and insulin resistance, are 
also associated with bone mass. In a 
population of Japanese women, a silent 
C161→T transition in exon 6, which is 
common for both PPARγ isoforms, results in 
lower bone mineral density (BMD) at the total 
hip and femoral neck, and a predisposition to 
develop osteoporosis with an odds ratio of 
1.98 (28). The same SNP in a population of 

healthy middle-aged Korean women is 
associated with lower levels of circulating 
osteoprotegerin (OPG), a negative regulator of 
osteoclast development, but not changes in 
BMD (29). Similarly, the most frequently 
occurring polymorphism, a substitution of 
proline to alanine (Pro12Ala) in exon B of the 
PPARγ2 isoform, is associated with low levels 
of serum OPG in healthy Korean women (30). 
 
Recently, an analysis of the Framingham 
Offspring Cohort revealed several novel 
polymorphic changes in the coding region of 
PPARγ, which indicate an interaction of the 
PPARγ gene by diet on areal (a)BMD in both 
men and women (31). The influence of the 
PPARγ interaction by dietary fat on bone mass 
was also confirmed in mice (31).  
 
Genetic alterations in the coding sequence of 
lipoxygenases, enzymes responsible for the 
production of oxidized derivatives of fatty acids 
and ligands for PPARγ, are also associated 
with changes in bone mass in mice and 
humans. The disruption of either 5- or 15-
lipoxygenase in mice leads to increased bone 
mass (32;33), whereas in humans 
polymorphic changes in the locus for 12- and 
15-lipoxygenase correlate with changes in 
BMD in normal subjects and in 
postmenopausal women, respectively (34;35).  
 
The Role of PPARγ in the Maintenance of 
Bone Mass 
 
Since both cellular components of bone 
remodeling, osteoblasts and osteoclasts, are 
under the control of PPARγ, the status of its 
activity is important for maintaining the 
balance between bone resorption and bone 
formation. Indeed, several animal models, as 
well as human studies, have shown that 
changes in PPARγ activity, which are 
determined by both the level of protein 
expression and the level of PPARγ activation, 
lead to unbalanced bone remodeling (Fig. 1).  
 
An essential role of PPARγ in the maintenance 
of adult bone homeostasis was demonstrated 
in animal models of either bone accrual or 
bone loss depending on the status of PPARγ 
activity. In models of bone accrual, a decrease 
in PPARγ activity in either heterozygous 
PPARγ-deficient mice or mice carrying a 
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hypomorphic mutation in the PPARγ gene 
locus led to increased bone mass due to an 
increased number of osteoblasts (36;37). In 
addition, a decrease in PPARγ expression 
protected bone against age-dependent bone 
loss (36). Of interest, mice deficient in PPARγ 
expression in cells of the hematopoietic 
lineage developed high bone mass and were 
more resistant to TZD-induced bone loss than 
control mice (6). Thus, PPARγ deficiency has 
an anabolic effect on bone, which results from 
increased bone formation and decreased 
bone resorption.  
 
In contrast, in rodent models of bone loss due 
to PPARγ activation, administration of the TZD 
rosiglitazone resulted in significant decreases 
in BMD and bone volume, and changes in 
bone microarchitecture (13;38;39). Due to the 
similarities with age-related bone loss, some 
speculate that TZDs may accelerate the aging 
of bone (13). The observed bone loss was 
associated with the expected changes in the 
structure and function of bone marrow, which 
led to alterations in the ratio between the 
number of osteoblasts and osteoclasts, 
suggesting an imbalance between bone 
resorption and bone formation. The degree of 
bone loss in response to rosiglitazone 
treatment correlated with age and the level of 
PPARγ2 expression in bone. In younger 
animals with lower levels of PPARγ, bone loss 
was less extensive than in older animals (13). 
Moreover, age determines the mechanism by 
which bone loss occurs. In younger animals 
rosiglitazone administration decreased bone 
formation, whereas in older animals it 
increased bone resorption (13). Interestingly, 
in the absence of estrogen, rosiglitazone 
enhanced bone loss, mainly due to increased 
bone resorption, pointing to functional 
crosstalk between PPARγ and ER (40;41).  
 
In addition to in vitro studies, the selective 
activation of PPARγ “bone” activities was 
also demonstrated in vivo. Administration of 
the TZD netoglitazone to normoglycemic 
mice resulted in extensive accumulation of 
marrow fat, but did not affect bone mass 
(42). Similarly, administration of troglitazone, 
to apolipoprotein E-deficient mice for 10 
months, did not affect bone mass, although 
it increased the number of marrow 
adipocytes and appeared to affect the 

marrow hematopoietic compartment (43). 
Based on the finding that the pro-adipocytic 
and anti-osteoblastic activities of PPARγ2 
can be separated, one can expect that 
specific SPPARMs can be identified with 
beneficial activities as insulin sensitizers and 
without adverse effects on bone.    
 
Does Anti-diabetic TZD Therapy Lead to 
the Development of Secondary 
Osteoporosis? 
 
Recent clinical evidence suggests that anti-
diabetic TZD therapy is associated with a 
decrease in BMD and an increase in fracture 
risk in humans (44;45). Observational studies 
using data from the Health, Aging, and Body 
Composition cohort reported that older 
postmenopausal TZD users experience 
additional bone loss at the rate of -0.61% 
annually as compared to non-TZD users (46). 
A randomized controlled trial performed in 
New Zealand followed postmenopausal 
nondiabetic women over 14 weeks of 
rosiglitazone administration. The results 
showed a decrease of serum biochemical 
bone formation markers, unchanged bone 
resorption markers, and a decrease in hip 
BMD by -1.9% as compared to BMD at the 
beginning of treatment (47). This study 
concluded that short-term therapy with 
rosiglitazone exerts detrimental skeletal effects 
by inhibiting bone formation. Similarly, a 
randomized placebo-controlled study of the 
effect of pioglitazone on bone in polycystic 
ovary syndrome patients in Denmark 
demonstrated that 16 weeks of treatment with 
pioglitazone resulted in a significant decline in 
BMD of the lumbar spine (-1.1%) and femoral 
neck (-1.4%) (48).  
 
The first evidence of increased fracture risk in 
TZD users came from A Diabetes Outcome 
Progression Trial (ADOPT), which compared 
the anti-hyperglycemic effects of three 
different anti-diabetic therapies with 
rosiglitazone, metformin, or glyburide, for a 
median of 4.0 years in randomly assigned 
women and men (49). Surprisingly, the effects 
were gender-specific and the fracture rates in 
men did not differ between treatment groups 
and did not show a significant difference in 
overall risk. The calculated hazard ratio for 
women receiving rosiglitazone was 1.81 and 
2.13 compared with metformin and glyburide, 
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respectively. Fractures were seen 
predominantly in the lower and upper limbs; 
however, vertebral fractures were not 
assessed in this study. There was no 
correlation between rosiglitazone use and 
estrogen status since both pre- and 
postmenopausal women exhibited an increase 
in fractures (49). Similarly, meta-analyses of 
data from 10 randomized controlled trials 
showed that long-term TZD use doubles the 
risk of fractures exclusively in women but not 
in men with type 2 diabetes mellitus (T2DM) 
(50). In contrast, observational studies based 
on the United Kingdom General Practice 
Research Database, which included a large 
population of older individuals, concluded that 
TZD therapy and its duration are associated 
with a significant increase in non-vertebral 
fractures independently of patient age and 
sex. The adjusted odds ratio of fracture 
occurrence was 4.54 for the hip/femur, 2.12 for 
the humerus, and 2.90 for the wrist/forearm 
(51). Similarly, retrospective studies of 84,339 
patients from British Columbia, Canada, 
showed that both men and women receiving 
TZDs are at risk of increased fractures by 
28%, and that the TZD pioglitazone may be 
more strongly associated with fractures than 
rosiglitazone (52). 
 
The issue of increased fracture risk in patients 
on TZD therapy is further underscored by the 
fact that the incidence of bone fractures in 
individuals with non-insulin-dependent T2DM 
is higher at a given BMD and increases with 
the duration of diabetic disease (53). A 
number of findings suggest that diabetic bone 
is altered in quality. Highly reactive glucose 
metabolites (AGEs), of which circulating levels 
are increased in T2DM, are implicated in 
forming cross-links between collagen fibers 
and affect bone biomechanical properties by 
increasing bone's stiffness and fragility (54). 
Recent observational studies showed that 
increased levels of the AGE pentosidine 
positively correlate with increased fracture risk 
in T2DM (55;56). The abnormal rate of bone 
remodeling may in addition contribute to the 
decrease in bone quality. In a murine L-
SACC1 model of hyperinsulinemia, high bone 
mass correlates with a decreased bone 
remodeling rate (57), while histomorphometric 
studies of human bone suggest that bone 
turnover is compromised in older T2DM 
patients (58).  

Conclusion 
 
Osteoporosis, obesity, and diabetes are the 
most common pathologies occurring in 
highly industrialized countries (Centers for 
Disease Control and Prevention; 
http://www.cdc.gov). Since PPARγ is 
positioned at the crossroads of the control of 
bone mass and energy expenditure, the 
therapeutic manipulation of its activities may 
affect the skeleton, in both a positive and a 
negative fashion. On the other hand, there is 
increasing interest in the function of marrow 
fat including its capability to contribute to 
insulin-dependent glucose and fatty acid 
metabolism. If marrow fat plays such a role, 
then pharmacologic harnessing of the 
metabolic properties of bone fat is an 
attractive possibility for enlarging our 
armamentarium to fight metabolic diseases.  
 
Acknowledgments 
 
This work was supported by funds from 
NIH/NIA AG028935 and the American 
Diabetes Association’s Amaranth Diabetes 
Fund 1-09-RA-95.  
 
Conflict of Interest: None reported. 
 
Peer Review: This article has been peer-reviewed. 
 
References 
 
1. Tontonoz P, Spiegelman BM. Fat and 

beyond: the diverse biology of 
PPARgamma. Annu Rev Biochem. 
2008;77:289-312. 

 
2. Gimble JM, Zvonic S, Floyd ZE, Kassem 

M, Nuttall ME. Playing with bone and fat. 
J Cell Biochem. 2006 May 15;98(2):251-
66. 

 
3. Kawai M, Devlin MJ, Rosen CJ. Fat 

targets for skeletal health. Nat Rev 
Rheumatol. 2009 Jul;5(7):365-72. 

 
4. Hinoi E, Gao N, Jung DY, Yadav V, 

Yoshizawa T, Kajimura D, Myers MG Jr, 
Chua SC Jr, Wang Q, Kim JK, Kaestner 
KH, Karsenty G. An osteoblast-
dependent mechanism contributes to 
the leptin regulation of insulin secretion. 

http://www.cdc.gov/


IBMS BoneKEy. 2010 May;7(5):171-181 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;7/5/171 
doi: 10.1138/20100443 
 

 178 
 

Copyright 2010 International Bone & Mineral Society 
 

Ann N Y Acad Sci. 2009 Sep;1173 
Suppl 1:E20-30. 

 
5. Lecka-Czernik B, Suva LJ. Resolving 

the two "bony" faces of PPAR-gamma. 
PPAR Res. 2006;2006:27489. 

 
6. Wan Y, Chong LW, Evans RM. PPAR-

gamma regulates osteoclastogenesis in 
mice. Nat Med. 2007 Dec;13(12):1496-
503. 

 
7. Knouff C, Auwerx J. Peroxisome 

proliferator-activated receptor-gamma 
calls for activation in moderation: 
lessons from genetics and 
pharmacology. Endocr Rev. 2004 
Dec;25(6):899-918. 

 
8. Ren D, Collingwood TN, Rebar EJ, 

Wolffe AP, Camp HS. PPARgamma 
knockdown by engineered transcription 
factors: exogenous PPARgamma2 but 
not PPARgamma1 reactivates 
adipogenesis. Genes Dev. 2002 Jan 
1;16(1):27-32. 

 
9. Lecka-Czernik B, Gubrij I, Moerman EA, 

Kajkenova O, Lipschitz DA, Manolagas 
SC, Jilka RL. Inhibition of Osf2/Cbfa1 
expression and terminal osteoblast 
differentiation by PPARgamma2. J Cell 
Biochem. 1999 Sep 1;74(3):357-71. 

 
10. Tavassoli M. Marrow adipose cells and 

hemopoiesis: an interpretative review. 
Exp Hematol. 1984 Feb;12(2):139-46. 

 
11. Elefteriou F, Ahn JD, Takeda S, 

Starbuck M, Yang X, Liu X, Kondo H, 
Richards WG, Bannon TW, Noda M, 
Clement K, Vaisse C, Karsenty G. 
Leptin regulation of bone resorption by 
the sympathetic nervous system and 
CART. Nature. 2005 Mar 
24;434(7032):514-20. 

 
12. Shinoda Y, Yamaguchi M, Ogata N, 

Akune T, Kubota N, Yamauchi T, 
Terauchi Y, Kadowaki T, Takeuchi Y, 
Fukumoto S, Ikeda T, Hoshi K, Chung 
UI, Nakamura K, Kawaguchi H. 
Regulation of bone formation by 
adiponectin through autocrine/paracrine 

and endocrine pathways. J Cell 
Biochem. 2006 Sep 1;99(1):196-208. 

 
13. Lazarenko OP, Rzonca SO, Hogue WR, 

Swain FL, Suva LJ, Lecka-Czernik B. 
Rosiglitazone induces decreases in 
bone mass and strength that are 
reminiscent of aged bone. 
Endocrinology. 2007 Jun;148(6):2669-
80. 

 
14. Muruganandan S, Roman AA, Sinal CJ. 

Adipocyte differentiation of bone 
marrow-derived mesenchymal stem 
cells: cross talk with the 
osteoblastogenic program. Cell Mol Life 
Sci. 2009 Jan;66(2):236-53. 

 
15. Shockley KR, Lazarenko OP, Czernik 

PJ, Rosen CJ, Churchill GA, Lecka-
Czernik B. PPARgamma2 nuclear 
receptor controls multiple regulatory 
pathways of osteoblast differentiation 
from marrow mesenchymal stem cells. J 
Cell Biochem. 2009 Feb 1;106(2):232-
46. 

 
16. Shockley KR, Rosen CJ, Churchill GA, 

Lecka-Czernik B. PPARgamma2 
regulates a molecular signature of 
marrow mesenchymal stem cells. PPAR 
Res. 2007;2007:81219. 

 
17. Giannini S, Serio M, Galli A. Pleiotropic 

effects of thiazolidinediones: taking a 
look beyond antidiabetic activity. J 
Endocrinol Invest. 2004 Nov;27(10):982-
91. 

 
18. Rosen CJ, Bouxsein ML. Mechanisms 

of disease: is osteoporosis the obesity 
of bone? Nature Clin Pract Rheumatol. 
2006 Jan;2(1):35-43. 

 
19. Moerman EJ, Teng K, Lipschitz DA, 

Lecka-Czernik B. Aging activates 
adipogenic and suppresses osteogenic 
programs in mesenchymal marrow 
stroma/stem cells: the role of PPAR-
gamma2 transcription factor and TGF-
beta/BMP signaling pathways. Aging 
Cell. 2004 Dec;3(6):379-89. 

 
20. Spiteller G. The important role of lipid 

peroxidation processes in aging and age 



IBMS BoneKEy. 2010 May;7(5):171-181 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;7/5/171 
doi: 10.1138/20100443 
 

 179 
 

Copyright 2010 International Bone & Mineral Society 
 

dependent diseases. Mol Biotechnol. 
2007 Sep;37(1):5-12. 

 
21. Maurin AC, Chavassieux PM, Vericel E, 

Meunier PJ. Role of polyunsaturated 
fatty acids in the inhibitory effect of 
human adipocytes on osteoblastic 
proliferation. Bone. 2002 Jul;31(1):260-6. 

 
22. Suva LJ, Gaddy D, Perrien DS, Thomas 

RL, Findlay DM. Regulation of bone 
mass by mechanical loading: 
microarchitecture and genetics. Curr 
Osteoporos Rep. 2005 Jun;3(2):46-51. 

 
23. Marie PJ, Kaabeche K. PPAR gamma 

activity and control of bone mass in 
skeletal unloading. PPAR Res. 
2006;2006:64807. 

 
24. Ozcivici E, Luu YK, Adler B, Qin YX, 

Rubin J, Judex S, Rubin CT. Mechanical 
signals as anabolic agents in bone. Nat 
Rev Rheumatol. 2010 Jan;6(1):50-9. 

 
25. Lecka-Czernik B, Moerman EJ, Grant 

DF, Lehmann JM, Manolagas SC, Jilka 
RL. Divergent effects of selective 
peroxisome proliferator-activated 
receptor-gamma 2 ligands on adipocyte 
versus osteoblast differentiation. 
Endocrinology. 2002 Jun;143(6):2376-
84. 

 
26. Mödder UI, Monroe DG, Fraser DG, 

Spelsberg TC, Rosen CJ, Géhin M, 
Chambon P, O'Malley BW, Khosla S. 
Skeletal consequences of deletion of 
steroid receptor coactivator-
2/transcription intermediary factor-2. J 
Biol Chem. 2009 Jul 10;284(28):18767-
77. 

 
27. Kawai M, Green CB, Lecka-Czernik B, 

Douris N, Gilbert MR, Kojima S, Ackert-
Bicknell C, Garg N, Horowitz MC, 
Adamo ML, Clemmons DR, Rosen CJ. 
A circadian regulated gene, Nocturnin, 
promotes adipogenesis by stimulating 
PPAR-gamma nuclear translocation. 
Proc Natl Acad Sci U S A. 2010; in 
press. 

 
28. Tamaki J, Iki M, Morita A, Ikeda Y, Sato 

Y, Kajita E, Kagamimori S, Kagawa Y, 

Yoneshima H. Peroxisome proliferator-
activated receptor gamma 
polymorphism is related to peak bone 
mass: the JPOS study. Osteoporos Int. 
2010 Feb;21(2):321-9. 

 
29. Rhee EJ, Oh KW, Lee WY, Kim SY, Oh 

ES, Baek KH, Kang MI, Kim SW. The 
effects of C161-->T polymorphisms in 
exon 6 of peroxisome proliferator-
activated receptor-gamma gene on 
bone mineral metabolism and serum 
osteoprotegerin levels in healthy middle-
aged women. Am J Obstet Gynecol. 
2005 Apr;192(4):1087-93. 

 
30. Rhee EJ, Oh KW, Yun EJ, Jung CH, 

Park CY, Lee WY, Oh ES, Baek KH, 
Kang MI, Park SW, Kim SW. The 
association of Pro12Ala polymorphism 
of peroxisome proliferator-activated 
receptor-gamma gene with serum 
osteoprotegerin levels in healthy Korean 
women. Exp Mol Med. 2007 Dec 
31;39(6):696-704. 

 
31. Ackert-Bicknell CL, Demissie S, Marín 

de Evsikova C, Hsu YH, DeMambro VE, 
Karasik D, Cupples LA, Ordovas JM, 
Tucker KL, Cho K, Canalis E, Paigen B, 
Churchill GA, Forejt J, Beamer WG, 
Ferrari S, Bouxsein ML, Kiel DP, Rosen 
CJ. PPARG by dietary fat interaction 
influences bone mass in mice and 
humans. J Bone Miner Res. 2008 
Sep;23(9):1398-408. 

 
32. Klein RF, Allard J, Avnur Z, Nikolcheva 

T, Rotstein D, Carlos AS, Shea M, 
Waters RV, Belknap JK, Peltz G, Orwoll 
ES. Regulation of bone mass in mice by 
the lipoxygenase gene Alox15. Science. 
2004 Jan 9;303(5655):229-32. 

 
33. Bonewald LF, Flynn M, Qiao M, Dallas 

MR, Mundy GR, Boyce BF. Mice lacking 
5-lipoxygenase have increased cortical 
bone thickness. Adv Exp Med Biol. 
1997;433:299-302. 

 
34. Urano T, Shiraki M, Fujita M, Hosoi T, 

Orimo H, Ouchi Y, Inoue S. Association 
of a single nucleotide polymorphism in 
the lipoxygenase ALOX15 5'-flanking 
region (-5229G/A) with bone mineral 



IBMS BoneKEy. 2010 May;7(5):171-181 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;7/5/171 
doi: 10.1138/20100443 
 

 180 
 

Copyright 2010 International Bone & Mineral Society 
 

density. J Bone Miner Metab. 
2005;23(3):226-30. 

 
35. Ichikawa S, Koller DL, Johnson ML, Lai 

D, Xuei X, Edenberg HJ, Klein RF, 
Orwoll ES, Hui SL, Foroud TM, Peacock 
M, Econs MJ. Human ALOX12, but not 
ALOX15, is associated with BMD in 
white men and women. J Bone Miner 
Res. 2006 Apr;21(4):556-64. 

 
36. Akune T, Ohba S, Kamekura S, 

Yamaguchi M, Chung UI, Kubota N, 
Terauchi Y, Harada Y, Azuma Y, 
Nakamura K, Kadowaki T, Kawaguchi H. 
PPARgamma insufficiency enhances 
osteogenesis through osteoblast 
formation from bone marrow progenitors. 
J Clin Invest. 2004 Mar;113(6):846-55. 

 
37. Cock TA, Back J, Elefteriou F, Karsenty 

G, Kastner P, Chan S, Auwerx J. 
Enhanced bone formation in 
lipodystrophic PPARgamma(hyp/hyp) 
mice relocates haematopoiesis to the 
spleen. EMBO Rep. 2004 
Oct;5(10):1007-12. 

 
38. Rzonca SO, Suva LJ, Gaddy D, 

Montague DC, Lecka-Czernik B. Bone is 
a target for the antidiabetic compound 
rosiglitazone. Endocrinology. 2004 
Jan;145(1):401-6. 

 
39. Ali AA, Weinstein RS, Stewart SA, 

Parfitt AM, Manolagas SC, Jilka RL. 
Rosiglitazone causes bone loss in mice 
by suppressing osteoblast differentiation 
and bone formation. Endocrinology. 
2005 Mar;146(3):1226-35. 

 
40. Sottile V, Seuwen K, Kneissel M. 

Enhanced marrow adipogenesis and 
bone resorption in estrogen-deprived 
rats treated with the PPARgamma 
agonist BRL49653 (rosiglitazone). Calcif 
Tissue Int. 2004 Oct;75(4):329-37. 

 
41. Huang S, Syed F, Suva L, Lecka-

Czernik B. Estrogen deficiency 
augments TZD-induced bone loss and 
fat accumulation in bone in vivo. J Bone 
Miner Res. 2009;24(Suppl 1). [Abstract] 

 

42. Lazarenko OP, Rzonca SO, Suva LJ, 
Lecka-Czernik B. Netoglitazone is a 
PPAR-gamma ligand with selective 
effects on bone and fat. Bone. 2006 
Jan;38(1):74-85. 

 
43. Tornvig L, Mosekilde LI, Justesen J, 

Falk E, Kassem M. Troglitazone 
treatment increases bone marrow 
adipose tissue volume but does not 
affect trabecular bone volume in mice. 
Calcif Tissue Int. 2001 Jul;69(1):46-50. 

 
44. Grey A. Thiazolidinedione-induced 

skeletal fragility--mechanisms and 
implications. Diabetes Obes Metab. 
2009 Apr;11(4):275-84. 

 
45. Lecka-Czernik B. Bone as a target of 

type 2 diabetes treatment. Curr Opin 
Investig Drugs. 2009 Oct;10(10):1085-
90. 

 
46. Schwartz AV, Sellmeyer DE, Vittinghoff 

E, Palermo L, Lecka-Czernik B, 
Feingold KR, Strotmeyer ES, Resnick 
HE, Carbone L, Beamer BA, Park SW, 
Lane NE, Harris TB, Cummings SR. 
Thiazolidinedione use and bone loss in 
older diabetic adults. J Clin Endocrinol 
Metab. 2006 Sep;91(9):3349-54. 

 
47. Grey A, Bolland M, Gamble G, Wattie D, 

Horne A, Davidson J, Reid IR. The 
peroxisome proliferator-activated 
receptor-gamma agonist rosiglitazone 
decreases bone formation and bone 
mineral density in healthy 
postmenopausal women: a randomized, 
controlled trial. J Clin Endocrinol Metab. 
2007 Apr;92(4):1305-10. 

 
48. Glintborg D, Andersen M, Hagen C, 

Heickendorff L, Hermann AP. 
Association of pioglitazone treatment 
with decreased bone mineral density in 
obese premenopausal patients with 
polycystic ovary syndrome: a 
randomized, placebo-controlled trial. J 
Clin Endocrinol Metab. 2008 
May;93(5):1696-701. 

 
49. Kahn SE, Zinman B, Lachin JM, Haffner 

SM, Herman WH, Holman RR, Kravitz 
BG, Yu D, Heise MA, Aftring RP, Viberti 

http://www.asbmr.org/Meetings/AnnualMeeting/AbstractDetail.aspx?aid=2e0a4c8c-af53-41a8-8155-8818183333bc


IBMS BoneKEy. 2010 May;7(5):171-181 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;7/5/171 
doi: 10.1138/20100443 
 

 181 
 

Copyright 2010 International Bone & Mineral Society 
 

G; Diabetes Outcome Progression Trial 
(ADOPT) Study Group. Rosiglitazone-
associated fractures in type 2 diabetes: 
an Analysis from A Diabetes Outcome 
Progression Trial (ADOPT). Diabetes 
Care. 2008 May;31(5):845-51. 

 
50. Loke YK, Singh S, Furberg CD. Long-

term use of thiazolidinediones and 
fractures in type 2 diabetes: a meta-
analysis. CMAJ. 2009 Jan 6;180(1):32-9. 

 
51. Meier C, Kraenzlin ME, Bodmer M, Jick 

SS, Jick H, Meier CR. Use of 
thiazolidinediones and fracture risk. 
Arch Intern Med. 2008 Apr 
28;168(8):820-5. 

 
52. Dormuth CR, Carney G, Carleton B, 

Bassett K, Wright JM. 
Thiazolidinediones and fractures in men 
and women. Arch Intern Med. 2009 Aug 
10;169(15):1395-402. 

 
53. Janghorbani M, Van Dam RM, Willett 

WC, Hu FB. Systematic review of type 1 
and type 2 diabetes mellitus and risk of 
fracture. Am J Epidemiol. 2007 Sep 
1;166(5):495-505. 

 
54. Vashishth D. Collagen glycation and its 

role in fracture properties of bone. J 
Musculoskelet Neuronal Interact. 2005 
Oct-Dec;5(4):316. 

 
55. Schwartz AV, Garnero P, Hillier TA, 

Sellmeyer DE, Strotmeyer ES, Feingold 
KR, Resnick HE, Tylavsky FA, Black 
DM, Cummings SR, Harris TB, Bauer 
DC; Health, Aging, and Body 
Composition Study. Pentosidine and 
increased fracture risk in older adults 
with type 2 diabetes. J Clin Endocrinol 
Metab. 2009 Jul;94(7):2380-6. 

 
56. Yamamoto M, Yamaguchi T, Yamauchi 

M, Yano S, Sugimoto T. Serum 
pentosidine levels are positively 
associated with the presence of 
vertebral fractures in postmenopausal 
women with type 2 diabetes. J Clin 
Endocrinol Metab. 2008 
Mar;93(3):1013-9. 

 

57. Huang S, Kaw M, Harris MT, Ebraheim 
N, McInerney MF, Najjar SM, Lecka-
Czernik B. Decreased 
osteoclastogenesis and high bone mass 
in mice with impaired insulin clearance 
due to liver-specific inactivation to 
CEACAM1. Bone. 2010 Apr;46(4):1138-
45.  

 
58. Krakauer JC, McKenna MJ, Buderer NF, 

Rao DS, Whitehouse FW, Parfitt AM. 
Bone loss and bone turnover in diabetes. 
Diabetes. 1995 Jul;44(7):775-82. 

 
 


