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Mice are increasingly used for investigation of the pathophysiology of osteoporosis because their genome is easily manip-

ulated, and their skeleton is similar to that of humans. Unlike the human skeleton, however, the murine skeleton continues 

to grow slowly after puberty and lacks osteonal remodeling of cortical bone. Yet, like humans, mice exhibit loss of cancel-

lous bone, thinning of cortical bone, and increased cortical porosity with advancing age. Histologic evidence in mice and 

humans alike indicates that inadequate osteoblast-mediated re�lling of resorption cavities created during bone remodeling 

is responsible. Mouse models of progeria also show bone loss and skeletal defects associated with senescence of early 

osteoblast progenitors. Additionally, mouse models of atherosclerosis, which often occurs in osteoporotic participants, 

also suffer bone loss, suggesting that common diseases of aging share pathophysiological pathways. Knowledge of the 

causes of skeletal fragility in mice should therefore be applicable to humans if inherent limitations are recognized.
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OSTEOPOROSIS was not considered a medical problem 

until modern times when advances in working condi-

tions, sanitation, and medical care extended life span well past 

the reproductive years. Once only seen in the few surviving 

elderly adults, the deterioration of the skeleton with advanc-

ing age affects an increasingly larger proportion of the popu-

lation and contributes greatly to the associated epidemic of 

nontraumatic fractures. The consequent hospitalization, reha-

bilitation, and frequent loss of independence lead to substan-

tial social and �nancial costs. Thus, there is a pressing need to 

understand the underlying pathophysiology of osteoporosis so 

that the condition can be managed more effectively.

Since the 1970s, animal models of postmenopausal 

osteoporosis have been used to advance knowledge of the 

cellular and molecular basis of osteoporosis and to develop 

preclinical models for testing therapeutic approaches (1,2). 

However, it is now evident that substantial skeletal dete-

rioration occurs via mechanisms that are independent of 

the loss of sex steroids (3). Thus, loss of cancellous (also 

known as trabecular) bone begins during the third decade 

of life in both men and women (4) and is accelerated at the 

menopause. On the other hand, most of the cortical bone 

loss occurs 10 years after the menopause and is due to cor-

tical thinning and increased cortical porosity (5,6). Though 

often called senile, or type II, osteoporosis, sex steroid–

independent bone loss actually begins in early adulthood. 

Hence, this type of bone loss will be called age-related 

osteoporosis in this article.

It is thought that most mammals exhibit skeletal dete-

rioration with advancing age, but among the animals  com-

monly used for biological research, age-related bone loss 

has been well documented only in cynomolgus monkeys 

(7), rats (8), and mice (9–12). The laboratory mouse (Mus 

musculus) is the most highly utilized animal for studying 

human physiology and disease at the cellular, molecular, 

and genetic level due to its short 3-week gestation period, 

high reproductive capacity (~5–6 animals/litter), similar-

ity to human physiology, and ease of genetic manipulation. 

Indeed, the ability to manipulate gene expression in a cell-

speci�c fashion in mice has allowed scientists to move from 

the tissue culture dish to the in vivo situation to address fun-

damental questions underlying the regulation of bone cell 

formation and function, as well as bone remodeling. After 

brie�y discussing current theories of how aging in�uences 

cell function and the potential impact of these mechanisms 

on bone homeostasis, this review will consider the advan-

tages and limitations of mice for the study of age-related 

bone loss.
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Aging and Bone Homeostasis

Studies with fruit �ies, nematodes, rodents, and nonhuman 

primates have revealed the existence of several inter-related 

age-associated changes that negatively affect cell function 

and life span. These include excessive levels of reactive 

oxygen species due to dysfunctional mitochondria, increased 

DNA damage leading to chromosome instability, and 

chronic in�ammation (13–16). Studies in mice with loss or 

gain of function of antioxidant enzymes have challenged the 

notion that oxidative stress negatively affects life span (17). 

However, the more urgent question concerns the identity 

of factors that determine health span—the age of onset of 

diseases associated with aging. Cells possess a variety of 

adaptive responses to reduce oxidative stress, repair DNA 

damage, and recycle damaged proteins and organelles. The 

failure to adapt and repair, whether due to excessive damage 

or damage to the repair system itself, leads to aberrant cell 

behavior, replicative senescence, and/or activation of cell 

death pathways. Such changes may underlie the age-related 

loss of normal tissue function, including skeletal integrity.

The complex interplay among stem cells, bone-resorbing 

osteoclasts, bone-forming osteoblasts, and osteocytes gives 

ample opportunity for cellular dysfunction to disturb skeletal 

homeostasis leading to bone loss. Bone undergoes constant 

renewal, or remodeling, to maintain its essential functions of 

providing anchorage for tendons and muscle, a site of hemat-

opoiesis, a means of locomotion, and the protection of internal 

organs. Bone remodeling is performed by teams of osteoclasts 

and osteoblasts collectively known as the bone multicellular 

unit. The process is initiated by osteoclasts that excavate old 

bone (18,19). Osteoblasts are then recruited to the site of bone 

resorption by growth factors released during bone resorption 

(20), and the osteoblasts then re�ll the resorption cavity with 

new bone. Some of the osteoblasts become entombed within 

the bone matrix as osteocytes, but most die by apoptosis (21).

Osteoclasts and osteoblasts are short lived and develop 

from hematopoietic and mesenchymal stem cells, respec-

tively, in response to locally produced cytokines and growth 

factors, as well as systemic endocrine factors like parathy-

roid hormone (18). Osteocytes are long-lived cells and are 

replaced when the bone is remodeled. They are connected 

with each other and with cells on the cell surface via projec-

tions called canaliculi. Because of their location, the network 

of osteocytes is capable of sensing the need for bone repair 

and to orchestrate the local development of the osteoclasts 

and osteoblasts that replace the old bone with new (22). 

Recent work on mice has demonstrated that osteocytes are 

the principal source of receptor activator of NfκB ligand—

the essential pro-osteoclastogenic cytokine needed for acti-

vation of bone remodeling (23,24). Moreover, osteocytes 

stimulated to undergo apoptosis in response to fatigue dam-

age release factors that stimulate neighboring viable osteo-

cytes to synthesize receptor activator of NfκB ligand, as well 

as vascular endothelial growth factor that helps orchestrate 

the formation of vessels that act as a conduit for the delivery 

of circulating osteoclast progenitors to bone (25).

Bone loss occurs when the bone removed by osteoclasts 

is not fully replaced by osteoblasts. Accordingly, investi-

gation of the pathophysiology of osteoporosis centers on 

elucidation of the mechanisms that control the balance 

between bone resorption and formation and on detection of 

age-associated changes in cell function (26). The long-lived 

stem cell progenitors of osteoclasts and osteoblasts and the 

long-lived osteocytes are the most likely to be damaged by 

the ravages of time. However, damage to stem cells may 

also affect the function of their fully differentiated progeny.

Use of Mice in Biological Research

Standardized outbred and inbred strains of laboratory 

mice have been used extensively for biological research for 

almost 100 years. Outbred strains were established in the 

early 20th century by interbreeding a small number of unre-

lated mice in a manner that maintained maximum genetic 

heterozygosity. The advantage of outbred strains is their 

genetic heterogeneity, analogous to the genetic variation 

seen in closely related human populations (27). There are 

presently 34 well-de�ned outbred lines. Each mouse of an 

outbred strain comprises a unique constellation of alleles, 

depending on the original stocks used for establishment 

of the outbred colony. Outbred mice are frequently used 

in genetic studies and as the starting point for developing 

models of human disease. A disadvantage of outbred mice 

is that genetic variability contributes to differences in phe-

notype and response to treatment among individuals. This 

requires the use of a large number of animals to achieve 

appropriate statistical power. Another disadvantage is that 

extensive breeding is required to introduce a speci�c genetic 

change—that is, gene knockout, knockin of a mutant gene, 

or overexpression of a particular gene—while maintaining 

the same degree of heterozygosity among individuals.

Inbred strains of mice were derived from outbred strains 

by intensive brother–sister mating to produce mice with 

practically identical genomes. There were 450 known 

inbred strains in 2000 (28). In the past, there were few 

criteria for choosing the appropriate inbred strain for study. 

The mouse phenome database has alleviated this problem 

to some extent by compiling morphological, physiological, 

and biochemical data for commonly used inbred strains 

(29). The genetic uniformity of each animal within an 

inbred strain enables reproducible results because the 

contribution of genetic differences to a particular outcome 

is nil. However, it has been argued that studies utilizing a 

single inbred strain can potentially give a result that is not 

applicable to the population as a whole because it might 

depend on a unique constellation of genes (30). This notion 

has not been accepted by other investigators (31). Indeed, 

reproduction of a speci�c human pathology in an inbred 

mouse strain gives con�dence that this risk is minimal in 

at least some situations, for example, age-related bone loss 

in C57BL/6 mice as discussed below. Nevertheless, an 

outcross among four inbred strains (C57BL/6, C3H, Balb/

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

m
e
d
g
e
ro

n
to

lo
g
y
/a

rtic
le

/6
8
/1

0
/1

2
0
9
/5

6
9
0
3
9

 b
y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2
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cNia, and DBA/2), designated as UM-HET3 mice, has been 

generated to at least partially alleviate problems arising from 

genetic uniformity (32). These mice essentially represent a 

well-de�ned outbred strain.

The median life span among 30 inbred mice ranges from 

476 to 964 days, excluding 2 strains that die before 1 year of 

age from lymphoma or sarcoma (33). The median life span of 

C57BL/6 mice is 866 days for females and 901 days for males 

(33), similar to the 880-day median life span of UM-HET3 

mice. Short-lived mice are not useful for studies of normal 

aging because the development of age-related pathologies, as 

well as their demise, is often due to susceptibility to carcino-

genesis or due to metabolic, immunologic, or other abnor-

malities. Thus, the relatively long life span of C57BL/6 mice 

makes them attractive for aging studies. It should be recog-

nized, however, that intensive use of this strain also re�ects 

“mob psychology”: the more information, and previous work 

done with, a particular model, the more valuable it becomes 

from the perspective of building upon previous results. 

Moreover, it is often considered too costly and time consum-

ing to invest in a second model whether inbred or outbred.

Mice have been successfully used to model aspects of 

many human diseases, but there are limitations imposed by 

genetic and physiologic differences between these species. 

A recent example is the lack of similarity in the in�amma-

tory response of mice and humans to sepsis (34). This may 

be due to the fact that mice are relatively resistant to sepsis 

compared with humans. In the skeletal biology arena, the 

importance of bone-derived undercarboxylated osteocalcin 

for the regulation of insulin sensitivity and secretion in mice 

(35) was not evident in humans (36)—perhaps because glu-

cose utilization and hepatic production of glucose are much 

higher in mice than humans. Rather than casting doubt on 

the utility of mouse models for investigating human dis-

ease, however, these examples emphasize the need for a 

greater appreciation of the genetic and physiologic differ-

ences between laboratory mice and humans.

Comparison of Murine and Human Skeletal 

Physiology

In most mouse strains, peak bone mass is achieved at 

4–6  months of age, as determined by dual-energy X-ray 

absorptiometry to quantify the calcium content of the entire 

skeleton (minus the head). Thus, unlike humans, bone acqui-

sition and longitudinal bone growth continue in mice after 

sexual maturity, which occurs at 6–8 weeks of age. Bone 

mass increases further between 6 and 12 months of age in 

females of half of the 34 strains examined in the mouse phe-

nome database and in males in 2/3 of these strains, with the 

magnitude of the increase ranging from 5% to 10% (37).

Longitudinal bone growth does not cease at sexual maturity 

in mice, instead slowing to very low levels. In growing long 

bones, the epiphysis adjacent to the articular cartilage is sepa-

rated from the metaphysis and diaphysis by a cartilaginous 

disk called the growth plate. At the epiphyseal side of the 

growth plate, new cartilage is produced, while at the meta-

physeal side, the previously made cartilage is replaced by new 

bone. Thus, bone lengthens because both processes occur 

at the same rate and the width of the growth plate does not 

change. With the onset of puberty in humans, the deposi-

tion of cartilage ceases and longitudinal appositional growth 

stops. The metaphysis then fuses with the epiphysis and the 

growth plate disappears (38). In mice, longitudinal growth 

slows dramatically at puberty, but the growth plates do not 

completely fuse and disappear. Growth continues at a slow 

rate that varies depending on the strain. In 129/Balb/c hybrid 

mice, femoral length in females increased by 9% between 8 

and 30  months of age, but there was no detectable change 

in males (39). In UM-HET3 female mice, femoral length 

increased by 4% between 8 and 24 months of age (40); how-

ever, values for males were not reported. In outbred CD-1 

mice, femoral length does not signi�cantly change between 

8 and 18 months of age in females or males (41). In C57BL/6 

mice, there was no change between 6 and 12 months of age 

in either sex (11), despite the fact that the growth plate has 

not closed. Measurements of body length, an index of bone 

growth in the axial skeleton, in 32 inbred strains showed a 

3%–8% increase between 6 and 12 months of age. However, a 

further increase was seen in only four of these strains between 

12 and 20 months of age (37). Body length of C57BL/6 mice 

does not change between 12 and 24 months of age (42).

As in humans, murine cancellous bone undergoes remod-

eling. The remodeling process leaves a histologic trace in 

the form of uneven “cement lines” visualized by toluidine 

blue staining (Figure  1). The cement line comprises gly-

cosaminoglycans that are deposited onto the bone surface 

by unde�ned cells just before osteoblasts are recruited to 

Figure  1. Morphological evidence for remodeling in murine cancellous 

bone. Unmineralized osteoid (yellow asterisk) is being deposited by osteoblasts 

(red arrows) onto a previously site of bone resorption, marked by the scalloped 

purple cement line (yellow arrows). Scalloped cement lines from previous epi-

sodes of bone remodeling are evident (yellow arrowheads). Wall width is the dis-

tance from a cement line to a completely quiescent perimeter and is an index of 

the amount of bone made by the previous team of osteoblasts. Photomicrograph 

is from Weinstein and coworkers (77), original magni�cation, ×630.
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the resorption site. Thus, cement lines represent the bound-

ary between episodes of bone resorption and bone forma-

tion (19). They are uneven because of the scalloped nature 

of the resorption pits created by osteoclasts.

The suppressive effect of the antiosteoclastogenic 

agent osteoprotegerin on the number of osteoblasts in 

murine cancellous bone provides additional evidence for 

remodeling (43). Administration of osteoprotegerin to mice 

depletes the bone of osteoclasts, and consequently removes 

a source of pro-osteoblastogenic factors that are critical 

for the coupling of bone formation to bone resorption, 

including transforming growth factor-ß (20). As a result, 

osteoblast number slowly declines in osteoprotegerin-

treated mice over a 2-week period, consistent with the 10- to 

14-day life span of murine osteoblasts (44,45). The effects 

of osteoprotegerin on osteoblast number are best explained 

by the coupling of bone formation to bone resorption during 

remodeling. Such coupling does not occur during modeling, 

wherein osteoblasts and osteoclasts operate independently 

to sculpt bone during growth.

Cancellous bone turnover in mice is approximately 

0.7% per day as measured in the distal femur; each epi-

sode of remodeling takes about 2 weeks to complete (44). 

In humans, turnover is about 0.1% per day as measured 

in the iliac crest (46), and each remodeling event takes 

6–9 months to complete (47). The more rapid pace of events 

in the murine skeleton is in keeping with the higher meta-

bolic rate of small animals. Metabolic rate among animals 

varies in proportion to the ¾ power of body mass (48). This 

difference explains, in part, the need to administer higher 

concentrations of biological agents to mice than to humans 

to achieve an equivalent physiologic effect.

The most conspicuous structural difference between the 

human and murine skeleton is that the later lacks osteons, 

also known as Haversian systems, in cortical bone (49). Thus, 

in humans, but not mice, remodeling of cortical bone is car-

ried out within the bone interior by teams of osteoclasts and 

osteoblasts surrounding a blood vessel. The blood vessels 

serve as a conduit for the delivery of osteoclast, and perhaps 

osteoblast, progenitors to the bone interior. Nevertheless, 

blood vessels are present in murine cortical bone (50).

Comparison of Age-Related Bone Loss in Mice 

and Humans

The age-related loss of cancellous and cortical bone in 

mice bears a remarkable resemblance to the phenomenon 

in humans. Loss of bone strength precedes loss of bone 

mineral density (BMD), determined by dual-energy X-ray 

absorptiometry, in both humans and C57BL/6 mice (12,51). 

Loss of BMD in C57BL/6 mice occurs between 16 and 

25 months of age, that is, well before reaching their median 

life span of 29 months of age (12,33). Thus, the metabolic 

disorders, illnesses, and tumors leading to death are unlikely 

to be involved in the loss of bone mass. Longitudinal 

measurements of BMD in 26 inbred mouse strains indicate 

considerable variability in age-related bone loss (37). For 

example, BMD of DBA/2 females declined 4% between 

12 and 20  months of age and in NZO/HILtJ females by 

8% during this period. On the other hand, BMD of RIIIS/J 

females increased by 10%. A signi�cant change in BMD in 

male or female C57BL/6 mice was not detected between 

12 and 20 months of age in this study, which contrasts with 

the �ndings of Almeida and coworkers (12), who reported 

identical rates of bone loss in male and female mice up to 

30 months of age. This discrepancy may be explained by 

the use of more mice and therefore greater statistical power 

in the Almeida and coworkers study.

Among 26 strains examined, bone loss between 12 and 20 

months of age occurred in female but not male mice in 5 of 

the strains, and in males but not females in 4 strains (29). On 

the other hand, the bone loss is similar in male and female 

Balb/cByJ and SWR/J mice between 12 and 20  months 

of age, as is the rate of bone loss and in male and female 

C57BL/6 mice between 16 and 30 months of age (12). These 

strain differences indicate that genetic factors dominate sex 

steroid–dependent factors as determinants of bone loss in 

mice. Moreover, a signi�cant difference between mice and 

humans is that mice do not undergo a true menopause. Instead 

they exhibit irregular cycling beginning at 8–12 months of 

age as exempli�ed in C57BL/6 mice (52,53). Nevertheless, 

at this stage, estrogen levels are still maintained. Thereafter, 

they decline by 45%–80% but still remain at detectable 

levels. Uterine weight, a sensitive indicator of physiologi-

cal levels of estrogens, is maintained at normal levels up to 

at least 31 months of age (12). Males maintain testosterone 

levels (54). Hence, age-related changes in bone mass in mice 

are dominated by age-related factors rather than sex steroid 

de�ciency. This contention is supported by evidence that, 

despite the bone loss, the rate of cancellous bone remodeling 

declines with age in mice, which contrasts with the stimulat-

ing effect of sex steroid de�ciency on remodeling in both 

humans and rodents (12,55).

As in the case of humans (4), cancellous bone loss begins 

in early adulthood in C57BL/6 mice, that is, much earlier 

than indicated by BMD determinations (9,11,12). Femoral 

cancellous bone mass declines beginning at about 3 months 

of age, and it practically disappears by 8–12 months of age 

in both male and female animals, albeit the magnitude of 

this decline is greater in females (9,11). Vertebral trabecular 

bone measured in the lumbar spine also declines during this 

period but at a slower rate (11,12).

Age-related changes in cancellous architecture in 

humans are characterized by decreased trabecular number, 

thickness, and connectivity; but there is a larger decrease in 

thickness in men than in women (56). In contrast, only tra-

becular number and connectivity decline with age in male 

and female C57BL/6 mice, with no changes in trabecular 

thickness (9,11). The failure to observe decreased trabecu-

lar thickness with age may be explained by the fact that 
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murine trabeculae are thinner than in humans (40–50 μm 

vs. 150 μm, respectively) and thus are more likely to suf-

fer penetration during unbalanced bone remodeling, with a 

consequent decrease in number and connectivity. Moreover, 

trabecular thinning may be a comparatively �eeting event 

in mice versus humans because of the higher rate of bone 

turnover in the former.

Most importantly, from the pathophysiological perspec-

tive, the cancellous bone of both aging mice and humans 

is characterized by a decline in wall thickness—a histo-

logic measure of the amount of bone made by each team 

of osteoblasts during remodeling as explained in Figure 1 

(12,57). This observation indicates that the amount of 

bone replaced by osteoblasts during each remodeling 

transaction is slightly less than needed to re�ll the resorp-

tion cavity in both mice and humans. Defects in osteo-

blast differentiation and survival may thus account for 

age-related bone loss. Studies of aging mice have identi-

�ed several underlying mechanisms, including oxidative 

stress and consequent activation of FoxO transcription 

factors (12,58), relative hyperglucocorticoidism (59), and 

increased lipid oxidation (60).

Loss of cortical bone with advancing age also occurs in 

both mice and humans. In aging humans, individual pores 

are distributed throughout the cortex and their size increases 

with age, resulting in a cancellous-like architecture near the 

endosteal surface (Figure  2A) (5). Thus, human cortical 

bone becomes thinner and more porous with age (11,61). 

Cortical porosity also increases with advancing age in the 

femurs of various mouse strains (10,42,62,63). Micro-

computed tomography imaging of aging C57BL/6 mice 

reveals that the pores frequently occupy a large part of the 

intracortical area of femoral metaphysis of 18-month-old 

mice but are not evident in 6-month-old mice (Figure 2B). 

More detailed studies are needed to quantify and charac-

terize the development of cortical porosity in mice with 

advancing age and to establish whether the severity of corti-

cal porosity varies depending on the mouse strain examined.

Synchrotron imaging studies in humans indicates that 

large cortical pores result from coalescence of enlarged 

osteonal canals (64). Analogous to the situation in 

cancellous bone, enlargement of osteon canals is likely 

due to incomplete replacement of bone during remodeling 

because of reduced osteoblastogenesis. The cortical 

voids of aged mice also contains teams of osteoclasts and 

osteoblasts, as well as blood vessels (42,65). Thus, as in 

humans, intracortical remodeling in mice may be initiated 

by extravasation of osteoclast progenitors from vessels 

that exist within the cortex of murine bone (50). Evidence 

in support of this notion has been provided by our recent 

studies showing that long-term prevention of osteocyte 

apoptosis by deletion of the proapoptotic proteins Bak 

and Bax magni�es the age-related increase in femoral 

cortical porosity (65). Importantly, the increased porosity 

in mice lacking Bak and Bax was associated with increased 

production of receptor activator of NfκB ligand and vascular 

endothelial growth factor by osteocytes and the presence 

of blood vessels within the cortical pores. This �nding 

suggests that osteocytes in aged murine bone activate 

intracortical remodeling by producing cytokines needed 

for osteoclast differentiation and for the development of 

blood vessels that deliver osteoclast progenitors to the 

interior of the cortex. In the case of mice lacking Bak and 

Bax, prevention of apoptosis likely increased the life span 

of osteocytes beyond their intrinsic limit, making them 

dysfunctional and causing them to produce increased levels 

of pro-osteoclastogenic cytokines.

Low Bone Mass in Mouse Models of 

Premature Aging

Low bone mass and skeletal abnormalities are among 

the many disorders seen in human diseases of premature 

aging, including Werner’s syndrome and Hutchinson Gilford 

Progeria syndrome (HGPS) (66,67). Werner’s syndrome is 

caused by loss of Wrn, the gene encoding an enzyme involved 

in DNA repair and telomere maintenance. Mutations in the 

gene encoding lamin A, a nuclear matrix protein, cause the 

development of HGPS. Investigation of these rare genetic 

diseases may shed light on mechanisms that underlie dis-

eases of normal aging. In support of this approach, cell nuclei 

Figure  2. Comparison of cortical porosity in mice and humans. (A) 

Backscattered scanning electron microscope images of cross-sections of femo-

ral bone from women at 29, 67, or 90 y of age. Reproduced with permission 

from Zebaze and coworkers (5). (B) Cross-sectional micro-CT images of dis-

tal metaphyseal femoral bone from 6- or 18-month-old female C57BL/6 mice  

(R. L. Jilka, unpublished data).
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from elderly humans exhibit some of the same histone modi-

�cations and DNA damage as nuclei from HGPS participants 

(68). Low bone mass has been noted in mouse models of both 

diseases. Both Wrn and telomerase must be deleted to obtain 

mice with Werner’s syndrome, re�ecting species differences 

in telomere maintenance (69,70). A reduction in spinal and 

femoral cancellous bone mass was noted at 4 and 15 months 

of age in these mice. This phenotype is associated with 

reduced numbers of mesenchymal stem cells and increased 

replicative senescence of marrow progenitors (70). Reduced 

trabecular and cortical bone was also evident at 4 weeks of 

age in mice lacking lamin A, the model used to investigate 

HGPS (71). Bone formation rate was reduced by 10-fold and 

was associated with a 3-fold reduction in marrow-derived 

osteoblast progenitors. Both osteoclast and osteoblast num-

bers were lower in Lamin A null mice, but the reduction in 

osteoblasts was greater.

Progeria was also seen in mice with collagen-expressing 

cells that lack the mitochondrial form of superoxide dis-

mutase, which plays a major role in cellular defense against 

oxidative stress. The median life span of these mice, which 

have a mixed C57BL/6/Sv129 background, is 444 days—

about half that of most laboratory strains. Besides skin atro-

phy and increased oxidative damage in connective tissues, 

similar to that seen in aging mice, they have low BMD at 

5 months of age (72). The cellular basis of the low BMD 

remains unknown.

Speci�c genetic manipulations were used to generate 

the above mouse models of early senescence. In contrast, 

the senescence-prone (SAMP) and senescence-resistant 

(SAMR) mouse strains were derived from AKR/J inbred 

mice in the 1970s (73). Inbred mice are genetically identi-

cal, raising the question of how such new phenotypes arose. 

Subsequent genetic evidence established that an accidental 

outcross with another strain had occurred (74). Thus, subse-

quent brother–sister mating of senescence-prone and senes-

cence-resistant progeny led to the generation of the SAMP 

and SAMR strains. Early occurrence of tibial fractures her-

alded the osteopenic phenotype of the SAMP6 strain. These 

mice exhibit a reduction in the thickness and strength of the 

femoral diaphysis that was manifest at 3–4 months of age 

compared with the SAMR1 control strain (75). Cancellous 

bone of the femur and vertebrae was also reduced. SAMP6 

mice also suffer an age-dependent decline in spinal and hind-

limb BMD as determined at 15–16 months of age, but this 

does not occur in the SAMR1 control strain (76). The low 

trabecular bone mass was associated with reduced bone for-

mation rate, reduced wall thickness, and reduced osteoblast 

number (76,77). The number of mesenchymal stem cells 

in the femur was reduced, as determined by the number of 

colony-forming cells capable of generating osteoblastic cells 

(76). Moreover, SAMP6 mesenchymal stem cells tended 

to differentiate into adipocytes, and these mice exhibited 

increased marrow fat (78), analogous to the situation in aging 

humans.

Most of the models of progeria do not exhibit bone loss 

but rather fail to achieve normal peak bone mass. Because 

the congenital defect has obviously interfered with nor-

mal skeletal development, one might question whether the 

information gained from these mouse models of premature 

aging has relevance to mechanisms of age-related bone 

loss. However, the number of mesenchymal stem cells, as 

well as their ability to differentiate into osteoblasts, is com-

promised in each of these models, similar to the situation 

in both mice and humans during aging (79–81). The same 

population of stem cells probably serves as a reservoir of 

osteoblast progenitors needed for the growth of the skeleton 

and its maintenance by bone remodeling during adulthood. 

If so, these models of early aging may indeed help identify 

mechanisms that compromise mesenchymal stem cell func-

tion with advancing age.

Closely related inbred strains, like SAMP6 and SAMR1, 

that display differences in bone mass are ideal for mapping 

genes that contribute to the phenotypic difference. Multiple 

loci have been identi�ed using these mice (82–86). The 

existence of many BMD-determining loci re�ects the com-

plex nature of skeletal physiology, similar to that in humans. 

At last count, genome-wide association studies in humans 

had identi�ed 62 loci (87). All loci had small effect sizes, 

some with known roles in bone metabolism and others with 

no previous association. Because of the small effect size, 

large-scale efforts combining high throughput sequencing 

and bioinformatics may be needed to harness the advan-

tages of mice for identi�cation of genes that contribute to 

age-related bone loss.

Atherosclerosis and Age-Related Bone Loss

Age-related bone loss in humans often occurs in the context 

of other diseases of aging, including sarcopenia, insulin resist-

ance, Alzheimer’s disease, and atherosclerosis. Extensive epi-

demiological evidence links osteoporosis and atherosclerosis 

in humans (88–91), raising the possibility that these diseases 

share common pathogenetic factors. Atherosclerosis does not 

occur with advancing age in mice because the rapid clear-

ance of low-density lipoprotein in the murine liver keeps total 

serum cholesterol levels very low. To overcome this limita-

tion, mouse models of atherosclerosis have been developed 

by deleting ApoE or the low-density lipoprotein receptor. The 

ApoE protein is a constituent of plasma lipoproteins and serves 

as a ligand for the cell-surface lipoprotein receptor, thereby 

promoting the uptake of low-density lipoprotein. When mice 

lacking ApoE or the low-density lipoprotein receptor are fed a 

high fat diet, the level of low-density lipoprotein rises substan-

tially because it cannot be cleared from the circulation. This 

leads to the development of hypercholesterolemia, atheroscle-

rosis, and vascular calci�cation (92). Thus, even though some 

aspects of murine and human lipid metabolism are different, it 

is possible to generate a relevant mouse model by manipulat-

ing its genome.
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Examination of bone from low-density lipoprotein recep-

tor null mice aged 4–5 months (93), as well as the ApoE 

mice (R. L. Jilka, unpublished data), fed a high fat diet 

for 2–3 months revealed loss of femoral cancellous bone, 

decreased cortical thickness, and increased cortical poros-

ity, recapitulating the osteoporotic features of aged mice. 

Numerous studies in mice and humans have shown that 

lipid oxidation plays a pathological role in atherosclerosis 

(94,95). Work with the atherosclerosis-prone mouse mod-

els indicates that lipid oxidation is mediated at least in part 

by 15-lipoxygenase (Alox15) (96,97). Moreover, our recent 

studies have demonstrated increased Alox15 expression 

and levels of oxidized lipids, in skeletal tissue of aged mice, 

leading to diminished pro-osteogenic Wnt signaling (60). 

Thus, studies of skeletal homeostasis in mouse models of 

age-related disease may uncover pathways that link osteo-

porosis with other diseases of aging.

Summary and Future Directions

Research conducted with mouse models sometimes gives 

results that challenge conventional wisdom regarding normal 

and pathological bone remodeling. When faced with such 

contradictions, it is often pointed out that, after all, mice are 

not humans. To distinguish clinically relevant �ndings from 

mouse-speci�c �ndings requires full appreciation of the dif-

ferences in the physiology of the human and murine skel-

etons (Table 1) as well as differences among various mouse 

strains. As summarized in this review, evidence obtained 

to date indicates that the characteristics and timing of age-

related bone loss in mice are quite similar to that of humans. 

Moreover, there is no evidence to suggest that slow continued 

growth of the murine skeleton affects the characteristics of 

age-related bone loss. Indeed, most bone loss in C57BL/6 

mice occurs when such growth can no longer be detected, 

despite the failure of the growth plate to close. Although mice 

lack osteonal cortical remodeling, they clearly exhibit an age-

related increase in cortical porosity that may be informative 

for the situation in humans. Thus, studies using mice should 

be able to identify at least some of the factors that contribute 

to age-related bone loss in humans.
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