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Abstract

Laboratory mice are a crucial preclinical model system for investigating BMAd-bone and BMAd-
hematopoiesis interactions. In this review, we evaluate the suitability of mice to model common
human diseases related to osteopenia or hematopoietic disorders, pointing out consistencies and
discrepancies among different studies, and provide insights into model selection. Species, age, sex,
skeletal site, and treatment protocol should all be considered when designing future studies.
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Bone marrow adipocytes (BMAd) are a unique cell population existing within the bone
marrow cavity. Although these cells were discovered over a century ago, they were largely
neglected until recent decades. BMAdSs are no longer considered a mere space filler of

the bone marrow but are now recognized as a heterogeneous cellular population that make
up a distinct adipose depot and interact with surrounding bone and hematopoietic cells

[1]. Due to the anatomically closed bone system and limited approaches to specifically
manipulate genes or metabolism in BMAdS, the regulatory mechanisms and physiological
functions of BMAds remain incompletely understood. Current experimental approaches
targeting BMAds also modulate adipocytes elsewhere in the body or alter gene expression
in osteoblasts and marrow stromal cells. These limitations create difficulties in interpreting
studies designed to investigate interactions between BMAds and bone or hematopoietic
cells. In addition, the inherent differences between species may limit translation of
findings from certain animal models to human physiology and pathology. Herein we
summarize the most-frequently used animal models for investigating BMAd-bone and
BMAd-hematopoiesis interactions, compare results from these models with human studies,
and make recommendations for the most reliable animal models for preclinical studies.
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Discrepancies between studies often have contributions from differences in sex, age, time-
course of treatment, and animal strain. These caveats are important to take into consideration
when selecting a preclinical model.

Imaging methods used for in vivo and ex vivo marrow adiposity evaluation

Before we discuss the physiology of BMAdSs, however, a brief discussion of current methods
for visualizing and quantifying bone marrow adipose tissue (BMAT) in humans and mice is
warranted. BMAT can be evaluated non-invasively using magnetic resonance imaging (MRI)
and computed tomography (CT)-based imaging technologies [2]. MRI-based quantitative
techniques, such as water-fat imaging and 1H-MRS have advantages in assessing BMAT
content and composition without ionizing radiation. Water-fat imaging is especially useful

in red marrow, where BMAdSs are scattered with hematopoietic cells, such as in pelvis,
vertebrae, ribs and proximal femurs. In addition to BMAT quantification, 1H-MRS can

also assess lipid composition, such as the amount of unsaturated and saturated lipids [3].
However, MRI is less informative than CT for assessment of trabecular bone features [4].
Conventional CT integrates the density of calcified tissue with marrow components, and
increased marrow fat influences the accuracy of bone mineral density (BMD) determination
[5]. Dual-energy CT can be used to assess BMAT content and BMD in a single examination
and provides BMAT data that closely correlate with 1H-MRS [6]. Suchacki et al. recently
developed a method for visualization and quantification of human BMAT from CT data. To
do so, they compared paired MRI and CT scans to identify the optimal Hounsfield Units
(HU) thresholds to distinguish BMAT from red marrow and bone. With this novel method,
they quantified site- and age-dependent differences in red marrow and BMAT in humans [7].

For isolated mouse bones, MRI has been used to overview the marrow fat content [8],
whereas UCT is a more quantitative and accurate approach to evaluate BMAT volume

in bones stained with osmium tetroxide after decalcification [9]. Moreover, Scheller et

al. established nanoCT as a more precise way to quantify BMAd number and size in
proximal tibia where isolated BMAds are found interspersed within regions of active
hematopoiesis [10]. Of note, one of the pitfalls of osmium tetroxide staining is that it
interacts with unsaturated bonds of fatty acids, which means that it endows the electron
density to lipid droplets depending on lipid composition [11]. With biopsy or autopsy

bone samples from patients or mice, hematoxylin and eosin (H&E) stained histological
sections are a convenient, less expensive way to evaluate bone marrow hematopoietic
cellularity and adiposity. Tratwal et al. developed a semi-automated digital pathology plugin
named MarrowQuant, which quantifies the areas occupied by bone, BMAdSs, hematopoietic
cells, and the interstitial/microvascular compartment. This software also provides BMAd
area and size distribution for individual adipocytes [12]. Using these methods allows for
quantification of BMAdSs in both /7 vivoand ex vivo studies.

Comparison of bone marrow adiposity between humans and mice

In humans, accumulation of BMAGds to replace red hematopoietic marrow begins in terminal
phalanges of feet and hands just prior to birth. Shortly after birth, further expansion of
BMAT in long bones occurs distally to proximally and is more prevalent at distal sites.
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BMAT is readily detected in distal epiphyses of long bones by age seven and in the midshaft
around 12-14 years old [13]. The adult distribution is first observed at about 25 years, with
BMAT occupying approximately 50%-70% of the total bone marrow cavity, with at least
some BMASs also present in vertebrae, sternum, ribs and pelvis [9, 13]. In lumbar vertebrae,
marrow adiposity expands with age varying from 27% to 70% in individuals between 8

and 57 years of age, respectively [14]. Accumulation of BMAT with age is also influenced
by sex. Female subjects younger than 55 years have approximately 6-10% lower marrow
fat than age-matched males [15], whilst the sharp increase of BMAT in postmenopausal
women drives about 10% higher marrow fat content than males at ages over 60 years [16].
Expansion of total BMAT volume with age is due to increased BMAd numbers and size -
diameters of BMAd are ~65 mm at 82-96 years of age, compared to ~48 mm at ages of
16-29 years in Caucasians [17].

Mice are widely used in preclinical studies with advantages being their metabolic similarity
to humans, shorter time of development, and ease of genetic modification. Although mice
have lower bone marrow adiposity than humans, the timing and sequence in marrow BMAd
development are similar. For instance, ~20% and ~60% of tibial BM cavity is filled with
BMAT in 12 weeks and 56 weeks old C3H mice respectively [10]. Of note, one of the
distinct differences between humans and mice is the tail. Caudal vertebrae of mice develop
BMAGs as early as one week after birth and are nearly fully developed at four weeks of

age (Figure 1). BMAds may also be found in sacrum and lower lumbar vertebral bodies in
adults, but it is rare to see BMAdSs in cervical and thoracic vertebrae. Only a few BMAds
are visible in distal tibia one week after birth. Distal tibial BMAds are readily detectable

at four weeks and continue to accumulate until the cavity is filled at around eight weeks
(Figure 1) [10]. BMAT in femur and proximal tibia appears later than caudal vertebrae and
distal tibia, but is detectable at four weeks or even earlier depending on sex and strain.
Female mice usually develop BMAT earlier and more-extensively in proximal tibia than
age-matched males [10, 18]. C57BL/6J mice have been widely used in metabolic research;
however, their long bones are characterized by low trabecular and cortical bone densities,
and fewer BMAGSs. In contrast, C3H/HeJ mice have both higher bone density and more
marrow adiposity than C57BL/6J mice [10].

As first characterized by Tavassoli [19] and extended by our group, BMAdSs can be broadly
classified into two groups. BMAGds that are interspersed in hematopoietic cells are labile or
regulated (rBMAGdSs), and can be lost in response to phenylhydrazine-induced hemolysis,
fasting, lactation, bariatric surgery, granulocyte colony-stimulating factor (G-CSF), and
chronic central leptin administration. This population is readily expanded in response to
aging, obesity, caloric restriction, ovariectomy, irradiation and thiazolidinedione treatment.
In contrast, stable or constitutive BMAds (cBMAdSs), which appear early in life, are densely
packed and have an appearance indistinguishable from white adipose tissue (WAT). As
suggested by their nomenclature, cBMAdSs are largely not influenced by the variables
above, although recent work has shown loss of cBMAdSs with bariatric surgery and G-CSF
administration [10, 19]. Because rBMAds exist proximally to commonly analyzed bone
regions and can be altered by myriad physological and phathological conditions, most
preclinical models have focused on the changes in rBMAds, which are found in proximal
tibia, distal femur and axial skeleton.
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Animal models for investigation of BMAT functions in bone homeostasis

The physical location of BMAdSs adjacent to osteoblasts/osteoclasts has led many to
speculate that BMAT influences development of bone diseases. The tenet of BMAd-bone
interaction is supported by many clinical studies that marrow fat content is inversely related
to trabecular BMD, microstructure variables and ex vivo failure load [20]. Although this
relationship has been observed in a wide variety of animal models, there remains a lack of
direct evidence for a causal relationship.

Age is a complex factor for interactions between BMAds and bone.

Distinct from the continual increase of BMAT in humans throughout life, BMD and bone
mineral content (BMC) peak around 30 years of age [16, 21] and then decline with age.
Therefore, BMAT expansion occurs concurrently with bone mass accrual in children and
young individuals [22] but expansion is associated with bone loss after 30 years of age. It is
important to note, however, that cross-sectional studies demonstrate an inverse relationship
between BMD and BMAT at all ages [23-26]. In rodents,  BMAT increases until at least
56 weeks of age [10]. How bone variables are influenced by age is dependent on site and
type of bone. For example, cortical bone generally reaches maximum mineral density and
thickness at 24 weeks of age, whereas age of maximal trabecular bone humber and volume
varies between six and 24 weeks, depending on strain and location [27, 28]. Trabecular
bone is thus not an ideal choice for age-associated bone studies. Of note, most BMAd-bone
interaction studies were performed when mice were younger than 24 weeks, a time in which
both BMAT and bone are still developing.

Overall, the development of BMAT throughout life and loss of bone mass with aging

are largely consistent between humans and rodents. Although BMAT amount adversely
associates with bone mass at all stages of life, whether age also plays an independent role

is an open question. To address this, Almeida et al. deleted PPAR-y in BMAdSs to decrease
baseline BMAT, and block the increase in BMAT that normally occurs with aging. However,
even in the absence of BMAT, these mice still had age-related trabecular and cortical bone
loss [29]. A caveat to this study is that the mouse model used also deleted PPARYy in

some stromal cells and osteoblasts. Further mechanistic research on how age drives BMAT
expansion is required to understand the relationship to bone loss. Age is an important
variable to consider in experimental design or data interpretation.

High fat diet (HFD)-induced obesity poorly replicate clinical observations in bone.

Human obesity increases adiposity, not only of subcutaneous and visceral depots, but also
of bone marrow. Although the myriad side-effects of obesity on cardiovascular diseases,
glucose and lipid disorders have been extensively studied, effects on bone are still debated.
Quality of bone should ideally be determined by geometry, cortical thickness and porosity,
trabecular bone morphology, and intrinsic properties of bony tissue; however, quality

in clinical practice is usually estimated indirectly by BMD. Overweight/obese patients
generally have higher BMD than lean individuals [30] due to heavier mechanical loading
and lower bone turnover [31]. However, fracture risk differs across skeletal sites, with
significant interaction between BMI and BMD.
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Is it possible for mice to model the complexity between obesity and bone biology observed
in humans? Induction of obesity with HFD is commonly used for investigation of metabolic
syndrome, and also for effects on BMAT expansion and bone metabolism. Although BMAT
expansion varies from 12 to 16 weeks, it has been consistently observed in different strains.
However, effects of obesity on bone is complex with considerations including age of HFD
feeding, types of diet, mouse strain and sex. For example, HFD feeding for 12 weeks
induces BMAT expansion and loss of trabecular bone with milder effects on cortical bones
in C57BL/6J and FVB mice initially of ~8 weeks of age [32—-34]. In contrast, if started at
~11 weeks of age, HFD feeding increases bone mass of C57BL/6J, LG/J and SM/J mice [35,
36]. To complicate matters further, feeding C57BL/6J with HFD for 12 weeks from 3 weeks
of age causes no changes to trabecular and cortical bone [37]. Overall, these discrepancies
between different studies suggest that investigators should be cautious about using obesity
as a preclinical model to study effects of BMAT accumulation on bone metabolism. Further
standardization of HFD feeding models with respect to age, diet, and strain is warranted, and
may improve our ability to model complex interactions between marrow adiposity and bone.

Genetic models of obesity have also been used to study relationships between BMAd

and osteopenia. For example, leptin-deficient ob/0b mice have a marked increase in
BMAd number. Although femora are shorter with less bone mass, trabecular bone of
vertebra is increased [38]. Leptin administration restores femoral length, BMD and BMC
in ob/ob mice, suggesting that leptin is critical for bone development [39]. Because leptin
receptor is expressed and functional in bone marrow stromal cells, BMAdSs, osteoblasts
and chondrocytes, the reasons underlying osteopenia in ob/0b mice are unclear. Therefore,
care should be taken when considering genetic models to investigate interactions between
BMAds and bone cells.

Caloric restriction of young male mice mimics the consequences on bone of anorexia

nervosa.

In the 1970s, it was first noted that anorexia nervosa patients had BM hypoplasia with
expansion and a change in character of BMAT [40]. This observation was built on in the
1980s with multiple groups finding that these patients also have osteoporosis/osteopenia
[41, 42]. Moreover, increased marrow adiposity and bone loss are associated with elevated
cortisol and other hormonal changes [43]. Clinical work in anorexia nervosa patients noted
an inverse relationship between marrow fat content and BMD [44]. Anorexia nervosa

is a disease in which restriction of calories is a symptom of a psychological disorder.
Interestingly, caloric restriction (CR) is thought to have health benefits including reduced
adiposity, improved metabolism and increased lifespan; however, a downside includes
effects on bone. In non-obese younger adults randomly assigned to 25% CR or ad /ibitum
for two years, CR significantly decreased BMD at lumbar spine, total hip, femoral neck
and other regional hip sites at 12 and 24 months [45]. The CR group also had increases

in cortisol and adiponectin, but lower levels of circulating leptin and physical activity [45].
Obese humans over 65 who voluntarily underwent weight loss generally had reduced BMD
in total hip and femoral neck, but with no change or higher BMD in L1-L4 [46].
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Effect of CR on bone and marrow niche of humans is effectively modeled by CR in

young male rodents [8, 18]. Expansion of BMAT with CR has been consistently observed
across age, sex and durations from 6 to 19 weeks, reduction of bone mass is not uniformly
observed. CR of male mice consistently causes loss of bone when they are actively growing
through three weeks to about three months of age [8, 47]; however, there are few effects

on bone in the 13-17 month range, and CR actually increases bone mass of male mice at
two years of age [48]. In contrast, female mice have much milder bone changes despite the
significant changes in BMAT after CR. Although CR causes bone loss in female mice in
very young actively-growing mice, effects on bone gradually diminish with age [49, 50].

It is possible that estrogen contributes to differences between sexes. In both sexes, changes
in body composition and hormones are shared between mouse CR and human anorexia
nervosa, including lower adipose mass and leptin, and higher cortisol levels. Despite the fact
that the incidence of anorexia nervosa is much higher in women, use of CR in female mice
may not be a useful model for studying bone loss. However, it may be that mechanistic
insights can be gained through use of younger male mice where bone loss with CR is
observed.

Estrogen deficiency may be an ideal model to study BMAd-bone interaction.

In women with postmenopausal osteoporosis, bone loss occurs due to increased bone
turnover, and is accompanied by an increase of BMAT. Bone marrow fat content is
negatively associated with BMD at lumbar spine and hip [51]. Estrogen treatment increases
bone formation markers, and inhibits bone resorption markers [52]. In mice, ovariectomy

is classically used to study effects of estrogen deficiency. Consistent with menopause,
ovariectomy causes BMAT expansion and bone loss in mice. An increase in BMAT is
observed as early as four weeks after ovariectomy, although bone loss varies depending on
age, bone site and strain [53-55]. Ovariectomy of C57BL/6J mice at eight weeks causes
substantial cancellous bone loss, whereas at 12 weeks it results in only moderate bone

loss and at 16 weeks bone loss is very mild [56]. Moreover, C57BL/6J mice have greater
bone loss than BALB/c and outbred (ICR and Kunming) strains [56]. Trabecular bone

loss is generally detected between 4-12 weeks of surgery in proximal tibial metaphysis

and lumbar spine [54, 57]. Consistent with human studies, there is an inverse relationship
between marrow fat expansion and bone loss [53, 58]. Ovariectomy at young age is thus a
promising murine model to study mechanisms of BMAd-bone interaction during estrogen
deficiency. However, lwaniec et al. found that mice without BMAT still lost bone following
ovariectomy [57], which suggests that under these conditions, gain of BMAT is independent
of bone mass, or that estrogen plays independent roles in bone homeostasis. Further work is
required to pinpoint mechanistic relationships between BMAT expansion and bone loss.

Irradiation causes transient BMAT expansion and long-term bone loss.

Increased fracture risk is commonly observed in cancer patients who have undergone
radiotherapy, particularly with irradiation of bone. Hypocellularity is frequently present in
irradiated bones and is often associated with a disproportionate accumulation of collagen
and BMAT at ~6 months, which then progressively worsens [59, 60]. The timing and degree
of reduced bone mass is variable after radiotherapy, but 12 months is often sufficient to
observe a reduction of BMD and increase of fracture risk [61, 62]. Although mechanisms
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of radiotherapy-induced bone loss have not been unraveled completely, impairment of
osteoblasts and activation of osteoclasts have been proposed. Effects of antiresorptive agents
(i.e. bisphosphonates and RANKL inhibitors) or osteoanabolic agents (i.e. parathyroid
hormone and sclerostin antibody) have been well studied in rodents, but have not been
translated to humans to date.

Mice serve as a suitable preclinical model for irradiation-induced effects on bone and the
marrow niche. Consistent with BMAT expansion in humans, irradiation of mice causes

a rapid and transient ~10-fold increase in rBMAT, peaking at around two weeks after
irradiation but still well above baseline at eight weeks [63—-65]. Irradiation also causes
dose-dependent loss of bone, with 1 Gy causing a 28% reduction and 2 Gy causing a
~40% decline in tibial cancellous bone volume fraction within 10 days [66], which persists
for at least 110 days [67]. Rapid reduction of trabecular bone mass is due to resorption,
with elevated osteoclast numbers observed at 1 to 2 weeks post-radiation therapy, followed
by long-term osteoclast depletion [68]. /77 vivo studies indicate radiotherapy-induced bone
loss is ameliorated in mice treated with bisphosphonates [69, 70]. In addition to elevated
bone resorption, decreased active osteoblasts and bone formation following radiation have
also been reported [71], which is strengthened by the observation that PTH1-34 alleviates
radiotherapy-induced bone loss by preventing apoptosis of osteoblasts and osteocytes, and
attenuating radiation-induced bone marrow adiposity [72]. Although radiation therapy in
humans and rodents causes rapid BMAT expansion and bone loss, whether increased BMAT
causes depletion of bone remains an open question. This reflects our limited knowledge

of mechanisms for accumulation of BMAT and the function of BMAT within the marrow
niche.

Anti-diabetic thiazolidinediones (TZDs) stimulate BMAT accumulation and bone loss in
humans and mice.

Patients with type 2 diabetes mellitus (T2DM) have an increased risk of fragility fractures
despite normal or higher BMD. Thiazolidinediones (TZDs) are anti-diabetic drugs that
increase insulin sensitivity by activating PPARy [73]. However, TZDs cause side effects
including weight gain, bone loss and increased fracture risks [74]. Severity of TZD-induced
osteoporosis is higher in women, the aged, diabetics and with longer treatments [74]. Of
note, significant bone loss induced by TZD appears as early as 14 weeks in postmenopausal
women [75]. TZD therapy has been associated with a reduction in bone formation marker in
female and males, and a significant increase in the levels of the resorption marker in women
only [76], which may partially explain gender-differences. Clinical trials have generally paid
little attention to BMAT changes with TZDs; however, one study found that pioglitazone
increases bone marrow fat in patients with T2DM after 6 months treatment [77], whereas
another study observed the opposite - that spine fat decreases with rosiglitazone treatment
for 14 weeks [78]. In addition to the specific TZD evaluated, this discrepancy may because
the former study recruited diabetic adults from both sexes, whereas the latter only included
healthy postmenopausal women. Further clinical trials are needed to investigate whether
TZDs cause substantial changes in human BM adiposity.

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and MacDougald

Page 8

In rodents, treatment with rosiglitazone causes bone loss and greater marrow adiposity
within four weeks [79, 80]. The mechanisms of TZD-induce bone loss relate to bone
remodeling - TZDs decrease osteoblast function and suppress new bone formation, whilst
increasing bone resorption. Aging influences the mechanisms by which TZDs cause bone
loss. Young growing mice show only a mild decrease in bone formation rate. However, adult
mice have significant bone loss with rosiglitazone treatment, mainly due to attenuated bone
formation, whereas in aged mice, bone loss was associated with increased osteoclastogenesis
[81]. /n vitro studies demonstrated that activation of PPARg by TZDs promotes commitment
of progenitor cells to the adipocytic lineage while inhibiting osteoblastogenesis [82], which
may explain how these drugs decrease bone formation and increase fragility.

The effects of TZDs on BMD and marrow adiposity also vary by mouse strain, which is thus
an important consideration for experimental design and interpretation. C57BL/6J male mice
treated with rosiglitazone showed both bone loss and increased marrow adiposity in both
adult and old mice but not in young growing animals [81]. Rosiglitazone also caused loss of
bone and increased marrow adiposity in five month old Swiss-Webster mice [79]. Although
C3H/HeJ mice showed a significant reduction of BMD in response to rosiglitazone, less
striking changes in BMAT were observed than in C57BL/6J mice. In DBA/2J and A/J

mice, skeletal effects are milder compared with C57BL/6J and C3H/HeJ mice [83]. Taken
together, most animal studies indicate that TZDs expand BMAT and deplete bone. Future
studies using BMAd-specific mouse model to knockout PPARg will give us more insights
about whether expansion of BMAT is required for bone loss.

Effects of lipodystrophy on bone and marrow adiposity depend on underlying genetic
cause and often differ between humans and mice.

Congenital generalized lipodystrophy (CGL) is a rare condition characterized by an almost
total lack of WAT. Instead of storing fat in adipocytes, these patients store fat elsewhere

in the body, including liver and muscle, which causes serious metabolic dysfunction.

Four types of CGL have been described, which are distinguished by their genetic causes.
Mutations in the AGPAT2, BSCL2, CAV1, and CAVIN1 genes cause CGL types 1 through
4, respectively. In addition to peripheral adipose loss, CGL1 and CGL2 patients have
obvious loss of BMAT, whereas, CGL3 and CGL4 patients have well-preserved bone
marrow adiposity. CGL1 and CGL2 patients are more likely to form bone cysts after
puberty, which can cause individuals to be prone to spontaneous fractures. CGL4 is
associated with muscle weakness, delayed development and joint abnormalities. Although
CGL patients generally have bone deterioration, increased BMC and BMD have also been
found [84, 85].

Mice deficient for AGPAT2 and BSCL2 have lipodystrophy phenotypes similar to CGL1
and CGL2, with significant loss of WAT and BMAT [86, 87]; however, no bone data is
available on these models. Similar to CGL3 patients, knockout mice have a loss of WAT
yet retain normal BMAT content and unchanged tibial trabecular and mid-diaphysis bone
mass at 16-17 weeks of age [10]. Of note, CAV1 knockout mice at five to eight weeks
of age have increased bone formation rate and stiffness, causing bone to mature more
rapidly [88]. CAVINL1/PTRF knockout mice lost rBMAT in proximal tibia, but cBMAT
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of distal tibia and caudal vertebrae was preserved. Corresponding to loss of rBMAT, an
increase of trabecular bone was observed in proximal tibia [10]. Other transgenic mouse
models of congenital or acquired lipodystrophy have been created, including A-ZIP/F-1
(AZIP) [89], adiponectin-driven PPARy, kindlin-2 or LMNA knockout [90, 91] (Corsa et
al.-under revision), and DTA expressing model [92]. These models consistently show loss
of WAT and BMAT, and increased bone mass and formation or even osteopetrosis, which
supports the common observation that BMAT negatively correlates with bone mass. Due to
inconsistency in evaluation of bone parameters in lipodystrophy patients and animal studies,
further studies are required to establish suitability of specific mouse models for preclinical
studies. Moreover, the global metabolic disorders of lipodystrophy patients and mice make
mechanistic interpretations of effects on bone challenging.

Animal models used for studying BMAd-hematopoiesis interactions

In adults, ~70% of bone marrow is filled with BMAT, which means that hematopoietic
cellularity in 30% of bone marrow volume is responsible for generation of red blood cells
and the majority of lymphocytes. Clinical work in premenopausal women demonstrate an
inverse relationship between BMAT and circulating red and white blood cells [93]. Further,
estrogen treatment of anorexia nervosa resulted in a reduction of BMAT and an increase

in white and red blood cells [93]. BMAdSs interact extensively with maturing cells of the
myeloid/granulocyte lineage and are closely associated with erythroblast islands [94]. A
single BMAd interacts with more than 100 hematopoietic cells through direct cell-cell
contact and indirect signals [94]. Our own studies demonstrate that myeloid cell expansion
induced by G-CSF administration depletes BMAT dramatically [95], suggesting that BMAds
may serve as energy sources during hematopoietic cell proliferation. However, work in a
variety of preclinical models suggests that debates about whether BMAT plays beneficial or
detrimental roles in hematopoiesis are far from over.

Aging increases BMAT and alters hematopoietic cell fate determination in humans and

rodents.

Bone marrow cellularity declines with aging of humans and mice, although hematopoietic
stem cell (HSC) numbers increase [96]. Generally, HSCs in young humans and animals

are quiescent and serve as a reservoir for long-term storage; however, aged HSCs have a
higher rate of cell division and proliferation [97]. HSCs differentiate into myeloid progenitor
cells and lymphoid progenitor cells. In humans, hematopoietic changes with aging include
declines in lymphopoiesis [98], and increases in frequency of myelodysplastic syndromes,
myeloproliferative disorders, and myeloid malignancies [99]. HSCs from the elderly exhibit
more myeloid-biased differentiation potential, and do not engraft or generate lymphoid
progeny as efficiently in xenotransplanted-immunodeficient mice [97]. In aged mice, BMAT
accumulation is accompanied by a decrease in B-lineage progenitor cells [100], and HSCs
are more likely to differentiate into myeloid progenitors [101]. Because effects of age on
BMAT and hematopoiesis are largely shared between humans and mice, the interactions
between these cellular populations can be studied in mice as a preclinical model.
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BMAT may influence hematopoietic regeneration following irradiation.

As discussed above, irradiation causes a rapid accumulation of BMAT, which is
accompanied by a decrease of hematopoietic cellularity within three days, followed by a
gradual and near total recovery of hematopoiesis by 28 days in mice [102]. Irradiation

of A-ZIP/F1 mice, which are devoid of all adipocytes including BMAds, demonstrated

that in long bones, BMAds are important for HSC maintenance and hematopoietic
regeneration by secreting stem cell factor [65]. In contrast, BMAds negatively regulate
HSC frequency and hematopoietic regeneration in adipocyte-enriched caudal vertebrae
[65]. These observations suggest that interactions between BMAd and hematopoietic
cellularity may differ between sites. Most irradiation studies are followed by bone marrow
transplantation. Using this approach, Naveiras et al. found that marrow engraftment is
accelerated after irradiation in fatless A-ZIP/F1 mice and PPARy inhibitor-treated mice
[89]. Consistent with this approach, co-transplantation of HSCs with bone marrow-derived
preadipocytes greatly impaired hematopoiesis [103]. Again, further investigation is required
to establish mechanisms and functions of BMAT expansion after irradiation. It is likely that
BMAUds play roles in hematopoietic regeneration by secreting adipokines/cytokines and/or
changing the microenvironment of bone marrow.

Hematological malignancy models may be valuable to explore the relationship between
BMAds and malignant cell proliferation/survival.

Human epidemiological data show that obesity, which correlates positively with higher
bone marrow adiposity, is associated with an increased risk of developing leukemia and
relapse [104, 105]. These data suggest that adipose tissue plays a direct or indirect role

in development of acute myeloid leukemia (AML), acute lymphocytic leukemia (ALL),
chronic myeloid leukemia (CML), chronic lymphocytic leukemia (CLL) and multiple
myeloma (MM). For AML, it has been demonstrated that BMAds within and immediately
surrounding the tumor microenvironment support the survival and proliferation of malignant
cells during the initial stage of leukemia. The extensive proliferation of leukemic blasts

in the bone marrow reduces size of adipocytes by activating lipolysis, with transfer of

fatty acids from adipocytes to AML blasts [106]. Importantly, presence of small BMAd
predict poor prognoses of AML patients [107]. Obese adults diagnosed with ALL have

a 50% higher likelihood of relapse than lean adults. ALL cell injection into obese mice
does not affect the time to develop leukemia, but the chemotherapy efficacy is impaired

in diet-induced obese mice [108]. MM is typically a disease of the elderly with a median
age of diagnosis of 65 years. As discussed, BMAT gradually accumulates in bone marrow
cavities as part of the aging process. It is likely that functional interactions between BMAds
and MM cells exist. /n vitro studies demonstrated that adipocytes support the proliferation
and migration of MM cells whereas they inhibit MM cell apoptosis [109]. Although the
preponderance of studies support the idea that BMAT provides a suitable microenvironment
for tumor growth and protects tumor cells from treatments, activation of PPARy rescued
healthy hematopoietic output and repressed leukemic growth in both patients [110] and mice
[111]. These studies cannot exclude the possibility that PPARy agonists may directly affect
leukemic cells per se, rather than working through BMAds. Overall, it appears that BMAdSs
play an active role in generation of a metabolic niche suitable for maintenance of malignant
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blasts in BM. Preclinical models using malignant cell injection may be suitable to explore
targets for preventing or repressing leukemic cell proliferation and survival.

Preclinical models of aging, obesity, caloric restriction, estrogen deficiency, irradiation,
TZD treatment, and lipodystrophy generally share the inverse relationship between BMAT
and bone found in humans and mice. Of these, aging, estrogen deficiency, irradiation,

and TZD treatment appear to be particularly good preclinical models, whereas caution
should be exercised for effects of obesity and lipodystrophy. The relationship between
BMAT and hematopoiesis with aging, irradiation and malignancy can also be modeled
adequately in preclinical models, although much less work has been performed in this
area. Discrepancies between preclinical models and humans can be minimized in some
cases by careful choice of species, sex, age, strain, site-specificity and treatment protocol.
Understanding mechanistic relationships between BMAT and either bone or hematopoietic
cells remains in its infancy, and requires more sophisticated animal models to investigate
functional interactions between BMAd and cells of the marrow niche.
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Practice Points:

. Many clinical studies have demonstrated inverse relationships between BMAT
and bone/hematopoiesis homeostasis; however, direct evidence for causal
relationships require further experimentation.

. Animal models have been widely used for preclinical studies, but thoughtful
consideration of species, sex, age, strain and site-specificity may increase
relevance to humans.

Research agenda:

. Basic research into relationships between bone marrow adiposity and bone
loss or hematopoietic disorders is critical for understanding pathologies of
bone-related diseases.

. To avoid the systematic effects of treatments on bones and hematopoiesis,
BMAUd-specific animal model is necessary for future studies.
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Figure 1. Postnatal development of bone marrow adipocytes (BMAdS) in mice.
Mouse long bones (A) and 3" caudal vertebrae (B) were collected at 1, 4 and 8 weeks after

birth. Bones were decalcified with 14% EDTA for 3 weeks and used for paraffin sectioning.
Slides were stained with hematoxylin (nuclei) and eosin (cytoplasm). Photomicrographs
were taken under 200x magnification.
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Figure 2. Suitability of preclinical models for BMAd-bone and BMAd-hematopoiesis studies.
Bone marrow adipocytes (BMAdSs) may serve as energy source or secrete adipokines/

cytokines to influence bone resorption, bone formation, hematopoietic stem cell (HSC)
maintenance and hematopoiesis. Many preclinical models have been used to investigate
the relationship between BMAds and bone/hematopoiesis. However, each one has their
own pros and cons. We reviewed the literature and ranked these models based on their
consistencies with human studies and repeatability between different studies. + indicates
less-recommended and ++++ indicates well-recommended.
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