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GENERAL INTRODUCTION

1
The aim of this thesis is to explore the interaction between bone marrow adipose
tissue and bone metabolism, to ultimately determine if bone marrow adipose tissue might be a potential new imaging biomarker or a future treatment target for
osteoporosis.

Osteoporosis:
In our aging society, osteoporosis is an increasing problem. Patients with osteoporosis
have low bone mineral density (BMD) and an increased risk of fractures. BMD increases
during growth and early adulthood until peak bone mass is reached around the age of
30, after which BMD gradually decreases. During menopause, physiological estrogen
deficiency causes accelerated decrease in BMD in women, making them more at risk
to develop osteoporosis [1]. Approximately 1 out of 3 women and 1 out of every 5
men aged 50 or above will experience an osteoporotic fracture during their lifespan
[2]. These fractures are an important source of morbidity and mortality. Vertebral
fractures can cause long term back pain and within the first year after a hip fracture,
mortality is 20% [3,4]. Furthermore, decreased mobility after fracture causes impairment. Optimal mobility is an important determinant for healthy aging [5] and mobility
is important for bone health as mechanical loading of the bones by muscle and exercise
is beneficial for bone strength [6,7]. In spite of this disease burden, 60-85% of women
over 50 years of age, diagnosed with osteoporosis, do not receive treatment [8].
Finally, fractures account for substantial healthcare costs. The costs are estimated
to be larger than costs for other chronic diseases like chronic obstructive pulmonary
disease (COPD), rheumatoid arthritis, and hypertension, and are expected to increase
in the forthcoming years [8]. To enhance healthy ageing and maintain mobility, early
diagnosis and treatment of osteoporosis is necessary.

Diagnosis of osteoporosis:
Currently, osteoporosis is diagnosed by assessment of risk factors, vertebral fractures
and dual-energy X-ray absorptiometry (DXA) [9,10]. DXA is a 2D method that measures areal BMD (aBMD) in grams of mineralized bone per square cm (g/cm2) of the
lumbar spine (L1-L4) and the proximal femur. BMD values are compared to the BMD
measurements of the National Health and Nutrition Examination Survey III (NHANES
III) reference database containing BMD measurements of women aged 20-29 years and
are expressed as T-scores [11]. Low BMD, expressed as T-score, which is defined as
BMD between -2,5 and -1 standard deviation (SD) below the average of young adult
women, is called osteopenia, and when T-scores are -2.5 SD, or lower, osteoporosis
is diagnosed [12]. However, BMD measurements by DXA are potentially biased by
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vertebral fractures, degenerative disease of the spine, calcifications in the abdominal
aorta and fat tissue, both outside bones and within bones [13–15], and only 60-70%
of the variation in bone strength is explained by aBMD measurements [16]. Quantitative computed tomography (qCT) is a 3D method that measures the volumetric BMD
(vBMD) in grams of mineralized bone per cubic cm (g/cm3). qCT is able to quantify
BMD of trabecular bone separate from cortical bone within vertebral bodies or within
the proximal femur, reducing the bias from degenerative changes of the bone. For
calibration, a phantom with rods containing hydroxyapatite in different densities,
is placed underneath the patient, which makes quantification of BMD more stable
across scanners. vBMD of the spine measured with qCT is able to predict vertebral
fractures as well as, or better than aBMD measured by DXA. Currently, vBMD by qCT
is used as an outcome parameter in most clinical trials on osteoporosis, however, in
clinical practice aBMD measurement by DXA are still the gold standard, due to the
wide availability, lower costs and the lower ionizing radiation dose of DXA [17].

Treatment of osteoporosis:
Current first line treatment of osteoporosis is so called antiresorptive drugs, which
inhibit bone resorption. Bone is a dynamic tissue, in which bone turnover renews
the bone tissue at a rate of approximately 10% per year [18]. Bone turnover is the
constant process of bone resorption by osteoclasts and bone formation by osteoblasts.
Osteoclasts initiate this process by resorbing bone matrix, followed by deposition
of new organic bone matrix called osteoid, by osteoblasts. Osteoid is subsequently
strengthened by inorganic minerals like calcium and phosphorus, in a process called
mineralization [19]. A third cell type involved in bone turnover are osteocytes, derived
from osteoblasts which became embedded within the bone tissue [20]. Bone formation and bone resorption are typically balanced in the young skeleton, however with
ageing and in osteoporosis this balance is disturbed, with bone resorption exceeding
bone formation, causing bone loss [21]. Bisphosphonates are the most commonly
prescribed antiresorptive treatment for osteoporosis. They reduce fracture risk by
20-50% [22], however treatment adherence is low due to gastrointestinal side effects
and because patients fear rare, but serious side effects like osteonecrosis of the jaw
and atypical femoral fractures [23,24]. Bisphosphates decrease bone formation and
change the balance between bone formation and bone resorption towards a more
neutral or even positive balance in bone turnover, and thus halting bone loss or increasing bone mineral density [25]. Denosumab, a receptor activator of nuclear factor
k-B ligand (RANKL) antibody is new antiresorptive drug that is recently registered
for the treatment of osteoporosis [26]. Denosumab is a potent antiresorptive drug,
however after discontinuation of treatment, both bone formation and bone resorption increase drastically, with a negative balance, causing bone lose. BMD gained
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during treatment with denosumab is rapidly lost [27] and even increased rates of
vertebral fractures are reported after discontinuation of denosumab [28]. For this
reason, bisphosphonate treatment is advised after discontinuation of denosumab, to
prevent rebound increased bone turnover [29]. If bisphosphonates are not tolerated
by patients, raloxifene can be prescribed. Raloxifene is a selective estrogen receptor
modulator (SERM), and is developed as an osteoporosis therapy to specifically relay
the beneficial effects of estrogen on bone [30], without the adverse effects of hormone replacement therapy like the increased risk of breast cancer and venous thromboembolism [31,32]. Teriparatide and Romosozumab are anabolic drugs registered for
osteoporosis [22]. But, as these anabolic treatments are expensive (5000-6000 euro/
year compared to bisphosphonate treatment costing 10-25 euro/year [33]), they are
only indicated when treatment with bisphosphonates fail or are contraindicated.

Bone marrow adipose tissue:
Besides osteoblasts and osteoclasts, another cell type is associated with bone volume:
the bone marrow adipocyte (BMAd), traditionally overlooked as just a filler of the
space left by decreased bone volume. Within the adult skeleton up to 70% of the
marrow space is filled with bone marrow adipocytes, and bone marrow adipose tissue
(BMAT) represents over 8% of the total fat mass [34]. High BMAT is associated with low
bone volume [35–37] and with vertebral fractures [38,39], possibly even independently
of bone volume [40], suggesting an interaction between BMAT and bone metabolism.

Bone marrow adipose tissue and bone metabolism:
There are a couple of theories explaining the negative association between BMAT and
bone volume. First, in vitro research has shown that both bone marrow adipocytes
and osteoblasts derive from the same precursor cell, called bone marrow stromal cell
(BMSC), a type of skeletal stem cell (SSC) [41,42]. Under influence of the transcription
factor peroxisome proliferator-activated receptor gamma (PPARγ), BMSCs can differentiate into adipocytes and under influence of the transcription factor runt-related
transcription factor 2 (RUNX2) BMSCs can differentiate into osteoblasts (Figure 1). This
way an increase in adipocytes would be accompanied by a decrease in osteoblasts,
and ultimately bone formation. Another explanation for the bone-fat connection is
that bone marrow adipocytes exert paracrine effects on bone metabolism though the
secretion of cytokines/adipokines [43–46].
As postmenopausal women have high BMAT and are prone to develop osteoporosis,
a potential role for estrogen in the interaction between BMAT and bone metabolism
is likely. During menopause, estrogen levels drop and bone turnover increases, with
bone resorption exceeding bone formation, resulting in bone loss [1,21]. This initial
phase of high turnover causes rapid bone loss within the first years after menopause
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Diﬀerentiation

Osteoporotic bone

Osteoclast

Hematopoietic stem cell
RANKL
RUNX2

Osteoblast
Bone marrow stromal cell /
Skeletal stem cell

PPARγ

Adipocyte

?

Osteocyte

Normal
Bone

Bone lining cell
Osteoid

Figure 1 | Upper left: differentiation of bone marrow stromal cells/skeletal stem cells into osteoblast or bone marrow adipocytes. Lower left: Normal bone, with balanced bone turnover and
normal amount of bone marrow adipose tissue. Upper right: osteoporotic bone, with low bone volume and high bone marrow fat within the marrow. It is hypothesized that the increased amount of
bone marrow fat affects bone turnover, either by preferential differentiation or paracrine effects.
Legend: PPARγ, peroxisome proliferative activated receptor γ; RANKL, receptor activator of nuclear transcription factor κB ligand; RUNX2, runt-related transcription factor 2.

and is followed by a phase of lower turnover and more moderate bone loss. 17-β
Estradiol can effectively treat postmenopausal osteoporosis [47] and can decrease
BMAT [48] by decreasing adipocyte size and preventing an increase in adipocyte
number [49]. Unfortunately, 17-β Estradiol also causes increased risk of breast cancer
[31] and thrombosis [32] and is no longer indicated for treatment of postmenopausal
osteoporosis. For this reason, SERMs, like raloxifene, have been developed, which
have beneficial effect on bone metabolism and reduce the risk of vertebral fractures,
without the negative effects on breast tissue and the increased risk of thrombosis.
The effect of SERMs on BMAT is not known.

Bone marrow adipose tissue and body composition:
The association between BMAT and bone metabolism could potentially be influenced
by body composition and energy metabolism, as BMAT appears to be a distinct adipose
depot, which responds differently than other adipose depots [50–52]. Interest in BMAT
and body composition started with the observation that patients with anorexia ner-
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vosa have high BMAT and low BMD despite extremely low subcutaneous and visceral
adipose tissue (SAT and VAT respectively) [53,54]. On the other hand, high BMAT also
seems associated with obesity [55,56], while BMD is also increased with high VAT [57].
Still, the increased BMD in obese subjects does not necessarily lead to a decreased
risk of fractures. Vertebral fractures and hip fractures occur less frequently in obese
subjects, while the risk of fractures of the proximal humerus, upper leg and ankle
is increased in obese subjects [58,59], possibly due to biomechanical causes. Animal
studies show that BMAT increases both following high fat diet [60,61] and after energy
restriction [62,63]. However, studies on weight loss following bariatric surgery showed
decreases in BMAT in patients with type 2 diabetes mellitus (T2DM) or unchanged
BMAT in non-diabetic subjects [64–66].

Quantification of bone marrow adipose tissue:
To evaluate the association between BMAT and bone, accurate methods to quantify
BMAT are necessary. So far, there are a couple of options. In animal models BMAT
can be quantified ex vivo using histomorphometry, osmium tetroxide [67] or a novel
contrast enhanced (CE) X-ray microfocus computed tomography (microCT) technique,
using a newly developed contrast (polyoxometalate-based) agent [68]. The advantage
of histomorphometry is that besides BMAT parameters, information about bone structural parameters and bone turnover can be derived simultaneously. The disadvantage
is that it is a time-consuming method that’s not widely available. In mouse bones,
osmium tetroxide can be used to quantify BMAT by microCT and, if scanned with an
adequate resolution, even adipocyte size and number can be determined. However,
osmium tetroxide is toxic for which careful safety precautions should be taken into
account. Furthermore, for the osmium tetroxide to adequately penetrate the bone
marrow and stain the adipocytes, only small mouse bones are suitable and bones need
to be decalcified before staining, making the bone unsuitable for dynamic bone histomorphometry. The polyoxometalate-based contrast enhanced microCT allows staining
of the bone marrow adipocytes without prior decalcification. Furthermore, due to the
resolution of the microCT, bone volume fraction, bone structural parameters, bone
marrow adipose tissue volume fraction and bone marrow adipocyte size and number
can be quantified simultaneously. After microCT, bones can be further processed for
histomorphometry and immunohistochemical staining [68].
In human subjects, BMAT can be quantified in iliac crest biopsies using histomorphometry. Bone histomorphometry allows quantitative assessment of bone tissue and
bone marrow tissue. The advantage of this method is that besides adipose tissue
fraction also adipocyte size and number can be determined and bone formation and
resorption parameters can be quantified simultaneously. Disadvantages are that it is
not widely available, it is labor intensive, the small sampling area in the iliac crest

1

16

Chapter 1

makes this technique prone to sampling bias and due to its invasive nature, it is
patient unfriendly.
Non-invasive magnetic resonance techniques can be used for the quantification of
BMAT. Magnetic resonance imaging (MRI) uses the signal of hydrogen atoms, containing one single proton (1H) in its nucleus, to create an image. Hydrogen atoms spin
around their own axis, making them tiny magnets, similar to our own planet spinning
around its axis, with a north and a south pole. When the patient is placed in the strong
magnetic field of the MRI scanner, the hydrogen atoms in the patients align with the
magnetic field. Series of carefully designed radiofrequency pulses and electromagnetic gradients are used flip the hydrogen atoms to a higher energy state, and coils
are used to detect the specific signal emitted by the hydrogen atoms when they fall
back to the lower energy state. The signal emitted by the hydrogen atoms differs,
depending on the physical surrounding of the hydrogen atoms, like in fat or water, and
by using different MRI sequences contrasts between different tissues can be visualized
[69]. In 1984 Dixon developed a method to separate the fat signal and the water
signal within tissues, also called chemical shift imaging or water-fat imaging, which
allows quantification of fat and water. Assuming that the total signal measured by the
MRI coils is composed of the signal of fat and the signal of water and, knowing that
fat protons and water protons are characterized by a distinct chemical shift and thus
resonate at different frequencies, images can be acquired at different echo times
(TE) when the fat and water signal are in-phase (IP) and when the fat and water
signal are out-of-phase (OP). Water only and fat only images can be created from IP
and OP images by the following formulas: water signal = (IP+OP)/2 and fat signal =
(IP-OP)/2 [70]. These water only and fat only images can subsequently be used in a
pixel-by-pixel algorithm to calculate signal fat fraction (SFF). After correcting this
SFF for confounding factors like T2* decay, T1 bias and the multiple peaks of the fat
spectrum, the proton density fat fraction (PDFF) can be derived, which is considered
to produce more stable measurements over scanners and sides [71–74]. Disadvantage
is that correction for the abovementioned confounding factors makes the algorithm
to calculate the fat fraction map substantially more complicated, which makes PDFF
measurements less available. The Dixon method can be applied using different MRI
sequences and different weighting, which makes this technique widely applicable, but
also hard to standardize.

Development of bone marrow adipose tissue throughout life:
For the evaluation of BMAT as an imaging biomarker, knowledge about the normal
distribution of BMAT is essential. Both bone and BMAT are dynamic tissues and their
respective volumes change during a person’s lifespan. Traditionally the bone marrow
is divided into red (or hematopoietic) and yellow (or fatty) marrow [75]. However,
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contrary to what these names might suggest, bone marrow adipocytes are also present
in areas of red marrow [75]. In a newborn most of the bones are filled with hematopoietic marrow, and during growth, hematopoietic marrow is replaced by fatty marrow, a
process called conversion [76–78] (Figure 2). Conversion occurs in a centripetal way:
first the distal part of the long bones converts from hematopoietic to fatty marrow,
second the more proximal parts of the long bones convert. In times of increased
hematopoietic demands, like in patients with anemia, smoking and heart failure, or
in endurance athletes, a process of reconversion can be initiated, where fatty marrow
is again replaced with hematopoietic marrow [79–83]. Until the age of 25-30 years
the process of conversion continues, by that time, hematopoietic bone marrow only
remains in the axial skeleton. However, when hematopoietic bone marrow is observed
microscopically, bone marrow adipocytes are nevertheless present, though in a much
lower percentage compared to areas of yellow marrow. Within the hematopoietic in
the spine BMAT increases with approximately 6-7.5% per decade [77,84–88]. Beside
osteoporosis BMAT is also associated with hematological diseases, for example, BMAT
is increased in aplastic anemia and BMAT is decreased in Leukemia [89] and multiple
myeloma [90]. Furthermore, BMAT potentially plays a role in hematopoietic recovery
after stem cell transplantation or chemotherapy [91–93]. Last, there are gender as-

Figure 2 | The conversion of red to yellow marrow during aging. Throughout life, hematopoietic
cells are gradually replaced by adipocytes within bone marrow. This conversion of red to yellow
marrow begins early in life and generally occurs in a centripetal pattern, beginning in the distal
bones. Accumulation of bone marrow adipocytes in elderly people is associated with development
of osteoporosis. Original elements used in this diagram are from Servier Medical Art (http://smart.
servier.com/).
Reprinted from Li Z, Hardij D, Bagchi DP et al., Development, regulation, metabolism and function of bone marrow adipose tissues, Bone, 110, 134-140, 2018, with permission from Elsevier. No changes were made.
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sociated differences in BMAT, with young women having lower BMAT compared to
young male subjects, while at an older age, women having higher BMAT compared to
male subjects [77,84,87,88].
Animal research suggests that red and yellow marrow are potentially two distinct
depots of bone marrow adipose tissue [50,94]. In a mouse model, Scheller and coworkers, show that the distal part of the tibia contains already fatty marrow right after
birth, that this depot remains stable during development, does not seem to respond
to stimuli that normally affect BMAT, and contains relatively more unsaturated fatty
acids. They call this depot constitutive bone marrow adipose tissue (cBMAT). BMAT
in the proximal tibia developed later in live, contained relatively more saturated
fatty acids, increased with aging and responded to stimuli that are known to affect
BMAT. This depot is called regulated bone marrow adipose tissue (rBMAT). Differences
between mouse strains are observed in the amount of rBMAT they possess, while
the amount of cBMAT seems to be similar across mouse species [94]. Interestingly,
human studies show that the degree of bone marrow fatty acid unsaturation seems
to be associated with bone mineral density [95,96] and with the prevalence of frailty
fractures [97,98]. However, the distribution of bone marrow fatty acid composition in
humans is not known.
Summarizing, there is room for improvement on both the diagnostic and the treatment side of osteoporosis and, as BMAT seems to associated with bone metabolism and
fracture risk, BMAT could potentially fill this gap. The complex interactions between
BMAT and bone metabolism might be explained by preferential differentiation of SSC
towards the osteoblastic or adipogenic lineage, paracrine effects of bone marrow adipocytes, estrogen deficiency, energy metabolism and body composition. Therefore,
we aim to determine the interaction between BMAT and bone metabolism during
postmenopausal estrogen deficiency, to ultimately evaluate if BMAT is potentially an
imaging biomarker or a new treatment target for osteoporosis.

OUTLINE OF THE THESIS
In Chapter 2, we study the distribution of BMAT in healthy subjects, within the
spine, pelvis, femur and tibia and we determine bone marrow fatty acid composition
quantified using water fat MRI with multiple gradient echoes (WFI-mGRE) for image
acquisition. We describe age- and gender-specific differences of the distribution of
BMAT and BMAT composition, to determine normal variation in BMAT and BMAT fatty
acid composition.
Thereafter, we explore the association between BMAT and bone metabolism during postmenopausal estrogen deficiency. In Chapter 3 we determine the effect of a
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selective estrogen receptor modulator (SERM), called raloxifene on BMAT quantified
in bone biopsies from postmenopausal women with osteoporosis, before and after
two years of treatment with raloxifene. Furthermore, we explored the association
between BMAT, bone volume, bone turnover and vertebral fractures in these postmenopausal women with osteoporosis and the interaction with raloxifene.
Ovariectomy can be used as an animal model for postmenopausal osteoporosis.
In chapter 4 we determine the effect of ovariectomy induced estrogen deficiency on
BMAT and the expression of RANKL by bone marrow adipocytes and the interaction
with bone turnover. In chapter 5 we determine the effect of inhibition of bone marrow adipogenesis, by administration of a PPARγ antagonist, on bone metabolism and
study the association between BMAT, bone turnover, bone volume and bone mechanical properties in the same mouse model of postmenopausal osteoporosis.
In Chapter 6 we determine the effect of weight loss, caused by Roux-en-Y gastric
bypass, on bone marrow adipose tissue, bone mineral density and bone turnover in
morbidly obese postmenopausal women.
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ABSTRACT
In patients with postmenopausal osteoporosis low bone volume is associated with high
bone marrow adipose tissue (MAT). Moreover, high MAT is associated with increased
fracture risk. This suggests an interaction between MAT and bone turnover; however,
literature remains equivocal. Estrogen treatment decreases MAT, but the effect of
raloxifene, a selective estrogen receptor modulator (SERM) registered for treatment
of postmenopausal osteoporosis, on MAT is not known. The aim of this study is 1]
to determine the effect of raloxifene on MAT and 2] to determine the relationship
between MAT and bone turnover in patients with osteoporosis.
Bone biopsies from the MORE trial were analyzed. The MORE trial investigated the
effects of raloxifene 60 or 120 mg per day versus placebo on bone metabolism and
fracture incidence in patients with postmenopausal osteoporosis. We quantified MAT
in iliac crest biopsies obtained at baseline and after 2 years of treatment (n = 53; age
68.2 ± 6.2 years).
Raloxifene did not affect the change in MAT volume after 2 years compared to
baseline (placebo: 1.89 ± 10.84%, raloxifene 60 mg: 6.31 ± 7.22%, raloxifene 120
mg: -0.77 ± 10.72%), nor affected change in mean adipocyte size (placebo: 1.45
(4.45) µm, raloxifene 60 mg: 1.45 (4.35) µm, raloxifene 120 mg: 0.81 (5.21) µm).
Adipocyte number tended to decrease after placebo treatment (-9.92 (42.88) cells/
mm2) and tended to increase during raloxifene 60 mg treatment (13.27 (66.14) cells/
mm2) while adipocyte number remained unchanged in the raloxifene 120mg group,
compared to placebo (3.06 (39.80) cells/mm2, Kruskal-Wallis p = 0.055, post hoc:
placebo vs raloxifene 60mg p = 0.017). MAT volume and adipocyte size were negatively
associated with osteoclast number at baseline (R2 = 0.123, p = 0.006 and R2 = 0.098,
p = 0.016 respectively). Furthermore, adipocyte size was negatively associated with
osteoid surface (R2 = 0.067, p = 0.049). Finally, patients with vertebral fractures had
higher MAT volume (50.82 (8.80) %) and larger adipocytes (55.75 (3.14) µm) compared
to patients without fractures (45.58 (12.72) % p = 0.032, 52.77 (3.73) µm p = 0.004
respectively).
In conclusion, raloxifene did not affect marrow adipose tissue, but tended to
increase adipocyte number compared to placebo. At baseline MAT volume and adipocyte size were associated with bone resorption, and adipocyte size was associated
with osteoid surface, suggesting an interaction between bone marrow adipocytes and
bone turnover. In addition, we found that high MAT volume and larger adipocyte size
are associated with prevalent vertebral fractures in postmenopausal women with
osteoporosis, indicating that adipocyte size affects bone quality independent of bone
volume.
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INTRODUCTION
High bone marrow adipose tissue (MAT) is associated with low bone mineral density
(BMD) and MAT is increased in patients with osteoporosis [1–3]. MAT is also associated with vertebral fractures [4,5], independently of BMD in some studies [6]. Two
potential mechanisms for the association between MAT and bone have been proposed.
First, mesenchymal stem cells (MSCs) may differentiate into either an adipocyte or
an osteoblast [7]. Therefore, a shift in the lineage allocation of the MSCs towards
the adipocyte would decrease the number of osteoblasts and thus bone formation.
Secondly, in vitro studies have shown that adipocytes may directly influence osteoblast and osteoclast differentiation and function, through secretion of adipokines and
free fatty acids [8–12], suggesting a direct effect of MAT on bone turnover. Indirect
evidence for this hypothesis comes from animal studies showing a positive correlation of marrow adiposity with bone resorption [13], and a negative correlation with
bone formation [14] in ovariectomized rats. Clinical studies have indicated a negative
association between MAT and bone formation in healthy premenopausal women, but
MAT was not associated with bone formation or resorption in premenopausal women
with osteoporosis [15]. In contrast, in elderly men and women with hip fractures MAT
was negatively associated with bone resorption but not with bone formation [16].
Altogether, clinical studies on the association between MAT and bone turnover are
heterogeneous and have shown different results.
Hormone replacement therapy in postmenopausal women effectively improves
bone mass by decreasing bone turnover and decreasing MAT [17]. However, estrogen
combined with medroxyprogesterone, is no longer recommended as a treatment for
postmenopausal osteoporosis due to the increased risk of breast cancer and venous
thromboembolism [18,19]. Raloxifene, a selective estrogen receptor modulator
(SERM), has been developed as an osteoporosis therapy to specifically relay the
beneficial effects of estrogen on bone, without the adverse side effects [20]. In vitro
raloxifene increased lipid deposition in differentiating 3T3-L1 cells [21] and in vivo, in
rats, raloxifene decreased MAT [22]. Clinical data on the effect of raloxifene on MAT
are lacking.
The first aim of this study is to determine the effect of raloxifene on MAT in patients with postmenopausal osteoporosis. We hypothesized that raloxifene decreases
MAT, similar to estradiol [17]. The second aim is to explore the association between
MAT, bone volume, bone turnover and vertebral fracture in postmenopausal women
with osteoporosis and the interaction with raloxifene treatment. We hypothesized
that MAT is inversely associated with histomorphometric measures of bone volume
and bone turnover and that MAT is increased in vertebral fracture patients.
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MATERIALS AND METHODS
Study design and subjects
The present study analyzed marrow adiposity in bone biopsies previously obtained
for an ancillary histomorphometry study [23] of the MORE trial, conducted between
1994 and 1999 to examine the effect of raloxifene on bone mineral density and
fracture risk [20]. The MORE study was a multi-center, double-blind, randomized,
placebo-controlled clinical trial. In the main study, 7705 postmenopausal women with
osteoporosis were randomly assigned to treatment with placebo, 60 mg or 120 mg of
raloxifene hydrochloride daily in addition to daily supplements of 500 mg of calcium
and 400-600 IE of vitamin D during 36 months. Of the total, 88 participants were
included in the ancillary bone histomorphometry study which was conducted at two
centers in the US and two centers in Europe and included bone biopsies before start
of treatment and after 24 months of treatment.
Eligible women were at least two years postmenopausal and had osteoporosis,
defined by either femoral neck or lumbar spine bone mineral density (BMD) T-score
< -2.5 (study group 1) or a] one or more moderate to severe (25-40% reduction from
expected vertebral height) or two or more mild (20-25% reduction from expected
vertebral height) vertebral fractures and low BMD or b] two or more moderate to
severe vertebral fractures regardless of BMD (study group 2). Exclusion criteria were
severe or long-term disabling conditions; metabolic bone diseases; endocrine conditions requiring hormonal therapy (except stable hypothyroidism and type 2 diabetes
mellitus); use of systemic estrogen, progestogen, or androgen during the previous 6
months; a known, suspected, or history of breast cancer, endometrial cancer, or abnormal uterine bleeding; thromboembolic events or stroke during the past 10 years;
any type of cancer besides superficial skin cancer in the previous 5 years; active renal
lithiasis; abnormal hepatic function or consumption of more than four alcoholic drinks
per day.
All subjects provided written informed consent. Approval was obtained from all
local institutional review boards. The trial was registered (clinicaltrials.gov NCT
00670319).

Measurements
Histomorphometry
Bone biopsies were obtained at baseline and after 24 months of treatment by a transverse biopsy from the anterior iliac crest following double tetracycline fluorescent
labeling. Biopsies were cut with a Jung microtome into 5-8 µm sections and stained
with Goldner’s trichrome stain or tartrate-resistant acid phosphatase stain. The
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biopsy procedure and handling of the samples and bone histomorphometric measurements have been described in more detail previously [23]. All assessments of the
sections were performed blinded to the treatment assignment and to the timing of
the biopsies (baseline or post-treatment).

Marrow adiposity parameters

Marrow adiposity parameters

For the adipocyte parameters, we used sections with Goldner’s trichrome staining.
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Statistical Analysis
The statistical analysis was performed with IBM SPSS Statistics for Windows (version 24; SPSS Inc., Chicago, IL, USA). The mean and standard deviation (±SD) or the
median and interquartile range (IQR) are reported depending on the distribution of
the data. To compare the treatment groups at baseline and to assess the effect of
treatment on changes in MAT parameters, ANOVA or Kruskall-Wallis tests were used
depending on the distribution of the data. To compare treatment groups (post hoc)
and correct for multiple testing, we used Tukey tests or Mann-Whitney U tests. To
assess the association between MAT parameters and bone turnover at baseline and
follow up, linear regression models were used. At baseline, only MAT parameters were
included as predictors. At follow up, MAT parameters, treatment and their interaction
were included as predictors. In case assumptions were violated (normally distributed
residuals, equal variances), the outcome variable was rank transformed. To compare
MAT and bone parameters in patients with and without vertebral fractures at baseline,
independent T-tests or Mann-Whitney U tests were used depending on the distribution
of the data. All statistical tests were two-sided and a p-value of 0.05 was considered
significant.

RESULTS
Subjects
In the MORE trial ancillary histomorphometry study, 88 subjects were included at
baseline and 65 paired biopsies were available for bone parameter analysis at 24
months. In the present study, 59 biopsies at baseline and 53 paired biopsies after 24
months were of sufficient quality to analyze the bone marrow adipocyte parameters.
As expected from randomization, no differences were observed between the treatment groups at baseline. Table 1 shows the baseline characteristics of the subjects.
BMD and bone histomorphometric changes have been previously reported [23], Table
2 shows the changes in bone variables in the subset of patients specifically analyzed
in this study.

Effect of raloxifene on marrow adiposity
Two years of raloxifene treatment did not affect the change in MAT volume compared
to baseline, neither when expressed as a percentage of the marrow volume (Ad.V/
Ma.V; mean ± SD change per group: placebo 1.89 ± 10.84%, raloxifene 60 mg 6.31 ±
7.22%, raloxifene 120 mg -0.77 ± 10.72%); nor when expressed as percentage of the
tissue volume (Ad.V/TV; mean ± SD change per group: placebo 1.35 ± 10.61%, raloxifene 60 mg 6.25 ± 7.45%, raloxifene 120 mg -0.13 ± 8.97%) compared to placebo (p =
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Table 1 | Baseline characteristics
Placebo

Raloxifene
60 mg

Raloxifene
120 mg

N

26

17

16

Biopsy at 24 months (N)

22

16

15

Age (years)

68 ± 6

70 ± 6

68 ± 7

Years postmenopausal (years)

18 ± 6

23 ± 8

20 ± 9

0.806 ± 0.127

0.812 ± 0.131

0.841 ± 0.105

BMD total hip (g/cm )

0.716 ± 0.070

0.698 ± 0.088

0.713 ± 0.103

Vertebral fracture (N)

9

6

4

18 ± 6

19 ± 4

16 ± 5

BMD lumbar spine (g/cm2)
2

Bone volume (BV/TV, %)
Osteoid surface (OS/BS, %)

8 (11)

8 (6)

14 (13)

0.65 ± 0.32

0.88 ± 0.58

0.89 ± 0.58

Bone formation rate (BFR/BV, %/y)

23 (23)

24 (28)

31 (27)

Total adipose tissue volume (Ad.V/TV, %)

41 ± 7

36 ± 7

39 ± 8

Marrow adipose tissue volume (Ad.V/Ma.V, %)

50 ± 8

44 ± 7

47 ± 8

Adipocyte size (Ad.Dm, μm)

54 ± 4

53 ± 4

54 ± 3

218 ± 34

202 ± 25

205 ± 20

Osteoclast number (N.Oc/T.Ar, cells/mm2)

Adipocyte number (Ad.Dn, cells/mm3 Ma.V)

Baseline characteristics of study patients per treatment group. Mean ± standard deviation or median (IQR).
N=number of subjects; BMD=bone mineral density.

Table 2 | Changes in bone parameters

N
ΔBMD Lumbar spine (g/cm )
2

ΔBV/TV (%)
ΔBFR/BV (%/y)
ΔN.Oc/T.Ar (cells/mm2)

Placebo

Raloxifene
60 mg

Raloxifene
120 mg

22

16

15

0.002 ± 0.043

0.021 ± 0.038

0.014 ± 0.033

0±7

-2 ± 6

-1 ± 4

-7 ± 17

-8 ± 16

-13 ± 21

0.18 (0.49)

-0.11 (0.53)

-0.01 (1.21)

Mean changes ± standard deviation or median changes (IQR) in bone parameters in the subset of patients analyzed in this study. N=number of subjects, BMD=bone mineral density.

0.138 and p = 0.137 respectively; Figure 1A). Also adipocyte size (Ad.Dm) remained
unchanged after treatment (median (IQR) change per group: placebo 1.45 (4.45) µm,
raloxifene 60 mg 1.45 (4.35) µm and raloxifene 120 mg 0.81 (5.21), p=0.301; Figure
1B). Adipocyte number (Ad.Dn) tended to increase after raloxifene 60mg (median
Ad.Dn (IQR): 13.27 (66.14) cells/mm2) compared to placebo (median Ad.Dn (IQR):
-9.92 (42.88) cells/mm2) whereas adipocyte number remained unchanged after raloxifene 120 mg (median Ad.Dn (IQR): 3.06 (39.80) cells/mm2, p = 0.055, post hoc:
placebo vs raloxifene 60mg p = 0.017; Figure 1C).
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Figure 1 | Changes in A) MAT volume, B) adipocyte size and C) adipocyte number during the 24
months study period. Trend for adipocyte density (p = 0.055); post hoc: placebo vs raloxifene 60mg
p = 0.017.

Marrow adiposity and bone turnover
At baseline, higher MAT volume and smaller adipocytes were both associated with
lower osteoclast number (R2 = 0.123, B = -0.022, p = 0.006, Figure 2A and: R2 = 0.098,
B = -0.040, p = 0.016 respectively). Furthermore, larger adipocytes were associated
with lower osteoid surface (R2 = 0.067, p = 0.049; Figure 2C), but MAT was not associated with bone formation rate (R2 = 0.036, p = 0.166).
After 2 years raloxifene treatment, MAT volume and adipocyte size were no longer
associated with osteoclast number (R2 = 0.013, p = 0.502, Figure 2B and R2 = 0.009, p
= 0.634, respectively). Adipocyte size was no longer associated with osteoid surface

Baseline

Follow Up

N.Oc/T.Ar (#/mm2)

3

R2 = 0.123
p = 0.006

B

3

N.Oc/T.Ar (#/mm2)

A

2

1

0

R2 = 0.013
p = 0.502

2

1

40

60

80

20

Ad.V/Ma.V(%)

40

60

80

Ad.V/Ma.V(%)

Follow Up

Baseline

C

Placebo
Raloxifene 60mg
Raloxifene 120mg

0
20

30

2

D

30

OS/BS (%)

R = 0.067
p = 0.049

OS/BS (%)

56

20

10

R2 = 0.038
p = 0.325

20
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Raloxifene 60mg
Raloxifene 120mg

10

0

0
40

50

Ad.Dm (m
mm)

60

70

40

50

60

70

Ad.Dm (m
mm)

Figure 2 | The association between MAT parameters and bone turnover. A) Significant negative
association between MAT volume and osteoclast number at baseline, but not at follow up (B). C)
Significant negative association between adipocyte size and osteoid surface at baseline, which was
no longer significant after treatment (D).
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(R2 = 0.038, p = 0.325, Figure 2D). No significant effects of treatment nor significant
interaction effects were found for the associations between MAT parameters and bone
turnover parameters at follow-up.

Vertebral fracture and marrow adiposity
At baseline, MAT volume was higher (Ad.V/Ma.V: 50.82 (8.80)%; Ad.V/TV: 43.11
(8.35)%) and adipocytes were larger (55.75 ± 3.14 μm) in patients with vertebral fractures independent of BMD, compared to patients without fractures and a T-score <2.5
(Ad.V/Ma.V: 45.58 (12.72)%, p = 0.032; Ad.V/TV: 37.17 (11.77)%, p = 0.042; Ad.Dm:
52.77 ± 3.73µm, p = 0.004; Figure 3). There were no differences in bone volume or
lumbar spine BMD between de patients with and without vertebral fractures (data not
shown).
A

80

B

*

70

C

*

60
50
40
30

60

50

40
T-score<-2.5

Fracture

300

Ad.Dn (cells/mm2)

Ad.Dm (µm)

Ad.V/Ma.V (%)

70

T-score<-2.5

Fracture

250
200
150
100
T-score<-2.5

Fracture

Figure 3 | A) MAT volume was higher and B) adipocyte size was larger in patients with vertebral
fractures at baseline compared to patients with low BMD (T-score<-2.5) without vertebral fractures. C) Adipocyte number was similar in both groups.

DISCUSSION
The present study showed that raloxifene treatment had no effect on marrow adipose
tissue volume or adipocyte size, however it tended to increase the number of marrow
adipocytes. At baseline, both marrow fat content and adipocyte size were inversely
associated with osteoclast number. Adipocyte size was inversely associated with the
bone formation parameter osteoid surface, but none of the MAT parameters were
associated with bone formation rate. Patients with prevalent vertebral fractures had
higher MAT and larger marrow adipocytes compared to postmenopausal women with
osteoporosis without vertebral fractures.

Effects of Raloxifene on MAT in postmenopausal osteoporosis
In the current study, raloxifene did not decrease MAT volume and had no effect on
adipocyte size, however, raloxifene tended to increase adipocyte number when comparing raloxifene 60mg to the placebo treated group. Previous research by Syed et
al. showed that estradiol decreased MAT volume by both a decrease in adipocyte size
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and number in postmenopausal women with osteoporosis compared to placebo [17].
While both studies included postmenopausal women, there were some methodological differences. First, our subjects were on average 5 years older (69 versus 64 years).
Second, the effect of estradiol was evaluated after 1 year, while raloxifene treatment
lasted for 2 years. Third, all subjects in the Syed paper had one or more vertebral
fractures and low BMD, while the subjects in the MORE trial had either low BMD without vertebral fractures or vertebral fractures regardless of BMD. As only 17 patients,
divided over the 3 treatment groups, had vertebral fractures in our study, groups
were too small for further analysis. In these 17 subjects, MAT increased after 2 years
of treatment in the placebo and the raloxifene 60mg group, and MAT decreased after
2 years of raloxifene 120mg (n = 4). A fourth methodological difference was found
in vitamin D supplementation. While it was discontinued 6 months prior to the start
of the trial in the subjects of the Syed paper, all subjects in the MORE trial started
vitamin D and calcium supplementation at the beginning of the trial. However, it is
unlikely that the vitamin D supplementation is the cause of the difference between
the two studies since, in mice, vitamin D was shown to decrease MAT [27]. Thus,
vitamin D supplementation would rather mask, than cause a difference between the
two studies. A last notable difference between the two studies is the increase in
MAT in the placebo groups. As in the Syed paper MAT showed a relative increase of
approximately 20% in 1 year versus 4% in 2 years in our placebo group. Longitudinal
studies on yearly increases in MAT in postmenopausal osteoporosis are lacking, but in
heathy subjects, MAT increases approximately 1% per year [28,29].
Apart from methodological differences, raloxifene could have a different effect
than estradiol in specific tissues. A possible explanation for this different effect
could come from the complex interactions between raloxifene, estrogen receptors,
coactivators and corepressor proteins [30–32] within the heterogeneous cell types
in the bone microenvironment. The results of previous preclinical research on the
effects of raloxifene on MAT are inconsistent. Murase et al. showed that, in vitro,
raloxifene dose dependently increased lipid deposition in differentiating 3T3-L1 cells
[21]. But since MAT appears to be a distinct adipose tissue [33,34], it is unknown
if the results also apply on MAT. In vivo research by Somjen et al showed that MAT
decreased after raloxifene treatment in ovariectomized rats [22]. Since these rats
were ovariectomized during growth and MAT was quantified directly under the growth
plate, thus including the primary spongiosa, the results could be related to modeling
activity rather than remodeling activity, which makes extrapolation to the clinical
situation of postmenopausal osteoporosis difficult.
Raloxifene did not show a dose dependent effect on MAT parameters; on MAT volume and adipocyte size raloxifene 60 and 120mg seem to have contradictory effects.
These different effects of 60 and 120 mg of raloxifene were also observed on bone
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parameters [23]. A possible explanation for this difference could be receptor kinetics,
for example desensitization or saturation, but this has never been investigated so far.

MAT and bone turnover before and after raloxifene treatment
Our results show a negative association between MAT volume and bone resorption
in postmenopausal women with osteoporosis. Several reports have indicated that
bone marrow pre-adipocytes express receptor activator of nuclear factor κ-B ligand
(RANKL) which stimulates osteoclast differentiation and activation [35,36]. RANKL
could therefore be a mediator between marrow adipocytes and bone resorption.
Furthermore, marrow adipocyte size was negatively associated with bone resorption and with osteoid surface, suggesting a role for adipocyte size in bone turnover.
Previous research showed that large subcutaneous adipocytes secrete more adipokines with a shift towards pro-inflammatory adipokines than smaller adipocytes [37].
It is unknown if large bone marrow adipocytes also secrete more pro-inflammatory
adipokines than smaller ones. But this could mediate the association between marrow adipocyte size and bone turnover. A second possible explanation could be lipid
transfer from marrow adipocytes to osteoclasts and osteoblasts. A recent study on the
interaction of marrow adipocytes with leukemia cells in the bone marrow, showed
that adipocytes may transfer their lipids to leukemic cells [38] supporting their maintenance. Whether marrow adipocytes are also capable of transferring lipids to bone
cells and what their role is, remains to be determined. On the other hand, in vitro
research showed that fatty acids secreted by subcutaneous adipocytes can decrease
osteoblast differentiation and function [8–10] and increase osteoclast formation [12].
Since the size of an adipocyte is mainly determined by its lipid content, these lipids
might exert the negative effect on bone cells.
We measured osteoclast number (N.Oc/T.Ar) as a measure of bone resorption, although osteoclast number does not provide information on osteoclast function, which
is a limitation of histomorphometric studies in general. Another histomorphometric
measure of bone resorption is eroded surface, but we did not choose to use this parameter in this study due to greater inter-observer variability compared to osteoclast
number [39]. Moreover, resorption pits were scarce in these biopsies and therefore
were not representative of the overall resorption rate [23].

MAT and vertebral fracture
We showed, for the first time, that besides MAT volume, adipocyte size is associated
with vertebral fractures; vertebral fracture patients have larger marrow adipocytes
compared to patients without vertebral fracture. Interestingly, there was no difference in bone volume or BMD between the patients with and without fracture,
possibly indicating that the negative effect of the larger marrow adipocytes could be
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independent of bone volume and BMD and suggesting a role for MAT in bone quality.
Previous studies showed that high MAT is associated with vertebral fractures [4–6].
These studies used magnetic resonance imaging (MRI) techniques to quantify MAT,
consequently marrow adipocyte size and number could not be determined [4–6].
A possible explanation for increased marrow adipocyte size in patients with
vertebral fractures could be contributed to differences in secretion of pro-inflammatory adipokines secreted by different sizes of marrow adipocytes, as occurs in larger
subcutaneous adipocytes [37]. Again, it is unknown if this also applies for marrow
adipocytes, but it could indicate that smaller adipocytes have a more favorable profile of adipokines secreted locally and possibly exerting a positive influence on bone
metabolism [8–11]. Accordingly, potent anti-osteoporosis therapies such as estrogen,
teriparatide and bisphosphonates also decrease marrow adipocyte size, accompanied
by an increase in BMD and a decrease in fracture risk [17,40,41]. Thus, it seems that
decreasing marrow adipocyte size has a bone-favorable effect.

CONCLUSIONS
This study shows that raloxifene does not decrease marrow adipose tissue and that it
tended to increase adipocyte number in postmenopausal women with osteoporosis.
MAT volume was only associated with bone resorption, while adipocyte size was associated with both bone resorption and bone formation, which may point to an effect of
the marrow adipocytes on bone turnover. Finally, we showed for the first time that the
higher MAT volume in patients with vertebral fractures compared to patients without
vertebral fractures was associated with larger bone marrow adipocytes, which supported the tenet that larger adipocytes indeed have a negative effect on bone cells,
possibly by secreting adipokines or fatty acids. This will be an important question for
further research, since targeting adipocyte size might represent a future therapy for
bone disease and fracture prevention.
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ABSTRACT
Estrogen deficiency induces bone loss by increasing bone resorption, in part, through
upregulation of receptor activator of nuclear factor κB ligand (RANKL). RANKL is
secreted by osteoblasts and osteocytes, but more recently also bone marrow (pre-)
adipocytes have been shown to express RANKL. Estrogen deficiency increases bone
marrow adipose tissue (BMAT). The aim of this study was to determine the effect of
ovariectomy on RANKL protein expression by bone marrow adipocytes in C3H/HeJ
mice.
14 weeks old, female C3H/HeJ mice (n=20) were randomized to sham surgery (Sham)
or ovariectomy (OVX). After 4 weeks animals were euthanized. BMAT volume fraction
(Ad.V/Ma.V) was quantified by polyoxometalate-based contrast enhanced nanoCT.
The percentage of RANKL positive bone marrow adipocytes (RANKL.Pos.N.Ad/N.Ad)
and the percentage of RANKL positive osteoblasts covering the bone surface (RANKL.
Pos.B.Pm/B.Pm) were quantified in the distal metaphysis of immunohistochemically
stained sections of the left femora. The effects of OVX were analyzed by Student’s
t-test or Mann-Whitney U test.
RANKL was detected in osteoblasts, osteocytes and bone marrow adipocytes. OVX
significantly increased mean RANKL.Pos.N.Ad/N.Ad (mean ± SD: Sham: 42 ± 18%; OVX:
64 ± 12%; p = 0.029), as well as Ad.V/Ma.V (median (IQR): Sham: 1.4 (4.9)%; OVX: 7.2
(7.3)%: p = 0.008), compared to sham surgery.
We show that ovariectomy increased both the percentage of RANKL positive bone
marrow adipocytes and the total BMAT volume fraction in C3H/HeJ mice. Therefore,
RANKL produced by bone marrow adipocytes could be an important contributor to
OVX-induced bone loss in C3H/HeJ mice.
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INTRODUCTION
High bone marrow adipose tissue (BMAT) is associated with low bone volume, osteoporosis and fractures, but the exact interaction between BMAT and bone metabolism
remains elusive. Recent research suggests a possible role for receptor activator of
nuclear factor κB ligand (RANKL) in the bone-fat interaction, as (pre)-adipocytes have
been shown to express RANKL [1–4].
RANKL is important for osteoclast formation [5–7] and exist as a membrane-bound
and soluble protein of the tumor necrosis factor (TNF) super family [5,8]. Binding of
RANKL to its receptor (receptor activator of nuclear factor κB; RANK) on osteoclast
precursors induces the formation and activation of osteoclasts [9,10]. RANKL can also
bind to its soluble decoy receptor osteoprotegerin (OPG), which inhibits the RANKLRANK signaling [11,12]. Therefore, RANKL-OPG binding is protective against bone loss.
RANKL is mainly expressed by osteoblast and osteocytes, but also by other cell types
including mesenchymal stromal cells, pre-adipocytes, chondrocytes, T-cell and B-cell
lymphocytes [13–17].
Estrogen deficiency induces bone loss by increasing bone resorption, in part,
through upregulation of RANKL [15,18] and downregulation of OPG expression [19–21].
Furthermore, estrogen deficiency increases BMAT [22–24], but whether these two
effects are related is unknown. If estrogen deficiency not only increases the total
amount of BMAT but also affects RANKL expression by BMAT, this might be an important regulatory mechanism in the bone-fat interaction. Therefore, the aim of this
study is to determine the effect of ovariectomy on RANKL expression in bone marrow
adipocytes of C3H/HeJ mice. We hypothesize that RANKL expression by bone marrow
adipocytes is increased after ovariectomy compared to sham surgery.

MATERIALS AND METHODS
Animals
This experiment was reviewed and approved by the institutional animal care and use
committee of the Amsterdam UMC, Vrije Universiteit Amsterdam (no. Endo 14-01). All
procedures were performed according to local, national and international guidelines
and laws on experimental animal care. Reporting was performed according to the
ARRIVE guidelines.
Twenty 12-wk-old female C3H/HeJ mice (Jackson laboratories, Stock: 000659)
were randomly assigned to two treatment groups (n = 10/group). Animals were
group housed, with a 12:12-h light-dark cycle at a room temperature of 21⁰C. Chow
(2016 Teklad global 16% protein rodent diets, T.2016MI) and water were available ad
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libitum. Chow was formulated to exclude soybean, thus minimizing the presence of
phytoestrogen in the diet. After two weeks of acclimatization, all animals underwent
surgery: 10 mice were ovariectomized (OVX; bilateral approach, isoflurane anesthesia, pain medication: buprenorphine 0.05mg/kg subcutaneous on the day of surgery)
and 10 mice underwent bilateral laparotomy (sham surgery). On day 28 animals were
euthanized via CO2 inhalation. Uteri were weighted to confirm successful ovariectomy.
Right tibiae and left femora were fixated in 2% phosphate buffered paraformaldehyde
(pH 6.9) at 4⁰C for 24 hours before further processing for immunohistochemistry and
contrast-enhanced nanoCT (CE-CT). Analysis of the data was performed blinded for
treatment group.

CE-CT image acquisition and analysis
BMAT volume fraction was quantified by polyoxometalate (POM)-based CE-CT [25].
After 24 h of fixation, right tibiae were first transferred to phosphate buffered saline (PBS) and were thereafter transferred to POM-based contrast solution (35mg of
Hafnium-Wells Dawson POM per 1 ml PBS). Before POM-staining, the distal ends of
the bones were removed to allow better diffusion of the contrast agent into the bone
marrow compartment. Samples were incubated in the contrast solution, at 4°C while
shaking gently, for 48 h prior to CE-CT imaging. Similar acquisition and reconstruction settings were applied as described previously [25]. Briefly, we used a Phoenix
NanoTom M (GE Measurement and Control solutions, Germany) at a voltage of 70
kV and a current of 60 µA, and a 0.2 mm aluminum filter was used to reduce beam
hardening. The exposure time was 500 ms, and 2400 images were acquired over 360°
using the fast scan mode (frame averaging = 1; image skip = 0), resulting in a scanning
time of 20 min. We scanned at a 2 µm isotropic voxel size.
BMAT volume fraction was quantified in the proximal metaphysis of the tibia by
drawing volumes of interest around the trabecular bone region in the proximal metaphysis starting directly underneath growth plate and covering a length of 1.2mm
distal to the growth plate, using an in-house developed semi-automated protocol
[25]. One tibia was excluded from CE-CT analysis due to damage to the proximal
metaphysis. BMAT volume fraction was expressed as a percentage of the marrow
volume (Ad.V/Ma.V, %).

Immunohistochemistry
RANKL expression in bone marrow adipocytes and osteoblast was determined by immunohistochemical staining. After 24 h of fixation, left femora were decalcified for two
weeks using ethylenediaminetetraacetic acid (EDTA, 10%, pH 7.2) and subsequently
embedded in paraffin. Antigen retrieval was performed using trypsin (Sigma T7168).
RANKL protein expression was detected using a polyclonal Rabbit anti-mouse RANKL
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antibody as primary antibody (LifeSpan BioSciences B1425), in a concentration of
1:900 in PBS-Tween. Thereafter, sections were incubated with EnVision+ System- HRP
labelled polymer anti-rabbit (Dako K4003), containing both the second antibody and
Horseradish Peroxidase (HRP). Finally, the sections were stained with AEC substrate
(Sigma AEC101) to detect the bound antibody and hematoxylin was used for counterstaining. A negative (no primary antibody) control staining from one mouse was
included in every assay.
Measurements were performed in the secondary spongiosa of the distal metaphysis. Sections with high quality staining and intact secondary spongiosa were used
for measurements. Images were acquired using a Nikon microscope (Eclipse E 800),
equipped with a DS-U1 camera (Nikon) and NIS-Elements AR software (version 2.34,
Nikon GmbH, Düsseldorf, Germany). The percentage of RANKL positive bone marrow
adipocytes (RANKL.Pos.N.Ad/N.Ad) was calculated by tracing the individual adipocytes and counting the RANKL positive bone marrow adipocytes at 200x magnification.
Per animal all adipocytes in the secondary spongiosa were counted. If a section had
less than 100 adipocytes in the secondary spongiosa, a second section was analyzed
until at least 100 adipocytes were counted. The percentage bone surface covered
with RANKL positive osteoblasts (RANKL.Pos.B.Pm/B.Pm) was measured by tracing
the total bone surface and the bone surface covered in RANKL positive osteoblasts.
The trabecular bone perimeter covered with RANKL positive osteoblasts was then
divided by the total trabecular perimeter to determine the fraction of RANKL positive
osteoblasts. If a bone or a section was damaged during processing it was excluded
from analysis. All measurement were performed at 200x magnification.

Statistics
This study was powered to detect a difference in BMAT volume fraction of 3% with
a variance of 6%. The sample size was calculated using nQuery Advisor (Version 7.0)
and power analysis was approved by the ethics committee of the Amsterdam UMC,
Vrije Universiteit Amsterdam. IBM SPSS Statistics for Windows (version 22; SPSS inc.,
Chicago, IL, USA) was used for statistical analysis. Graphs were constructed using
Graphpad Prism (Version 7.0 for Windows, GraphPad Software, La Jolla California
USA). Mean and standard deviations (SD) or median and interquartile ranges (IQR) are
reported, depending on the distribution of the data. The effects of OVX were analyzed
by Student’s t-test or Mann-Whitney U test, depending on the distribution of the data.
All statistical tests were two sided and p-values of 0.05 were considered statistically
significant.
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RESULTS
Expression of RANKL was detected in osteoblasts, osteocytes and bone marrow adipocytes. Fig. 1 shows a representative image of the RANKL staining in bone marrow
adipocytes and osteoblasts (OVX group). Osteocytes within the cortex were stained
abundantly, however hardly any osteocytes in the trabecular bone of the secondary
spongiosa were stained (Fig. 2, OVX group). Consequently, quantification of osteocytes
within the trabecular bone of the secondary spongiosa was unreliable and therefore
these osteocytes were not quantified.
Fig. 3 shows representative images of BMAT in a sham animal (Fig. 3A) and an
OVX animal (Fig. 3B). OVX significantly increased BMAT volume fraction compared to

Figure 1 | A) Negative control (200x magnification, OVX group). B) RANKL positive bone marrow
adipocytes in the bone marrow (for example see asterisks) and RANKL positive osteoblasts covering
the trabecular bone (black arrows; 200x magnification, OVX group).

Figure 2 | A) Abundant RANKL positive osteocytes within the cortical bone (for example see arrowheads, 200x magnification, OVX group). B) No RANKL immunoreactivity in osteocytes within
trabecular bone (200x magnification, OVX group).

OVX increases RANKL in BM adipocytes of C3H/HeJ mice

Figure 3 | Representative images of sections of A) a sham animal which showed little RANKL
staining in bone marrow adipocytes and B) an OVX animal with abundantly stained bone marrow
adipocytes (magnification 200x).
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Figure 4 | A) OVX increased BMAT volume fraction (Ad.V/Ma.V) measured by CE-CT. B) OVX increased the percentage RANKL positive bone marrow adipocytes (Pos.N.Ad/N.Ad). C) OVX increased the bone surface covered with RANKL positive osteoblasts (Pos.B.Pm/B.Pm). Individual
data points are shown, lines represent median and interquartile range.

sham surgery (median Ad.V/Ma.V (IQR): Sham: 1.4 (4.9)%; OVX: 7.2 (7.3)%: p = 0.008;
Fig. 4A). Furthermore, OVX increased the percentage of RANKL positive bone marrow
adipocytes compared to sham surgery (mean RANKL.Pos.N.Ad/N.Ad ± SD: Sham: 42 ±
18%; OVX: 64 ± 12%; p = 0.029; Fig. 4B). In addition, OVX increased the percentage
of RANKL positive osteoblasts covering the bone surface compared to sham surgery
(mean RANKL.Pos.B.Pm/B.Pm ± SD: Sham: 27 ± 7%; OVX: 40 ± 11%; p = 0.018; Fig. 4C).

DISCUSSION
We show that ovariectomy not only increases the amount of BMAT, but also increases
expression of RANKL by bone marrow adipocytes in C3H/HeJ mice. This could indicate
that RANKL expression by BMAT could have as substantial role in postmenopausal
osteoporosis.
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To our knowledge, this is the first study to show RANKL expression by mature bone
marrow adipocytes measured by immunohistochemical staining. Previous research
showed RANKL mRNA expression by Pref-1 positive bone marrow pre-adipocytes in
mice [1,2], and by primary human bone marrow adipocytes [4]. These studies further
showed that RANKL mRNA expression in bone marrow pre-adipocytes increased with
aging and was able to induce tartrate-resistant acid phosphatase (TRAP) expression
when co-cultured with bone marrow macrophages under adipogenic conditions [1].
Furthermore, they showed that primary human bone marrow adipocytes were able
to stimulate differentiation of osteoclast precursors into active resorbing osteoclasts
under co-culture conditions [4]. Last, they showed by immunocytochemical staining
that human bone marrow adipocytes expressed RANKL protein [3]. The latter results
differ from our results, as they show that all bone marrow adipocytes expressed RANKL
protein and we show that only a percentage of the bone marrow adipocytes express
RANKL protein. Potentially the location of the bone marrow adipocytes analyzed could
account for these differences, as Hozumi and coworkers use human bone marrow
adipocytes harvested from the proximal femur during hip replacement surgery and
we quantified RANKL expression in BMAT in the distal metaphysis of the femur of
mice. Furthermore, this difference could be explained by the age difference of the
subjects (69 years) and animals (18 weeks old), as RANKL expression by bone marrow
adipocytes increases with ageing [1].
In our study we used ovariectomy as a model for estrogen deficiency, however,
besides low levels of estradiol, ovariectomy also induces high levels of gonadotrophins
(LH and FSH). It is possible that the increase in BMAT following ovariectomy could be
caused by either a decrease in estradiol or an increase in FSH [26], or a combination
of both. Furthermore, increased levels of FSH could also affect secretion of RANKL
by adipocytes [27], however current literature shows no effect of secreted RANKL on
bone turnover and bone volume [27,28].
We selected the C3H/HeJ mice as our model because they have high bone marrow adipose tissue (BMAT) at a relatively young age. Sufficient amounts of BMAT are
necessary to detect changes in BMAT/RANKL expression after ovariectomy. The C3H/
HeJ mice harbor a spontaneous missense mutation in the fourth exon of the Toll-like
receptor 4 (Tlr4) gene (Tlr4Lps-d) [29], causing loss of function of TLR4 pathway,
which is part of the innate immune system. The TLR4 pathway increases T cells,
which can also produce RANKL [30], thus inhibition of the TLR4 pathway in the C3H/
HeJ mice could lead to decreased levels of RANKL [30,31]. Despite of possible lower
levels of RANKL in C3H/HeJ mice we were able to detect changes in RANKL expression
by bone marrow adipocytes after ovariectomy. It would be interesting to compare
changes in RANKL expression by bone marrow adipocytes in different mouse strains,
however this is beyond the scope of this study.
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Our study has limitations. We did not quantify the amount RANKL expression by
BMAT. Since an amplification step is used in the immunohistochemical staining, measuring signal intensity as a parameter for the amount of expression is an unreliable
method. Furthermore, due to the relatively high bone turnover in mice, we were not
able to reliably quantify osteoblast number, and used the percentage bone surface
covered with RANKL positive osteoblasts instead.
To conclude, we show that ovariectomy increases both RANKL expression by bone
marrow adipocytes and the total BMAT volume fraction in C3H/HeJ mice. As ovariectomy increased not only the percentage RANKL positive bone marrow adipocytes, but
also the total volume fraction of BMAT, RANKL expression by bone marrow adipocytes
could be an important contributor to postmenopausal bone loss.
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ABSTRACT
Bone marrow adipose tissue (BMAT) increases after menopause and increased BMAT
is associated with osteoporosis and prevalent vertebral fractures. PPARγ activation
promotes adipogenesis and inhibits osteoblastogenesis, therefore PPARγ is a potential
contributor to the postmenopausal increase in BMAT and decrease in bone mass. The
aim of this study is to determine if PPARγ inhibition can prevent ovariectomy induced
BMAT increase and bone loss in C3H/HeJ mice.
14-week-old female C3H/HeJ mice (n = 40) were allocated to four intervention
groups: sham surgery (Sham) or ovariectomy (OVX, isoflurane anesthesia) with either vehicle (Veh) or PPARγ antagonist administration (GW9662; 1 mg/kg/day, daily
intraperitoneal injections) for 3 weeks. We measured BMAT volume, adipocyte size,
adipocyte number and bone structural parameters in the proximal metaphysis of the
tibia using polyoxometalate-based contrast enhanced-nanoCT. Bone turnover was
measured in the contralateral tibia using histomorphometry. The effects of surgery
and treatment were analyzed by two-way ANOVA.
OVX increased the BMAT volume fraction (Sham + Veh: 2.9 ± 2.7% vs OVX + Veh:
8.1 ± 5.0%: p < 0.001), average adipocyte diameter (Sham + Veh: 19.3 ± 2.6μm vs OVX
+ Veh: 23.1 ± 3.4μm: p = 0.001) and adipocyte number (Sham + Veh: 584 ± 337cells/
μm3 vs OVX + Veh: 824 ± 113cells/μm3: p = 0.03), while OVX decreased bone volume
fraction (Sham + Veh: 15.5 ± 2.8% vs OVX + Veh: 7.7 ± 1.9%; p < 0.001). GW9662 had
no effect on BMAT, bone structural parameters or bone turnover.
In conclusion, ovariectomy increased BMAT and decreased bone volume in C3H/
HeJ mice. The PPARγ antagonist GW9662 had no effect on BMAT or bone volume in
C3H/HeJ mice, suggesting that BMAT accumulation is regulated independently of
PPARγ in C3H/HeJ mice.
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INTRODUCTION
Osteoporosis and its associated risk of fractures, is an increasing problem in our aging
society. High marrow fat has often been associated with low bone volume and osteoporosis [1–3], as well as with prevalent vertebral fractures [4,5], even independently
of bone mineral density in some studies [6,7]. Estrogen treatment can decrease bone
marrow adipose tissue (BMAT)[8] by decreasing adipocyte size and adipocyte number
[9] and increase bone mineral density (BMD) in postmenopausal osteoporosis [10].
However, estrogen treatment is not recommended for long term treatment of osteoporosis due to increased risk of breast cancer and thrombosis [11,12].
Osteoblasts and bone marrow adipocytes are both derived from skeletal stem cells
(SSC; also known as mesenchymal stromal cell) [13,14]. Lineage fate of the SSC is
determined by several factors, including peroxisome proliferator-activated receptor
gamma (PPARγ). PPARγ is part of the nuclear receptor superfamily and is activated by
endogenous ligands such as fatty acids and exogenous ligands such as thiazolidinediones [15,16]. PPARγ exist in two isoforms: PPARγ1 and PPARγ2. PPARγ1 is abundantly
expressed in several tissues, whereas PPARγ2 is expressed mainly in adipose tissue
[17]. When a ligand binds to PPARγ, a heterodimer is formed with retinoid X receptor
α and this complex binds to PPARγ responsive elements (PPRE) in the promotor regions
of downstream PPARγ genes to initiate adipogenesis and regulate lipid metabolism
and insulin sensitivity [15]. PPARγ activation can modulate SCC fate resulting in stimulation of adipogenesis and inhibition of osteoblastogenesis and could play a key role in
the BMAT increase and bone volume decrease seen with aging and in postmenopausal
osteoporosis [2,3]. Therefore, inhibition of PPARγ seems a logical approach to prevent
marrow adiposity and bone loss after menopause.
Previous animal studies have shown inconsistent effects of PPARγ modulation on
bone and BMAT after ovariectomy. In PPARγ haploinsufficient mice, bone loss after
ovariectomy was not different from wild type animals [18]. Mice overexpressing PPARγ
specifically in osteoblasts, showed accelerated bone loss after ovariectomy compared
to wild type ovariectomized mice [19]. Another study showed that the PPARγ antagonist bisphenol A diglycidyl ether (BADGE) could return ovariectomy-induced marrow
adiposity to sham levels in rats, however BADGE had no effect on bone turnover
or bone volume during estrogen deficiency [20]. As BADGE binds PPARγ reversibly,
and has relatively low affinity and solubility, it is possible that BADGE had difficulty
in achieving complete PPARγ antagonism [16,21]. Furthermore, some studies report
PPARγ agonistic activity of BADGE [22,23]. A study by Sato and coworkers showed that
a different PPARγ antagonist could inhibit marrow adiposity. This group used GW9662,
a potent PPARγ antagonists, which binds irreversibly to PPARγ [24]. The effects of
GW9662 on bone volume, bone quality, bone turnover and BMAT during estrogen defi-
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ciency have not been described so far. Studies on BMAT often use aged animals, as old
animals have larger amounts of BMAT. However, for example aged C57BL/6 mice have
little trabecular bone volume left in their metaphysis, which makes it harder to study
BMAT and bone parameters at the same time. C3H/HeJ mice have four times higher
BMAT compared to C57BL/6 at the age of 12 weeks [25], which makes the C3H/HeJ
mouse a good animal model to study BMAT and bone together. The aim of this study
was to determine if the PPARγ antagonist GW9662 can prevent ovariectomy-induced
marrow adiposity and bone loss in C3H/HeJ mice, which have relatively high BMAT.

MATERIAL AND METHODS
Animals
The experiment was evaluated and approved by the institutional animal care and use
committee of the VU medical center in Amsterdam (no. Endo 14-01). All procedures
were performed according to local, national and international guidelines and laws
on experimental animal care. Reporting was performed according to the ARRIVE
guidelines.
Forty 12-wk-old female C3H/HeJ mice (Jackson laboratories, Stock: 000659) were
randomly assigned to four treatment groups (n = 10/group). Animals were group housed,
with a 12:12-h light-dark cycle and a room temperature of 21⁰C. Chow (2016 Teklad
global 16% protein rodent diets, T.2016MI) and water were available ad libitum. Chow
was formulated to exclude soybean, thus minimizing the presence of phytoestrogen
in the diet. After two wk of acclimatization, all animals underwent surgery: 20 mice
were ovariectomized (OVX; bilateral approach, isoflurane anesthesia, pain medication: buprenorphine 0.05mg/kg subcutaneous on the day of surgery) and 20 mice
underwent bilateral laparotomy (sham surgery). After 1-wk recovery, intraperitoneal
injections with either GW9662 1mg/kg/day (Sigma-Aldrich) in 10% DMSO or 10% DMSO
(Vehicle) were administered daily at 10 AM for 3 consecutive weeks [24,26]. Animals
were weighed daily and dosing was adjusted accordingly. On day 21 and day 27 10
mg/kg calcein (Sigma-Aldrich) was administered intraperitoneally. On day 28 animals
were euthanized via CO2 inhalation. Subcutaneous (interscapular) adipose tissue was
sampled, frozen in liquid nitrogen and stored at -80⁰C until RNA isolation. Uteri were
weighted to confirm successful ovariectomy. Left tibiae, right tibiae and left femora
were fixated in 2% phosphate buffered paraformaldehyde (pH 6.9) at 4⁰C for 24 h
before further processing for histology and contrast-enhanced nanoCT (CE-CT). Right
femora were wrapped in saline immersed gauzes and frozen at -20⁰C for mechanical
testing. Analysis of the data was performed blinded for treatment group.
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MicroCT and CE-CT image acquisition and analysis
After 24 hours of fixation, right tibiae were first transferred to phosphate buffered
saline (PBS) and were thereafter transferred to a polyoxometalate (POM)-based
contrast solution (35mg of Hafnium-Wells Dawson POM per 1 ml PBS). Before POMstaining, the distal ends of the bones were removed to allow better diffusion of the
contrast agent into the bone marrow compartment. Samples were incubated in the
contrast solution, at 4°C while shaking gently, for 48 h prior to CE-CT imaging [27].
Similar acquisition and reconstruction settings were applied as described previously
[27]: briefly, we used a Phoenix NanoTom M (GE Measurement and Control solutions,
Germany) at a voltage of 70 kV and a current of 60 µA, and a 0.2 mm aluminum filter
was used to reduce beam hardening. The exposure time was 500 ms, and 2400 images
were acquired over 360° using the fast scan mode (frame averaging = 1; image skip =
0), resulting in a scanning time of 20 min. We scanned at a 2 µm isotropic voxel size.
For analyses of the bone structural parameters, we used an in-house developed
semi-automated protocol for drawing the volumes of interest around the trabecular
bone region in the proximal metaphysis starting directly underneath growth plate
and covering a height of 1.2mm distal to the growth plate. One tibia was excluded
from CE-CT analysis due to damage to the proximal metaphysis. Primary outcomes
parameters were: BMAT volume fraction as a percentage of the tissue volume (total
adipose tissue volume: Ad.V/TV, %), BMAT volume fraction as a percentage of the marrow volume (marrow adipose tissue volume: Ad.V/Ma.V, %), adipocyte diameter (Ad.
Dm, μm), adipocyte density (Ad.Dn, cells/mm3), and bone volume fraction (BV/TV,
%). Secondary outcome parameters were trabecular thickness (Tb.Th, µm), trabecular
number (Tb.N, 1/mm) and trabecular separation (Tb.Sp, mm).
Cortical parameters and mineralization degree were also determined in the right
tibiae using microCT (μCT 40, Scanco Medical AG, Brüttisellen, Switzerland). Scan
settings were: peak voltage 55 kVp, electric current 144 microA, spatial resolution 15
μm, scan integration time 200ms. Beam hardening effects were reduced using both an
aluminum filter in the microCT scanner and a correction algorithm in the software.
To separate cortical bone from the background a threshold of 650 mg hydroxyapatite
(HA/cm3) was used. Cortical parameters (cortical area, cortical thickness and cortical
mineralization) were determined in a mid-diaphyseal VOI of starting 1 mm proximal of
the tibio-fibular junction, extending 1 mm in the proximal direction. Morphometry was
performed using the uct_evaluation program (V6.6, Scanco Medical AG, Brüttisellen,
Switzwerland). MicroCT analysis was performed according to Bouxein et al. [28].

Bone histomorphometry
After fixation the undecalcified left tibiae were processed for methyl methacrylate
(MMA) embedding. MMA (BDH Chemicals, Poole, England) was supplemented with 20%
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dibutyl phtalate (Merck, Darmstadt, Germany), 8.0 g/L dibenzoyl peroxide (AKZO Nobel, Deventer, The Netherlands) and 22 mL/10 mL N,N-dimethyl-p-toluidine (Merck).
Sections of 5 mm thickness were cut with a Leica Jung K Polycut microtome (Nussloch,
Germany) and subsequent sections were stained with calcein blue (Sigma-Aldrich), as
described by van ‘t Hof et al. [29], or tartrate-resistant acid phosphatase (TRAP). Images were acquired using a Nikon microscope (Eclipse E 800), equipped with a DS-U1
camera (Nikon) and NIS-Elements AR software (version 2.34, Nikon GmbH, Düsseldorf,
Germany) at a 40x magnification. Three sections of each staining were analyzed per
animal. Measurements were performed in the secondary spongiosa of the proximal
metaphysis. All histomorphometric measurements were performed according to the
guidelines of the American Society of Bone and Mineral Research (ASBMR) [30]. Images
were analyzed using open-source software based on imageJ [29]. Histomorphometric
measurements included mineral apposition rate (MAR; μm/day), mineralizing surface
(MS/BS; %) and bone formation rate (BFR/BS; μm3/μm2/day) measured in the in the
calcein blue stained sections and osteoclast surface (Oc.S/BS, %) and osteoclast number (N.Oc/BS, #/mm) measured in TRAP stained sections.

Immunohistochemistry
After 24 hours of fixation, left femora were decalcified for two weeks using ethylenediaminetetraacetic acid (EDTA, 10%, pH 7.2) and subsequently embedded in paraffin.
To detect PPARγ protein expression in the bone, immunohistochemical staining was
performed on 5 µm thick sections, using a monoclonal Rabbit anti-mouse PPARγ antibody as primary antibody (Cell Signaling Technology, #2435 [26]) in a concentration
of 1:100 in PBS-Tween. The secondary antibody was a polyclonal goat anti rabbit
(DAKO, E0432). Antigen retrieval was performed by incubation with DNAse (SigmaAldrich, D4527) for 15 minutes. Nonspecific binding was blocked by incubating the
bone sections in normal goat serum for one hour at room temperature. Visualization
was performed by incubation with Horseradish Peroxidase (HRP) conjugated Streptavidin (Invitrogen, T20931) and Tyramide signal amplification (Invitrogen, T20931)
followed by staining with AEC substrate (Invitrogen, OO2007). Images were acquired
using a Nikon microscope (Eclipse E 800), equipped with a DS-U1 camera (Nikon) and
NIS-Elements AR software (version 2.34, Nikon GmbH, Düsseldorf, Germany) at a 40x
magnification. Two sections per femur were analyzed. Measurements were performed
in the secondary spongiosa of the distal metaphysis. A binary was set using a threshold
in NIS elements AR software to determine the area of PPARγ positive cells (PPARγ.
Ar), this area was divided by either the tissue area (T.Ar) or the marrow area (Ma.Ar)
to determine the area fraction of PPARγ positive cells (PPARγ.Ar/T.Ar or PPARγ.Ar/
Ma.Ar respectively).
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Mechanical testing
3-point bending was performed using a computer controlled Servohydraulic Instron
testing device (Instron, MA, USA). For mechanical testing, samples were stored in
saline-soaked gauzes at -20⁰C after harvesting, and thawed just before the tests. All
mechanical tests were performed at room temperature. 3-point bending test was performed on right femora according to Jepsen et al. [31]. An in-house build set-up was
manufactured, which consists of two parallel supports, spaced 10 mm. The middle
support, attached to the loading device, was able to move in a vertical direction.
Mid-diaphysis preload of 0.5N was applied to stabilize the bone. Subsequently an
increasing force, with a displacement rate of 1 mm/min, was applied until failure.
The stiffness (N/mm), maximum load (N) and maximum displacement (mm) were
calculated from the load displacement curve.
After 3-point bending distal right femora were used for a compression test [32,33]
on the distal metaphysis of the femora to test for the properties of cancellous bone.
Distal parts of the femora were embedded in cold curing methylmetacrylate (X60,
HBM Benelux, Waalwijk, The Netherlands). An in house developed mold, fitting the
femoral condyles was constructed and placed on top of the specimen. A preload of
0.5N was applied to stabilize the sample, thereafter a uniaxial load to failure was
applied, with a displacement rate of 1 mm/min. The stiffness (N/mm), maximum load
(N) and maximum displacement (mm) were calculated from the load displacement
curve.

RT-qPCR
1 ml of cold TRI reagent was added to 50mg of subcutaneous adipose tissue for RNA
extraction. RNA isolation was performed by use of an RNA isolation kit (MachereyNagel, Düren, Germany), according to the manufacturers protocol. RNA concentration
was measured with a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). RNA was reverse transcribed from 100 ng total RNA in a 20-μl reaction
mixture containing 5 mmol/l MgCl2 (Eurogentec, Maastricht, The Netherlands), 1x
RT buffer (Promega, Madison, WI, USA), 1 mmol/l dATP, 1 mmol/l dCTP, 1 mmol/l
dGTP, 1 mmol/l dTTP (Roche Diagnostics, Mannheim, Germany), 1 mmol/l betaïne,
10 ng/ul random primer, 0.4 U/μl RNAsin (Promega), and 5 U/ μl M-MLV RT-enzyme
(Promega), as described previously [34]. The PCR reaction was performed on a total
volume of 25 µL, which contained 3 µL cDNA, 300 nmol/L reverse and forward primer
and SYBR Green Supermix (Bio-Rad Laboratories Inc., Veenendaal, The Netherlands).
Downstream PPARγ genes glucose transporter 4 (Glut 4), Lipoprotein lipase (LPL) and
fatty acid binding protein (aP2) were quantified. Primers are shown in Table 1. The
PCR was performed on an iCycler iQTM Real-Time PCR Detection System (Bio-Rad): 3
min at 95 C, 40 cycles consisting of 15 s at 95 C and 1 min at 60 C. The relative gene
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Table 1 | Primers used for quantitative real-time PCR
Gene

Forward primer

Reverse primer

Beta-Actin

AACCGTGAAAAGATGACCCAGAT

CACAGCCTGGATGGCTACGTA

Beta2-microglobulin

TGACCGGCTTGTATGCTATC

CAGTGTGAGCCAGGATATAG

Glut4

CAGCGCCTGAGTCTTTTCTT

GGCATTGATAACCCCAATGT

Lpl

CCCTAAGGACCCCTGAAGAC

GGCCCGATACAACCAGTCTA

aP2

ACACCGAGATTTCCTTCAAACTG

CCATCTAGGGTTATGATGCTCTTCA

expression was calculated by the 2-ΔCt method and Beta-Actin and Beta2-microglobulin
were used as reference genes (primer sequences are shown in table 1). Values of more
than 0.75 SD of the mean of the triplicate measurement were considered outliers and
were excluded.

Statistics
This study was powered to detect a difference in BMAT volume fraction of 3% with
a variance of 6%. The sample size was calculated using nQuery Advisor (Version 7.0)
and power analysis was approved by the ethics committee of the VU medical center.
IBM SPSS Statistics for Windows (version 22; SPSS inc., Chicago, IL, USA) was used for
statistical analysis. Graphs were constructed using Graphpad Prism (Version 7.0 for
Windows, GraphPad Software, La Jolla California USA). Mean and standard deviations
(SD) or median and interquartile ranges (IQR) are reported, depending on the distribution of the data. Linear mixed model (LMM) was used to analyze the repeated weight
measurements between the 4 groups. Based on the Akaike’s Information Criterion
(AIC) and the Schwarz’s Bayesian Criterion (BIC) first order autoregressive covariance
structure was chosen. Two-way ANOVA was used to assess the effects of surgery and
treatment and their interaction on the outcome parameters. The residuals were plotted to check their distribution. Levene’s test was applied to check for homogeneity
of variance. If either one of the assumptions was violated, the outcome parameter
was rank transformed. All statistical tests were two sided and P-values of 0.05 were
considered statistically significant.

RESULTS
Body weight increased during the study in all groups (LMM: p < 0.001; Fig. 1). The
increase in body weight was significantly larger in ovariectomized animals compared
to sham operated animals (LMM: p = 0.002). PPARγ antagonist GW9662 did not affect weight changes. Uterine weight was lower in the ovariectomized animals (mean
uterine weight OVX: 22mg (SD 8) vs Sham 96mg (SD 26); Two-way ANOVA: p < 0.001),
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Figure 1 | Changes in body weight (%). In all groups (n = 10/group) body weight increased (LMM:
P < 0.001). Body weight increased more in ovariectomized mice compared to sham operated mice
(LMM: P = 0.002). GW9662 had no effect on body weight. Data are presented as median and IQR.

5
confirming estrogen deficiency. There was no effect of GW9662 on uterine weight
(data not shown).

Bone marrow adipose tissue
Fig. 2 shows a typical example of BMAT quantification using CE-nanoCT. BMAT volume
fraction, adipocyte size and adipocyte density were increased after 4 weeks of ovariectomy compared to sham surgery (Ad.V/TV: p < 0.001; Ad.V/Ma.V: p < 0.001; Ad.Dm:

Figure 2 | 3D quantification of bone marrow adipose tissue (yellow) in the proximal tibia using
NanoCT with a polyoxometalate-based contrast solution. Representative images of A) Sham + Vehicle, B) Sham + GW9662, C) OVX + Vehicle; and D) OVX + GW9662.
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Figure 3 | A) BMAT volume fraction (Ad.V/TV and Ad.V/Ma.V), adipocyte size (Ad.Dm) and adipocyte number (Ad.Dn) increased after OVX; B) Bone volume fraction (BV/TV), trabecular number (Tb.N) and trabecular thickness (Tb.Th) decreased after OVX. Trabecular separation (Tb.Sp)
increased after OVX. In the sham group Tb.Sp increased after GW9662 and in the OVX group
trabecular separation decreased after GW9662. C) Ovariectomy and GW9662 did not affect bone
turnover (Mineral apposition rate: MAR; Bone formation rate: BFR/BS; Osteoclast surface: Oc.S/
BS), although mineralizing surface (MS/BS) tended to increase after GW9662 (p = 0.066). Effects of
surgery and treatment assessed by two-way ANOVA, boxplots represent median, IQR and minimum
and maximum values, n = 10/group, except for BMAT parameters in OVX + Veh group: n = 9.
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p = 0.001 and Ad.Dn: p = 0.032 respectively). GW9662 had no effect on either of the
BMAT parameters and no interaction effects were found (Fig. 3a).

Bone structural parameters and bone turnover
Bone volume fraction, trabecular number and average trabecular thickness were
decreased after ovariectomy (BV/TV: p < 0.001; Tb.N: p < 0.001; Tb.Th: p < 0.001;
Fig. 3b), while there was no effect of GW9662. Trabecular separation increased after
ovariectomy (Tb.Sp: p = 0.019). We observed a significant interaction between ovariectomy and GW9662 (OVX*GW9662: p = 0.029): in sham operated animals GW9662
increased the average trabecular separation, while in the ovariectomized animals
GW9662 decreased the average trabecular separation (Fig. 3b). Representative images
of the calcein labels and the TRAP staining are shown in Fig. 4. Mineralizing surface
tended to increase after GW9662, both in ovariectomized and in sham operated animals (p = 0.066), while there was no effect of OVX (Fig. 3c). Mineral apposition rate
(MAR), bone formation (BFR/BS), osteoclast surface (Oc.S/BS) and osteoclast number
(N.Oc/BS, #/mm, data not shown) were not affected by OVX nor by GW9662 (Fig.
3c). Cortical area, cortical thickness and cortical mineralization were not affected by
either OVX or by GW9662 (data not shown).

Figure 4 | A) Calcein labels in the proximal metaphysis of the tibia, counterstain with calcein
blue (100x magnification). B) TRAP staining showing osteoclasts, indicated by black arrows (100x
magnification). Scale bars represent 100μm.

PPARγ immunohistochemical staining
Immunohistochemical staining of the femora showed clear PPARγ protein expression
in the bone marrow (Fig. 5a). There was no effect on of either treatment or surgery
on the PPARγ stained area of the bone marrow, not when the PPARγ stained area
was expressed as a percentage of the tissue area (PPARγ.Ar/T.Ar, data not shown),
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Figure 5 | A) Immunohistochemical staining of PPARγ in de distal metaphysis of the femur (magnification 100x). B) PPARγ stained area was not affected by treatment nor by surgery. No interaction
effects were found. Effects of surgery and treatment assessed by two-way ANOVA, boxplots represent median, IQR and minimum and maximum values, n = 10/group, except for OVX + Veh: n = 9.

nor when the PPARγ stained area was expressed as e percentage of the marrow area
(PPARγ.Ar/Ma.Ar, Fig. 5b).

Mechanical properties
OVX and GW9662 had no effect on maximum load or stiffness on the 3-point bending
test, but GW9662 reduced maximum deformation (p = 0.020; Fig. 6a). Maximum load
in the compression test was significantly lower after ovariectomy (p < 0.001). Stiffness
in the compression test was not affected by OVX nor by GW9662. Maximum deformation tended to decrease after GW9662 in both sham and OVX animals (p = 0.074; Fig.
6b).

Subcutaneous adipose tissue
Glut4 expression in subcutaneous adipose tissue was increased after both OVX and
GW9662 (OVX: p = 0.002 and GW9662: p = 0.013; Fig. 7a). The same pattern was
seen for aP2 expression (OVX: p = 0.003 and GW9662: p = 0.038; Fig. 7c). LPL expression increased after OVX (p = 0.004) and showed a trend for an interaction effect
(OVX*GW9662: p = 0.059): in sham animals GW9662 treatment tended to cause a
higher expression of LPL, in ovariectomized animals GW9662 tended to lower the
expression of LPL (Fig. 7b).
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Figure 6 | A) 3-point bending test: maximum load and stiffness were not affected by OVX nor by
GW9662. Maximum deformation decreased after GW9662 treatment (p = 0.020). B) Compression
test: maximum load was decreased after OVX; stiffness was not affected by OVX nor by GW9662;
maximum deformation tended to decrease after GW9662 (p = 0.074). Effects of surgery and treatment assessed by two-way ANOVA, boxplots represent median, IQR and minimum and maximum
values n = 10/group.
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Figure 7 |Relative mRNA expression of A) Glut4 and C) aP2 increased after ovariectomy and
GW9662. B) LPL expression increased after OVX and GW9662 tended to increase LPL expression in
the sham group and tended to decrease LPL expression in the OVX group (OVX*GW9662: p = 0.059).
Effects of surgery, treatment and interaction effects assessed by two-way ANOVA, boxplots represent median, IQR and minimum and maximum values, n = 10/group.

DISCUSSION
Our study shows that systemic administration of the PPARγ antagonist GW9662 does
not prevent high bone marrow adiposity and low bone volume after ovariectomy in
C3H/HeJ mice. Our results oppose the current dogma that PPARγ promotes adipogenesis and inhibits osteoblastogenesis, but other studies on the effect of PPARγ on BMAT
and bone metabolism have also shown unexpected effects [18–20,24,35].
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Our results indicate that 3 weeks of treatment with the PPARγ antagonist GW9662
does not decrease BMAT in C3H/HeJ mice. A previous study using the same compound
to inhibit PPARγ showed a dramatic decrease in BMAT after 2 weeks in a mouse model
of aplastic anemia [24]. The inconsistency with our results was unexpected as we used
the same compound and dosage scheme. Possible explanations for the lack of effect of
GW9662 on BMAT in our study could be 1) the genetic background of the mouse strain
(which we will discuss in detail later), 2) the different stimulus used to induce BMAT
(aplastic anemia versus ovariectomy in our study) and 3) the timing of treatment
initiation (1 day prior to the experiment versus 1 week of recovery after surgery in our
study). It is important to consider that PPARγ antagonism is hypothesized to induce
cell fate decisions of the SSC and therefore PPARγ antagonists might not be able
to reverse already existing increases in adipose tissue when treatment is initiated
after the causative event, but it could very well prevent increases in adiposity when
treatment is initiated together with the causative event. However, it is unlikely that
the total increase of BMAT we observed in the ovariectomized animals, had already
occurred within the first week after ovariectomy, this would leave opportunities for
GW9662 to block the increase in BMAT in the second to fourth week after ovariectomy.
We show PPARγ protein expression within the bone marrow by immunohistochemical staining, which is a prerequisite for inducing an effect of a PPARγ antagonist.
However, no effect of ovariectomy nor of GW9662 was seen on the distribution of
PPARγ protein expression within the bone marrow, which indicates it has no significant
role in bone marrow adipogenesis in C3H/HeJ mice. To confirm sufficient systemic
exposure to GW9662 in our experiment, we determined gene expression downstream
of PPARγ signaling in subcutaneous adipose tissue. GW9662 indeed changed the expression of PPARγ target genes. Interestingly, GW9662 is supposed to act as a PPARγ
antagonist, but we observed increased adipocyte gene expression, indicating the
effects of GW9662 were equivocal for all the targets examined, and not only for bone
marrow adipose tissue. It could be hypothesized that GW9662 can have both antagonistic and agonistic properties depending on the fat depot (BMAT versus subcutaneous
adipose), possibly through its PPARα agonistic activity [16,36].
The current study shows that GW9662 has no effect on bone turnover, bone volume,
trabecular number or thickness, but decreases maximum deformation on the 3-point
bending test in both sham and ovariectomized animals. As other cortical parameters,
such as cortical mineralization and cortical thickness are alike in all groups, implications of the effect of GW9662 on maximum deformation are probably limited. This
is consistent with a previous report showing that PPARγ haploinsufficiency (PPARγ+/-)
does not affect ovariectomy induced bone loss [18]. However, data on bone turnover
in this study differed from our results as both PPARγ+/- and wild type animals showed
increased bone turnover after ovariectomy while in our study bone turnover was not
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affected by either ovariectomy nor by GW9662. Possibly, the timing after OVX in our
study (4 weeks) is on the point of change of the initial high turnover phase right after
OVX and the lower bone turnover phase later after ovariectomy. The lack of effect of
ovariectomy and GW9662 on bone turnover could also be a power issue as histomorphometric measurements show relatively large variations in the measurements [29,37].
On the other hand, in a genetic mouse model of increased PPARγ action (osteoblast
specific overexpression of PPARγ), bone loss was accelerated following ovariectomy
compared to wild type mice [19]. Again, all three studies differed in mouse strains
used, timing of the measurements and age of the animals. Furthermore, it could be
postulated that genetic modifications in PPARγ expression might have different effects
on bone metabolism than pharmacological PPARγ antagonists, as PPARγ also has ligand
independent basal activity of the receptor itself and ligand dependent effects without
specific binding to the DNA [38,39]. Finally, genetic modifications are already present
at gestation whereas the pharmacological treatment begins later in life.
Since the abovementioned studies only considered effects of PPARγ on either
BMAT or on bone metabolism, it is difficult to compare studies directly. We showed
that GW9662 has no effect on BMAT or bone parameters, with the exception of an
interaction effect on trabecular separation: in estrogen sufficient animals GW9662 increased trabecular separation, while in estrogen deficient animals GW9662 decreased
trabecular separation, suggesting a mild positive effect of GW9662 on bone in estrogen deficient animals. However, as no similar patterns were observed for the other
trabecular parameters, implications of these findings are probably limited. In a study
by Li et al., using BADGE to antagonize PPARγ action, BMAT decreased after BADGE,
both in sham operated and in ovariectomized Wistar rats [20], while improvement in
bone structural parameters and biomechanical competence after BADGE, was only observed in sham operated, but not in ovariectomized rats. BADGE had no effect on bone
turnover during estrogen deficiency, while BADGE increased bone formation during
estrogen sufficiency [20]. Together these results could indicate that the regulation of
BMAT by PPARγ might be different during estrogen sufficiency and estrogen deficiency.
An interaction between estrogen and PPARγ has not been described before, although
estrogen is known to decrease PPARγ expression in bone marrow stem cells [40].
Methodological differences could account for the differences in the results between our study and the study by Li and coworkers. Animal strain differs (C3H/HeJ
mice versus Wistar rats), duration of the treatment differs (3 weeks vs 12 weeks) and
age of the animals is different (18 weeks versus 8 months) [20]. It is conceivable that
the interaction between marrow adipocytes and bone metabolism is different in old
compared to younger animals. For example, PPARγ haploinsufficient (PPARγ+/-) mice,
8 weeks old, have similar BMAT as wild type mice, while at 52 weeks of age BMAT
was decreased in PPARγ+/- animals compared to wild type. Bone volume was higher
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in PPARγ+/- mice both at 8 weeks of age and at 52 weeks of age [18]. Differences
could also be related to the compounds used. BADGE has potential PPARγ agonistic
effects [22,23], and it binds reversible to PPARγ [16]. GW9662 on the other hand,
binds irreversible to PPARγ [16,41]. Some of the effects of GW9662 or lack thereof
might by specific to the C3H/HeJ mouse. For instance, rosiglitazone treatment is an
established method to induce BMAT, but 8 weeks of rosiglitazone treatment in the
C3H/HeJ mouse did not affect MAT volume and decreased bone volume, as opposed to
C57BL/6J mice in which bone volume remained unchanged and MAT volume increased
[35]. Furthermore, it is possible that different expression patterns of PPARγ between
animal strains cause differential effects of PPARγ in different animal strains. Lee and
coworkers showed that C3H/HeJ mice had nearly absent PPARγ protein and RNA in the
liver, while C57BL/6 mice had abundant PPARγ in the liver [42]. However, we show
ample expression of PPARγ within the bone marrow of our C3H/HeJ mice.
We selected the C3H/HeJ mice as model because C3H/HeJ mice have four times
more BMAT compared to C57BL/6 at the age of 12 weeks [25]. Generally, the larger
the animal model, the more BMAT they have. Humans have more BMAT than rabbits
and rabbits have more BMAT than mice [25]. Mouse models like C57BL/6 have low
BMAT volumes at a young age, and as BMAT increases with age, old animals would be
preferred for studying BMAT. Unfortunately, aged C57BL/6 mice have little trabecular
bone volume left, and thus changes in bone volume would be difficult to detect. As
C3H/HeJ mice have both sufficient BMAT and sufficient bone volume at a relatively
younger age, we chose this mouse as our model. The C3H/HeJ mice harbor a spontaneous missense mutation in the fourth exon of the toll like receptor 4 (Tlr4) gene
(Tlr4Lps-d) [43] causing loss of function of TLR4. The TLR4 pathway is part of the innate
immune system, it increases T-cells which can produce receptor activator of nuclear
factor κ-B ligand (RANKL) [44] and thus cause an increase in osteoclasts. In C3H/HeJ
mice defective TLR4 signaling could explain the high bone density phenotype of C3H/
HeJ mice caused by decreased osteoclasts [45]. On the other hand, defective TLR4
signaling could lead to increased PPARγ expression [46], and thus cause the high BMAT
phenotype of the C3H/HeJ mice, however, this does not fully explain the lack of
effect of the PPARγ antagonist GW9662 in C3H/HeJ mice observed in our study.
In conclusion, the PPARγ antagonist GW9662 does not prevent high bone marrow
adiposity and low bone volume after ovariectomy in C3H/HeJ mice, suggesting that
BMAT accumulation is regulated independently of PPARγ in C3H/HeJ mice.
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ABSTRACT
Objective To determine the effect of bariatric surgery induced weight loss on bone
marrow adipose tissue (BMAT) and bone mineral density (BMD) in postmenopausal,
non-diabetic women.
Methods We included 14 postmenopausal, non-diabetic women with obesity, scheduled for laparoscopic Roux-en-Y gastric bypass surgery (RYGB). We determined
vertebral bone marrow fat signal fraction (BMAT) by quantitative chemical shift MRI
and vertebral volumetric BMD (vBMD) by quantitative computed tomography (QCT),
before and 3 and 12 months after surgery. Data were analyzed by linear mixed model.
Results Body weight decreased after surgery from 108 ± 13 [baseline] to 89 ± 12 [3
months] and 74 ± 11 kg [12 months, p < 0.001]. BMAT decreased after surgery from
51 ± 8% [baseline] to 50 ± 8% [3 months] and 46 ± 7% [12 months, p = 0.004]. vBMD
decreased after surgery from 101 ± 26 [baseline] to 94 ± 28 [3 months, p = 0.003]
and 94 ± 28 mg/cm3 [12 months, p = 0.035]. Changes in BMAT and vBMD were not
correlated (ρ = -0.10, p = 0.75). Calcium and vitamin D concentrations did not change
after surgery.
Conclusions RYGB decreases both BMAT (after 12 months) and vBMD (both after 3
months and 12 months) in postmenopausal, non-diabetic women. Changes in BMAT
and vBMD were not correlated. These findings suggest that BMAT does not contribute
to bone loss following RYGB.
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INTRODUCTION
Obesity is becoming more prevalent in our society and consequently there is an
increase in bariatric surgery rate [1]. Besides the positive effect of bariatric surgery
on obesity and its associated morbidity, bariatric surgery has a negative effect on
bone health, decreasing bone mineral density (BMD) and increasing fracture risk [2].
Especially in postmenopausal women, already at risk of developing osteoporosis and
sustaining fractures, the effect of bariatric surgery on bone health needs to be addressed.
High bone marrow adipose tissue (BMAT) is associated with low BMD [3] and vertebral fractures [4], and this latter association exists even independently of bone
mass in some studies [5,6]. There are several theories on the etiology of the negative
association between bone volume and BMAT. First, as bone marrow adipocytes and
osteoblasts share a common progenitor, bone marrow stromal cell (BMSC) [7,8], an
increase in bone marrow adipocytes would be accompanied by a decrease in osteoblasts and thus bone formation. Second, bone marrow adipocytes secrete fatty acids
and adipokines, which could influence bone metabolism in a paracrine manner [9].
However, the exact interaction between BMAT and bone in vivo remains elusive.
Recently, interest has risen on the interaction between bone and BMAT during extensive weight loss after bariatric surgery. It was reported that patients suffering from
anorexia nervosa have increased BMAT with low bone mass [10] and animal studies
showed more BMAT and less bone during caloric restriction [11,12]. Thus far studies on
the association between vertebral BMAT and bone after bariatric surgery have shown
inconsistent results [13–15]. A possible explanation for these inconsistent results could
be the heterogeneity of subjects included in these studies and the chosen time point
for measurement. The studies included pre- and postmenopausal women and patients
with and without diabetes. Estrogen has anabolic effects on bone and estradiol is able
to reduce BMAT [16,17]. Furthermore, BMAT significantly changes during the menstrual
cycle, likely due to effects of sex hormones [17] and BMAT and bone both change substantially after menopause. In addition, patients with T2DM have an increased risk of
fractures [18] and BMAT seems to be associated with glycemic control [19,20]. Since
bariatric surgery affects both the hormonal status and glycemic control of patients
the presence of diabetes before surgery may influence the effect of bariatric surgery
on BMAT. Furthermore, in the abovementioned studies measurements were taken at
6 months after surgery, when patients have lost approximately 75% of the expected
weight loss, while other studies performed measurements at 12 months when body
weight has usually reached its nadir. As the rate of weight loss is the largest within
the first 3 months following surgery, i.e., approximately 50% of the expected weight
loss, we were also interested to determine changes shorter after surgery. Therefore,
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we aimed to determine the effects of weight loss caused by laparoscopic Roux-en-Y
gastric bypass surgery (RYGB) on BMAT and volumetric BMD (vBMD) in postmenopausal,
non-diabetic women, both shortly after RYGB, at 3 months, and after 1 year.

METHODS
Subjects
Participants were recruited from a population of women scheduled for laparoscopic
RYGB surgery at the MC Slotervaart in Amsterdam. All participants were over 50 years
of age, and had their last menstrual period at least 1 year prior to inclusion. Exclusion
criteria were diabetes mellitus (defined by either mentioning of diabetes mellitus
in their medical history, taking anti-diabetes medication, or having a fasting plasma
glucose ≥ 7.0 mmol/L or HbA1C ≥ 48 mmol/mol), medication known to influence on
bone metabolism, including estrogens, corticosteroids and bone resorption inhibitors. Inclusions took place between June 12th, 2015 and July 28th, 2017. Four visits to
the Amsterdam University Medical Center, at the Academic Medical Center location
were scheduled for radiological examination and laboratory tests. Two visits were
scheduled before surgery, one between 3 months and 2 weeks before surgery and one
between 2 weeks and 1 day before surgery. Two visits were scheduled after surgery:
3 months after surgery and 1 year after surgery. Primary outcome parameters were
changes in vertebral bone marrow fat fraction measured by quantitative chemical
shift imaging (QCSI) with MRI and changes in vertebral vBMD measured by quantitative
computed tomography (QCT). Secondary outcome parameters were changes in bone
turnover markers (procollagen type 1 N-terminal propeptide (P1NP) and C-terminal
crosslinking telopeptides of collagen type I (CTx)), and calcium, phosphorus, vitamin
D 25-OH and parathyroid hormone (PTH). According to protocol, all subjects started
omeprazole for 3 months, and calcium carbonate/colecalciferol supplementation
after RYGB. Postmenopausal status was defined as the last menstrual bleeding more
than 1 year ago and confirmed with an increased follicle stimulating hormone (FSH)
(> 20 U/L). Two subjects had unknown last menopausal bleeding dates due to uterus
extirpations but had FSH measurements of > 20 U/L.
This study was carried out in compliance with the World Medical Association Declaration of Helsinki — Ethical Principles for Medical Research Involving Human Subjects,
and was approved by the medical ethics committee of the Amsterdam UMC, location
AMC in Amsterdam. The study was registered at the Netherlands Trial Register (Trial
ID: NTR5056). Written informed consent was obtained prior to the first visit.

Bone marrow fat and BMD decrease after RYGB

109

1

To quantify the bone marrow fat signal fraction (BMAT) an in-house developed turbo spin echo-

2

Dixon
(TSE-Dixon)
sequence was
used as(MRI)
described previously [17,21]. MRI scans were made on a
magnetic
resonance
imaging

3

1.5T
Avantofat
(Siemens
Healthcare,
Erlangen,
Germany).
Five subjects
To Siemens
quantify MAGNETOM
the bone marrow
signal fraction
(BMAT)
an in-house
developed
turbohad their

4

fit
spin
echo-Dixon
(TSE-Dixon)
sequence
used as Avanto
described
previously
last
QCSI
measurement
on the upgraded
1.5Twas
MAGNETOM
. The
upgraded[17,21].
version of the

5

MRI was cross calibrated by scanning three healthy volunteers (Intra class correlation coefficient:

6

0.89;
0.12). Robustness
method
was previously
tested
4 scanner
changes
TheQCSI
upgraded
version
of the MRI
wasover
cross
calibrated
by [22]
1.5Tp =
MAGNETOM
Avantofitof. the

7

fit
scanning
three
healthy
(Intra
class Avanto
correlation
0.89;
p = 0.12).
and
exclusion
of the
scans volunteers
made on the
upgraded
did coefficient:
not change the
results.
BMAT was

8

Robustness
of the
method
testedis over
scanner
changes
[22]
measured
in L3-L5
in aQCSI
coronal
plane.was
Thepreviously
Dixon technique
based4on
the different
resonance

9

frequencies of the water and fat protons within the bone marrow, and measures the fat signal

Quantification of BMAT by quantitative chemical shift imaging (QCSI)

MRI scans were made on a 1.5T Siemens MAGNETOM Avanto (Siemens Healthcare,
Erlangen, Germany). Five subjects had their last QCSI measurement on the upgraded

and exclusion of the scans made on the upgraded Avantofit did not change the results.
BMAT was measured in L3-L5 in a coronal plane. The Dixon technique is based on the

10

fraction
i.e.,resonance
the fat signal
divided byofthe
of the
and
the water
signal.
different
frequencies
thesum
water
andfat
fat
protons
within
the The
boneIn-Phase
marrow,(IP) image

11

is and
acquired
whenthe
the fat
water
andfraction
fat signali.e.,
are in
phase,
and the
Out-of-Phase
(OP)of
image
is acquired
measures
signal
the
fat signal
divided
by the sum
the fat

12

and the
thewater
waterand
signal.
The In-Phase
image
is acquired
when
water
when
fat signals
are out of(IP)
phase.
Water
only and fat
onlythe
images
canand
be fat

13

reconstructed from the IP and OP images. Imaging parameters were: repetition time (TR) = 2500 ms,

14

echo
time
= 22.3
slice Imaging
thicknessparameters
= 4 mm, matrix
size
= 256 x 256,
number
excitations
= 1,
from
the(TE)
IP and
OP ms,
images.
were:
repetition
time
(TR) = of
2500
ms,

15

and
fieldtime
of view
x 350
turbo factor
4, resulting
in an=acquisition
of 5min
echo
(TE)==350
22.3
ms, mm2,
slice thickness
= 4ofmm,
matrix size
256 x 256,time
number
of 20s.

16

excitations =IP,
1,OP
and
field
of view images
= 350 xwere
350 mm2,
turbo
of 4,through
resulting
an 1/3 of
(Para-)coronal
and
magnitude
acquired
of afactor
single slice
theindorsal

17

the vertebral bodies of L3-L5. A mid sagittal localizer image was used for slice positioning of the

18

measurement.
A small
flex coil
used
detect
MR signalof
forthe
all subjects
to avoidAmotion
sagittal localizer
image
waswas
used
fortoslice
positioning
measurement.
small and

19

flex coil was
used Regions
to detect
signal(ROI)
for all
subjects
motion and
respiration
respiration
artifacts.
of MR
interest
were
drawn to
on avoid
the individual
vertebral
bodies (Figure

20

artifacts.
Regions
of applied
interestto(ROI)
were
on the bone
individual
vertebral
bodies bodies
1a)
and 3 erosions
were
ensure
onlydrawn
the trabecular
area within
the vertebral

21

were included in the ROI (Figure 1b). Complex data and a region growing algorithm were used to

22

construct
fat signal fraction
mapto(Figure
1c). a fat signal fraction map (Figure 1c).
growingaalgorithm
were used
construct

signal are in phase, and the Out-of-Phase (OP) image is acquired when the water and

fat signals are out of phase. Water only and fat only images can be reconstructed

acquisition time of 5min 20s. (Para-)coronal IP, OP and magnitude images were ac-

quired of a single slice through the dorsal 1/3 of the vertebral bodies of L3-L5. A mid

(Figure 1a) and 3 erosions were applied to ensure only the trabecular bone area within
the vertebral bodies were included in the ROI (Figure 1b). Complex data and a region

23

Figure 1 | a) Outline of
vertebral bodies L3-L5. b)
Region of interest derived
from the outline of the vertebral bodies L3-L5. c) Fat
signal fraction map with
color coding ranging from
0% fat to 100% fat

24
25
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Quantitative computed tomography (QCT)
QCT was used to quantify the volumetric bone mineral density (vBMD) within the
vertebral bodies (L3-L4) using Mindways QCT Pro Bone Investigational Toolkit (BIT,
Mindways, Austin, TX, USA). Images were acquired on a Brilliance CT 64-slice (Philips,
Best, The Netherlands), and the CT scanner was calibrated prior to the QCT measurements.

Visceral adipose tissue (VAT)
Visceral adipose tissue (VAT) was quantified in a single slice at the level of L4, using
the CT images acquired for the vBMD assessment. Semi-automated prototype software was used to quantify VAT (Cardiac Risk Assessment package, Syngo.via; Siemens
Healthcare, Erlangen, Germany). The internal abdominal wall was traced in a single
slice, at the center of L4, and a threshold was set at -50 to -200 HU to detect pixels
with al value in the adipose tissue range [23].

Biochemical measurements
Morning, fasted, blood samples were drawn to determine the bone formation marker
P1NP and bone resorption marker CTx. Furthermore, calcium, phosphorus, vitamin D
25-OH and PTH were determined. FSH, HbA1c and fasted glucose were determined at
baseline. We measured serum concentrations of calcium, phosphate and PTH on a Hitachi Modular 8000 (C602 and C702) (Roche Diagnostics, Mannheim, Germany), 25(OH)
D was measured using an automated immunoassay (Liaison; Diasorin, Stillwater, MN,
USA). Serum concentrations of CTx and P1NP were measured using an immunoassay
(Modular Analytics E 170; Roche Diagnostics; and Orion Diagnostica, Espoo, Finland,
respectively). Interassay coefficients of variation for CTx and P1NP were 3% and 8%
respectively.

Statistics
This study was powered to detect a difference in bone marrow fat signal fraction of
5% with a variance of 2.4%. A 5% difference is likely to represent a clinically relevant
change, because we previously showed that BMAT decreases by 5% after 2 weeks of
17β-Estradiol treatment in postmenopausal women [17]. In addition, BMAT increases
with age by an estimated 7% for each decade [24]. The variance is based on our
previous study in postmenopausal women [17]. The sample size was calculated using
nQuery Advisor (Version 7.0) and the power analysis was approved by the ethics committee of the Amsterdam UMC. Outlier analysis was performed; significant outliers
were excluded from further analysis, but this had no effect on the results. IBM SPSS
Statistics for Windows (version 22; SPSS inc., Chicago, IL, USA) was used for statistical
analysis. Graphs were constructed using Graphpad Prism (Version 7.0 for Windows,
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GraphPad Software, La Jolla, California, USA). Mean and standard deviations (mean
± SD) or median and interquartile ranges (median (IQR)) are reported, depending on
the distribution of the data. Linear mixed model (LMM) was used to determine the
changes in the primary outcome parameters over time and to account for missing
data. Covariance structure was chosen based on the Akaike’s Information Criterion
(AIC) and the Schwarz’s Bayesian Criterion (BIC). We used Spearman’s test to determine correlations between variables.

RESULTS
17 postmenopausal, non-diabetic, Caucasian women, who were scheduled for laparoscopic RYGB were enrolled in this study. Three subjects were excluded as vBMD
was incorrectly measured in L1-L2 instead of L3-L4 leaving 14 subjects for further
analysis. One subject retracted informed consent after the first MRI due to physical
complaints during the scan (i.e., headache). Two subjects missed their second visit
because their surgery was rescheduled last minute to an earlier date. One subject had
9 months between her second visit and the surgery, RYGB surgery was postponed due
to complications of earlier knee replacement surgery.
Baseline characteristics are shown in table 1. All subjects had significant weight
loss following RYGB and, to lesser extent, between the 2 baseline visits (mean body
weight visit 1: 108 ± 13 Kg; visit 2: 104 ± 15 Kg, p = 0.003 compared to visit 1; visit 3:
89 ± 12 Kg, p = < 0.001 compared to visit 1; visit 4: 74 ± 11 Kg, p = < 0.001 compared
to visit 1; Figure 2a).
Table 1 | Patient characteristics at baseline
N

14

Age (y)

58 ± 4

Body weight (kg)
2

BMI (kg/m )

108 ± 13
38 ± 4

Years postmenopausal (y)

4 (1-15)

Serum FSH (E/L)

59 ± 18

Fasting plasma glucose (mmol/L)
HbA1c (mmol/mol)

5.8 ± 0.7
38 ± 2

Data are expressed as mean ± standard deviation or median (range). N=number of subjects; BMI=Body Mass Index.
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Bone marrow adipose tissue (BMAT)
BMAT remained stable during the two baseline measurements (mean BMAT visit 1: 51
± 8%; visit 2: 52 ± 8%), and 3 months after surgery (mean BMAT visit 3: 50 ± 8%) but
decreased 12 months after surgery (mean BMAT visit 4: 46 ± 7%, p = 0.004 compared
to visit 1; Figure 2b). Changes in BMAT and changes in body weight at visit 4 compared
to visit 1 tended to be positively correlated, possibly suggesting that subjects who

Figure 2 | a) Weight loss following Roux-en-Y
gastric bypass surgery. b) Changes in vertebral
bone marrow fat fraction and c) volumetric
bone mineral density following weight loss
due to Roux-en-Y gastric bypass. P-value indicates a difference compared to baseline measurement at visit 1

Figure 3 | a) At baseline (visit 1) vertebral
bone marrow adipose tissue (BMAT) and
volumetric bone mineral density (vBMD)
were negatively correlated. b) Changes in
weight loss at visit 4 tended to be positively correlated with changes in BMAT at
visit 4. c) Changes in BMAT were positively
correlated with changes in parathyroid
hormone (PTH)
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lost more body weight also lost more BMAT (Figure 3b; ρ = 0.55; p = 0.052). BMAT and
body weight were not correlated at visit 1 or visit 4 (ρ = 0.43; p = 0.12 and ρ = 0.12;
p = 0.69 respectively).

Volumetric bone mineral density (vBMD)
vBMD remained stable during the two baseline visits (mean vBMD visit 1: 101 ± 26 mg/
cm3; visit 2: 102 ± 30 mg/cm3) but decreased 3 months and 12 months after surgery
(mean vBMD visit 3: 93 ± 23 mg/cm3; p = 0.003 compared to visit 1; mean vBMD visit 4:
94 ± 28 mg/cm3; p = 0.035 compared to baseline visit 1; Figure 2c). At baseline BMAT
and vBMD were inversely correlated (Figure 3a; ρ = -0.71, p = 0.004), this correlation
was lost at 12 months. Changes in vBMD and changes in body weight (ρ = 0.20, p =
0.52) or changes in vBMD and changes in BMAT were not associated (ρ = -0.10, p =
0.75).

Visceral adipose tissue (VAT)
At baseline VAT was not associated with BMAT or vBMD (ρ = 0.06, p = 0.84 and ρ
= -0.02, p = 0.94 respectively). VAT significantly decreased following RYGB surgery
(mean VAT in single slice at level L4 visit 1: 188 ± 68cm2; visit 2: 187 ± 74 cm2; visit 3:
122 ± 48 cm2, p < 0.001 compared to visit 1; visit 4: 62 ± 24 cm2, p < 0.001 compared
to visit 1). No association was found between changes in BMAT or vBMD and changes
in VAT (ρ = 0.16, p = 0.96 and ρ = -0.19, p = 0.53 respectively).

Bone turnover
Both the bone formation marker P1NP and the bone resorption marker CTx remained
stable during the two baseline measurements (mean P1NP visit 1: 53 ± 16 μg/L and
visit 2: 52 ± 15 μg/L; mean CTx 271 ± 93 pg/L and visit 2: 299 ± 99 pg/L) and increased
significantly following RYGB (mean P1NP visit 3: 82 ± 24 μg/L, p < 0.001 compared to
visit 1; visit 4: 99 ± 29 μg/L, p < 0.001 compared to visit 1; mean CTx visit: 3 690 ±
191 pg/L, p < 0.001 compared to visit 1; visit 4: 851 ± 203 pg/L, p < 0.001 compared
to visit 1; Figure 4a and b respectively). PTH, Vitamin D and calcium concentrations
did not change during the study period (median PTH visit 1: 4.78 (2.3) pmol/L; visit 2:
4.66 (1.8) pmol/L); visit 3: 4.91 (1.4) pmol/L; and visit 4: 4.59 (1.4) pmol/L, Figure
4c; mean 25OH-VitD2+3 visit 1: 75 ± 30 nmol/L; visit 2: 69 ± 31 nmol/L; visit 3: 76
± 15 nmol/L; visit 4: 81 ± 16 nmol/L, Figure 4d; and mean calcium visit 1: 2.39 ±
0.06 mmol/L; visit 2: 2.40 ± 0.08 mmol/L; visit 3: 2.39 ± 0.06 mmol/L; visit 4: 2.37
± 0.08 mmol/L, Figure 4e). Phosphate significantly increased during the study (mean
phosphate visit 1: 0.99 ± 0.13 mmol/L; visit 2: 1.01 ± 0.08 mmol/L, p = 0,04 compared
to visit 1; visit 3 1.06 ± 0.11 mmol/L, p < 0.001 compared to visit 1 and visit 4: 1.16 ±
0.09 mmol/L p < 0.001 compared to visit 1 Figure 4f).’
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Figure 4 | a) Bone formation marker P1NP and b) bone resorption marker CTx increased following
Roux-en-Y gastric bypass surgery. PTH (c), Vitamin D (d) and calcium (e) concentrations did not
change during the study period. f) Phosphate significantly increased during the study period. Pvalue indicates a difference compared to baseline measurement at visit 1

DISCUSSION
In this prospective, longitudinal study, we show that both BMAT and vBMD decrease
after RYGB in postmenopausal, non-diabetic women.
BMAT was decreased 12 months after RYGB in this homogenous, clinically relevant
population of postmenopausal, non-diabetic female subjects. Our results are consistent with a recent study by Blom-Høgestøl and coworkers [25] showing a decrease in
BMAT in iliac crest biopsies of female subjects 1 year after RYGB surgery compared
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to baseline. However, in the study by Blom-Høgestøl only 8 out of 18 female subjects
were postmenopausal and the study also included diabetic subjects. Other studies did
not show changes in BMAT following RYGB [13–15]. This lack of change is likely related
to the more heterogeneous study populations, including male and female subjects,
pre- and postmenopausal women, diabetic and non-diabetic subjects. Another difference between these studies and our current study is that we use chemical shift
encoding-based water fat imaging, while other studies [13–15] used MR spectroscopy
to quantify BMAT, which limits direct comparison. MR spectroscopy is considered the
gold-standard method for quantification of BMAT; however, good agreement has been
shown between chemical shift encoding based water fat imaging and MR spectroscopy
[26–28].
Besides a decrease in BMAT we also show a decrease in vBMD both 3 months and
12 months after RYGB. This implies that the decrease in vBMD precedes the decrease
in BMAT. At baseline, BMAT and vBMD showed the well-known inverse relationship
that is also present in women with osteoporosis [16,29–31]. However, 1 year after
RYGB the association between BMAT and vBMD was lost, suggesting that BMAT is not
functionally linked to bone mass following RYGB. Weight loss is most rapid within
the first 3 months after surgery, which could be a possible explanation for the rapid
increase in bone turnover with a negative balance, leading to a decrease in vBMD. The
observed increases in bone turnover markers P1NP and CTx are consistent with previous studies [14,15]. While calcium remained unchanged, we observed an increase in
phosphate after RYGB. The latter is most likely related to the catabolic state induced
by bariatric surgery and is consistent with previous research [32]. Vitamin D and
PTH remained unchanged after RYGB, this suggests that the decrease in vBMD is not
caused by deficiencies, although we cannot exclude small changes, that were not
detected in this study, had an effect. Interestingly, we did find a positive correlation
between changes in BMAT and changes in PTH, while BMAT and PTH were not correlated at baseline, nor after RYGB. Bone marrow adipocytes are responsive to PTH
and intermittent administration of teriparatide decreases BMAT [30,33]. However, to
our knowledge, we are the first study to report these longitudinal results on changes
in BMAT and PTH following RYGB, and further research is necessary to interpret these
findings.
Changes in BMAT and changes in body weight tended to be positively associated
in our study, which could indicate that subjects who lost more weight, also lost more
BMAT. However, VAT was not associated with BMAT and neither were changes in VAT
with changes in BMAT. These results are consistent with previous research, showing
no association between VAT and BMAT in a group of subjects with morbid obesity who
were scheduled for bariatric surgery [20], and in a group of postmenopausal, nondiabetic, women with obesity [19]. However, other studies did show an association
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between VAT and BMAT in a group of premenopausal women [34] and changes in BMAT
and changes in VAT following RYGB [14]. Hormonal status and glycemic control in
these subjects could possibly explain these differences since both are associated with
changes in BMAT and with changes in body composition and VAT [35]. Furthermore,
we did not find a negative association between VAT and vBMD as described previously
[36,37]. A possible explanation could the relatively small range in VAT in our subjects,
as morbid obesity is the indication for RYGB surgery and consequently one of the
inclusion criteria of our study.
Our subjects lost some weight prior to surgery, as they were advised to lose
weight, if possible, with guidance of a dietician, as part of the program and to reduce
the risks of surgery. However, we observed no changes in BMAT and BMD between the
baseline measurements prior to surgery. Our results are in line with a short-term diet
interventional study by Cordes and coworkers who showed no changes in BMAT after
4 weeks of diet intervention [38]. However, our results are inconsistent with a longer
study of 12 weeks diet induced weight loss, that showed a decrease in BMAT and an
increase in BMD [39], but no relationship between changes in BMAT and changes in
BMD. The discrepancy with our study is likely related to the shorter interval (59 days)
and limited weight loss (3 kg) between the baseline visits in our study.
As mentioned above, the baseline data confirm the well-known inverse association between BMAT and vBMD. However, after RYGB BMAT and vBMD were no longer
associated. Furthermore, we did not find an association between changes in BMAT and
changes in vBMD. These findings implicate that, changes in BMAT and bone metabolism, following RYGB are different from changes following administration of estrogen
[16], teriparatide [29,30], or bisphosphonates [31] in which there is an association
between decreases in BMAT and increases in vBMD. Decreases in both BMAT and BMD
are also described in animal studies on lactating mice [40] and in mice after cold
exposure [41]. A possible explanation could be that the effects of bariatric surgery
on bone and BMAT separately are stronger than the effects of BMAT on bone, and this
might also be the case for lactation and cold exposure.
Our study has several strengths and limitations. We used QCSI to measure bone
marrow adiposity, while other studies have used MR spectroscopy. The QCSI method
is well validated and considered the gold standard for quantification of bone marrow fat in patients with Gaucher disease [22]. The QCSI method measures the fat
signal fraction, as it does not correct for T1 and T2 effects. However, T2 effects are
minimized by using a short TE (23 ms) and T1 bias is minimized by the long TR of the
sequence (2500 ms). A limitation of our study is that we did not include a control
group. Therefore, we cannot distinguish between the effects of bariatric surgery and
weight loss per se. We performed two baseline measurements to show that vBMD and
BMAT were stable before surgery. Therefore, the effects observed after surgery are
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more likely to be caused by surgery and weight loss and not by other factors. Calcium
carbonate was used as calcium supplement. Calcium carbonate is best absorbed in
an acidic environment and absorption is possibly lower after RYGB [42,43], although
other studies showed no difference between calcium carbonate and calcium citrate
supplementation on PTH and BMD after RYGB [44,45]. Generalizability of our results
is limited as we only included Caucasian women. Finally, our study has a relatively
small sample size, but we included only postmenopausal women without diabetes to
exclude effects of concurrent changes in estrogen status and glucose homeostasis on
BMAT. Other studies on the effects of bariatric surgery on BMAT [13–15,25], included
lower numbers of postmenopausal, non-diabetic subjects, often too small for subgroup analysis, which makes our study the first to report BMAT and vBMD changes in
this clinically relevant study population.

CONCLUSION
Roux-en-Y gastric bypass decreases BMAT 12 months after surgery and vBMD both at
3 months and 12 months after surgery in postmenopausal, non-diabetic women, and
changes in BMAT and vBMD were not correlated. These findings suggest that BMAT does
not contribute to bone loss following gastric bypass surgery.
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SUMMARY
In this thesis we explored the association between bone marrow adipose tissue (BMAT)
and bone metabolism, to ultimately determine if bone marrow adipose tissue might
be a potential new imaging biomarker or potential new treatment target for osteoporosis. As patients with osteoporosis have low bone mineral density combined with high
BMAT, and bone marrow adipocytes and osteoblasts share a common progenitor, it is
hypothesized that preferential differentiation towards adipocytes causes increased
bone marrow adiposity and decreased bone formation. A second hypothesis is that
bone marrow adipocytes have paracrine effects on bone metabolism.
BMAT is a dynamic tissue. Neonates have little BMAT and during our life BMAT
increases from the extremities in a centripetal way. In chapter 2 we show the specific
pattern of BMAT distribution within the spine, pelvis, femur and tibia in a group
of healthy subjects. BMAT increased from cranial to caudal within the spine, from
proximal to distal within femora and showed a small, but consistent decrease from
proximal to distal within tibiae. Furthermore, we show that the age-related increase
in BMAT is gender and location dependent. Within the spine BMAT increased with aging
in both male and female subjects. Within the pelvis and femur BMAT and age were
only positively associated in female subjects, while male subjects had higher BMAT
at a younger age and showed no increase with aging. As BMAT fatty acid unsaturation
is associated with fractures, we also quantified BMAT fatty acid unsaturation. The
association between BMAT and BMAT fatty acid unsaturation was opposed, depending
on the location. Within the spine, BMAT and unsaturation were negatively correlated,
while in the femora and tibiae BMAT and unsaturation were positively correlated.
The gender specific differences in BMAT patterns observed in chapter 2 could
possibly be mediated by sex steroids as estrogen treatment decreases BMAT and
increases bone mineral density. In chapter 3 we found no effect of raloxifene (a
selective estrogen receptor modulator, registered for treatment of osteoporosis) on
bone marrow adipose tissue, adipocyte size or number, quantified in bone biopsies
of postmenopausal women with osteoporosis. We found that BMAT volume and bone
marrow adipocyte size both were negatively associated with osteoclast number, suggesting an association between BMAT and bone resorption. Furthermore, we found
that women with osteoporosis and vertebral fractures had higher BMAT compared to
women with osteoporosis without vertebral fractures, while there was no difference
in bone volume between these groups, which could possibly indicate that BMAT is
associated with fracture risk independent of bone volume.
The negative association between BMAT and bone resorption could potentially be
mediated by receptor activator of nuclear factor κ-B ligand (RANKL). Bone resorption
is regulated by RANKL, which is expressed by osteocytes, osteoblasts and bone mar-
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row precursor cells. In chapter 4 we showed that mature bone marrow adipocytes
also express RANKL in a mouse model of postmenopausal osteoporosis (ovariectomy).
Furthermore, we showed that estrogen deficiency caused by ovariectomy, not only
increased BMAT, but also increased the percentage of RANKL positive bone marrow
adipocytes.
In chapter 5, we sought to inhibit adipogenesis by administration of a PPARγ antagonist, in the same mouse model of postmenopausal osteoporosis, to determine if
we could prevent bone loss caused by estrogen deficiency. However, in these animals,
administration of the PPARγ antagonist had no effect on BMAT, bone turnover, bone
volume nor on bone strength.
Postmenopausal estrogen deficiency is associated with increased visceral adipose
tissue, and increased visceral adipose tissue is associated with increased BMAT and
decreased BMD [1,2], suggesting an association between body composition and BMAT.
Furthermore, patients with anorexia nervosa have high BMAT and low bone volume. In
chapter 6 we explore the effect of weight loss by gastric bypass surgery on BMAT and
bone mineral density in morbidly obese postmenopausal women. We found that both
BMAT and BMD decreases after weight loss due to gastric bypass surgery, suggesting
that BMAT does not contribute to bone loss after gastric bypass in postmenopausal
women.

GENERAL DISCUSSION
Our exploration on the association between BMAT and bone metabolism presented
some unexpected results, suggesting that there is more to ‘high fat, low bone’ paradigm than is explained by the hypotheses of preferential differentiation of skeletal
stem cells or negative paracrine effects alone.
We show that that young male subjects have higher BMAT compared to young
female subjects, which is consistent with literature [3,4]. Also, during growth, both
BMAT and bone volume increase [3,4]. Furthermore, we show that both BMAT and BMD
decrease after weight loss by RYGB in postmenopausal women. Last, the mouse strain
we used, the C3H-HeJ mouse, both bone volume and BMAT volume are relatively
high, compared to other mouse strains [5]. This implies that high BMAT is not always
accompanied by low bone mass, and it could be hypothesized that BMAT, at least in
some situations, has beneficial effects on bone health. Potentially, BMAT could serve
as an energy depot for bone metabolism [6]. Some studies show the presence of lipid
droplets in osteoblasts in vitro [7] and in osteocytes in mice [8], which could potentially be explained by lipid transfer from marrow adipocytes. A recent study showed
that bone marrow adipocytes transfer their lipids to leukemic cells [9] supporting
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their maintenance. Thus, if bone marrow adipocytes can transfer lipid to osteoblasts
and osteocytes in a similar fashion, they could support bone metabolism.
Fatty acids secreted by BMAT could potentially affect bone metabolism. In vitro
research showed that fatty acids secreted by subcutaneous adipocytes can decrease
osteoblast differentiation and function [10,11] and increase osteoclast formation [12].
Saturated fatty acids seem to have a negative effect on bone health by facilitating
pro-inflammatory processes, and by secretion of pro-inflammatory cytokines by macrophages. Some unsaturated fatty acids can have positive effects on bone health [13].
As suggested by Scheller and coworkers, there might be two distinct types of BMAT:
regulated and constitutive BMAT (rBMAT and cBMAT respectively). rBMAT consists of
smaller bone marrow adipocytes, contains more saturated fatty acids, is located
proximally within long bones and responds to BMAT inducing stimuli. cBMAT consists
of larger bone marrow adipocytes, contains more unsaturated fatty acids, is located
distally in long bones and is does not respond to BMAT inducing stimuli (Scheller et al.,
2015). We showed opposing associations between BMAT and bone marrow unsaturation
within the spine and extremities, suggesting different types of BMAT could be located
within the spine and extremities.
Our results suggested an association between BMAT and bone resorption, while
we found no evident associations between BMAT and bone formation parameters. We
showed that, in bone biopsies of postmenopausal women, adipocyte size was negatively associated with osteoclast number. From subcutaneous adipocytes it is known
that larger adipocytes secrete more adipokines, with a pro-inflammatory profile [14]
and mice with high fat diet induced bone marrow adiposity showed higher expression
of inflammatory cytokines within the bone marrow [15]. If larger bone marrow adipocytes also secrete more pro-inflammatory adipokines needs further investigation,
however, it is known that inflammation affects bone metabolism and even fracture
risk [16,17], making adipocyte size an important parameter for future research on
the association between BMAT and bone metabolism. In ovariectomized mice, as an
animal model of postmenopausal osteoporosis, we showed that mature bone marrow
adipocytes express RANKL. Furthermore, estrogen deficiency caused by ovariectomy,
not only increased the amount of BMAT, but also increased the percentage of bone
marrow adipocytes that expressed RANKL. RANKL stimulates osteoclast differentiation
and activation [18,19], seemingly contradicting the inverse association between BMAT
and osteoclast number we found in bone biopsies of postmenopausal women. Possibly
RANKL expression by bone marrow adipocytes is upregulated as a response to lower
osteoclast number. Another explanation could be that osteoclast number does not
necessarily explain all the variation in bone resorption, as larger osteoclasts more
actively resorb bone. Last, differences could be explained by the animal model used,
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as the CeH/HeJ mouse has a spontaneous mutation at the lipopolysaccharide response
locus (mutation in toll-like receptor 4 gene, Tlr4Lps-d).
In our mouse model of postmenopausal osteoporosis, inhibition of PPARy was unable to prevent an increase in BMAT. Contradictory to other studies that showed PPARy
inhibitors decreased BMAT [20,21]. This could potentially be explained by differences
in mouse strains used. Recently interest has risen in reproducibility of scientific research [22,23]. Some improvement can be achieved by standardization of reporting
guidelines like the ARRIVE guidelines [24,25]. A balance between standardization and
heterogenization could further improve reproducibility [26]. Ideally, future research
on this topic should include different animal strains and should be conducted at different laboratories, to improve generalizability and translational value. We recommend
using fully grown, adult mice, younger animals would not have enough BMAT to detect
changes after interventions, while old animals might have to little trabecular bone
volume left to detect changes in bone parameters. Furthermore, in younger mice
bone turnover might be more related to modeling instead of remodeling. Addressing these issues, requires good collaboration and communication between different
research groups.

FUTURE PERSPECTIVES
BMAT could potentially be an imaging biomarker for osteoporosis and fracture risk
prediction, however, further, especially longitudinal research is needed, as the normal variation of BMAT in quite large, and age and gender dependent. Furthermore,
standardized, off-the-shelf, preferentially automated methods are needed for the
quantification of BMAT. MRI would be the technique of choice, and could also determine
bone marrow fatty acid composition. If future, long-term follow-up studies, endorse
the association between BMAT, BMAT unsaturation and fracture risk, quantification of
BMAT and BMAT unsaturation could be a valuable addition to BMD measurements to
predict fracture risk in patients with osteoporosis. However, conventional MRI only
measures the ratio of the water and the fat signal, while the third component, bone,
has a negligible contribution to the MRI signal, thus changes in bone volume could
potentially bias BMAT measurement by MRI. With newer and or more advanced MRI
techniques bone tissue can be assessed. For example, by using ultrashort TE (UTE) MRI,
which measures signal coming from the water protons within cortical bone, and by
using high resolution MRI to visualize trabecular bone structure [27,28]. On the other
hand, BMD measurements by DXA or qCT are biased by the amount of BMAT, causing
underestimation of BMD in patients with high BMAT [29]. This is especially interesting
as most medication for the treatment of osteoporosis also decreases BMAT [18,30,31].
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This could cause an overestimation of BMD, and thus potentially overestimating the
treatment effect. Dual energy computed tomography (DECT) could overcome the
bias in BMD measurements caused by BMAT [32]. Another advantage is that, DECT
can quantify BMAT and BMD simultaneously [33,34]. A disadvantage of DECT is the
exposure to ionizing radiation. However, if BMAT and BMD can be quantified on DECT
scans acquired for other indications, additional radiation exposure can be prevented
and potentially opportunistic screening for osteoporosis can be performed to identify
patients with an increased fracture risk.
Besides the association with bone metabolism, BMAT is also associated with hematopoiesis and hematologic diseases. For example, BMAT is increased in aplastic anemia
and BMAT is decreased in leukemia [35] or multiple myeloma [36]. Furthermore, BMAT
potentially plays a role in hematopoietic recovery after stem cell transplantation or
chemotherapy [20,37,38] and BMAT and bone marrow adipocyte size seems to be associated with erythropoiesis [39,40]. Further research is necessary to evaluate if BMAT
could potentially also be an imaging biomarker for these hematological conditions.

CONCLUSION
Our research suggests that BMAT is not all ‘bad to the bone’, as in some situations
high BMAT is not associated with bone loss, and a decrease in BMAT is not always
accompanied by an increase in bone mass. Furthermore, our studies show an association between BMAT and bone resorption, but not bone formation. Future research
needs to focus on the interaction between BMAT and bone resorption, preferentially
in longitudinal human studies including both bone histomorphometry and non-invasive
quantification of BMAT and BMAT composition to evaluate if BMAT could be a potential
new treatment target.
As we found an association between BMAT and vertebral fractures, BMAT has
potential as a new imaging biomarker in osteoporosis. Therefore, BMAT quantification
methods need further standardization and normal values need to be determined.
Future research needs to confirm the association between both BMAT and BMAT composition and fracture risk in larger longitudinal studies.
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SAMENVATTING
In dit proefschrift onderzoeken we de associatie tussen beenmergvet en de botstofwisseling, met als uiteindelijke doel te onderzoeken of beenmergvet in de toekomst
mogelijk een biomarker voor de diagnose van osteoporose of een aanknopingspunt voor
de behandeling van osteoporose zou kunnen zijn. Omdat patiënten met osteoporose
een lage botdichtheid hebben in combinatie met veel beenmergvet, en omdat zowel
beenmergvetcellen als osteoblasten (cellen verantwoordelijk voor de botaanmaak)
ontstaan uit dezelfde voorloper cellen, is de hypothese dat preferentiële differentiatie in de richting van de adipocyt (vetcel) een toename van beenmergvet veroorzaakt
gecombineerd met een afname van bot aanmaak. Een tweede hypothese is dat beenmergvetcellen paracriene (lokaal), negatieve effecten hebben op de botstofwisseling.
Beenmergvet is een dynamisch weefsel. Neonaten hebben weinig beenmergvet,
gedurende het leven neemt de hoeveelheid beenmergvet toe, van distaal in de benen
in de richting van de centraal gelegen delen van het skelet. In hoofdstuk 2 laten we de
verdeling van beenmergvet in de wervelkolom, het bekken, het femur (bovenbeen) en
in de tibia (onderbeen) zien in een groep gezonde vrijwilligers. Beenmergvet neemt
toe van craniaal naar caudaal in de wervelkolom, van proximaal naar distaal in het
femur en laat een kleine, maar consequente, afname zien van proximaal naar distaal
in de tibia. Daarnaast laten we zien dat de toename van beenmergvet met de leeftijd
afhankelijk is van de locatie in het skelet en het geslacht van de proefpersoon. In de
wervelkolom neemt de hoeveelheid beenmergvet toe met de leeftijd in zowel mannen
als vrouwen. In het bekken en het femur waren beenmergvet en leeftijd alleen positief gecorreleerd in vrouwelijke proefpersonen, terwijl de manlijke proefpersoenen
op jongere leeftijd al een vrij hoge vetfractie hadden, die niet toeneemt naarmate de
proefpersonen ouder zijn. Omdat de vetzuursamenstelling van beenmergvet geassocieerd is met fracturen, hebben we ook de vetzuursamenstelling van het beenmergvet
in deze groep gezonde vrijwilligers bepaald. De associatie tussen beenmergvet en de
hoeveelheid onverzadigde vetzuren in het beenmergvet was afhankelijk van de locatie. In de wervelkolom was beenmergvet negatief gecorreleerd met de hoeveelheid
onverzadigde vetzuren, terwijl in het femur en de tibia beenmergvet juist positief
gecorreleerd was met de hoeveelheid onverzadigde vetzuren.
De verschillen in de verdeling van het beenmergvet tussen mannen en vrouwen,
zoals beschreven in hoofdstuk 2, kunnen mogelijk gemedieerd zijn door geslachtshormonen. Onder behandeling met oestrogeen (het vrouwelijk geslachtshormoon) neemt
beenmergvet af en neemt de botdichtheid toe. In hoofdstuk 3 vonden we geen effect
van raloxifeen (een selectieve oestrogeen receptor modulator, geregistreerd voor
de behandeling van postmenopauzale osteoporose) op de hoeveelheid beenmergvet,
de grootte van de beenmergvetcellen of het aantal beenmergvetcellen, gemeten in

8

140

Chapter 8

botbiopten van postmenopauzale vrouwen met osteoporose. We vonden dat de hoeveelheid beenmergvet en de grootte van de beenmergvetcellen negatief gecorreleerd
waren met het aantal osteoclasten (cellen verantwoordelijk voor de botafbraak), wat
dus een associatie tussen beenmergvet en de botafbraak suggereert. Daarnaast vonden we dat vrouwen met osteoporose en wervelfracturen meer beenmergvet hadden
dan vrouwen met osteoporose zonder wervelfracturen, terwijl er geen verschil was in
het bot volume tussen deze twee groepen. Dit impliceert dat beenmergvet mogelijk
geassocieerd is met fractuurrisico, los van de botdichtheid.
De negatieve correlatie tussen beenmergvet en de botafbraak zou mogelijk gemedieerd kunnen zijn door het eiwit ‘receptor activator of nuclear factor κ-B ligand’
(RANKL). Bot resorptie (afbraak) wordt gereguleerd door RANKL, wat tot expressie
wordt gebracht door osteocyten, osteoblasten en de multipotente voorloper cellen
van de beenmergvetcellen. In hoofdstuk 4 laten we zien dat ook volwassen beenmergvetcellen RANKL tot expressie brengen in een muis model van postmenopauzale
osteoporose, door middel van ovariëctomie (het verwijderen van de eierstokken).
Daarnaast laten we zien dat oestrogeen deficiëntie, veroorzaakt door ovariëctomie,
niet alleen het beenmergvet laat toenemen maar ook het percentage van de beenmergvetcellen dat RANKL tot expressie brengt, laat toenemen.
Het doel van het onderzoek beschreven in hoofdstuk 5, was het inhiberen van de
differentiatie van de beenmergvetcellen door het toedienen van een PPARγ antagonist (remmer), in hetzelfde muis model van postmenopauzale osteoporose, om te
onderzoeken of het hiermee mogelijk is om bot verlies, veroorzaakt door oestrogeen
deficiëntie, te voorkomen. Echter, in deze muizen, had het toedienen van de PPARγ
antagonist geen effect op beenmergvet, de botstofwisseling, het bot volume of de
bot sterkte.
Postmenopauzale oestrogeen deficiëntie is geassocieerd met een toename van
visceraal vet. Daarnaast is het hebben van veel visceraal vet geassocieerd met veel
beenmergvet en een lage botdichtheid. Patiënten met anorexia nervosa hebben,
ondanks dat zij weinig subcutaan vet hebben, juist veel beenmergvet en een lage
botdichtheid. Dit suggereert een verband tussen de lichaamssamenstelling en beenmergvet. In hoofdstuk 6 onderzoeken we het effect van gewichtsverlies, door een
maag verkleinende operatie, op de hoeveelheid beenmergvet en de bot mineraal
dichtheid in postmenopauzale vrouwen met morbide obesitas. We vonden dat zowel
beenmergvet als de botmineraal dichtheid afneemt na gewichtsverlies door een maag
verkleinende operatie, wat suggereert dat beenmergvet niet bijdraagt aan het botverlies na een maag verkleinde operatie in postmenopauze vrouwen.
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ALGEMENE DISCUSSIE
Ons onderzoek naar de associatie tussen beenmergvet en de botstofwisseling heeft
enkele onverwachte resultaten opgeleverd. Dit suggereert dat er meer achter het
‘veel vet, weinig bot’ paradigma zit dan wordt verklaard door preferentiële differentiatie van stamcellen of negatieve paracriene effecten alleen.
Zo laten we zien dat jonge mannen relatief veel beenmergvet hebben in vergelijking met jonge vrouwen, wat overeenkomt met de literatuur. Ook tijdens de groei
nemen zowel beenmergvet als botdichtheid toe. Daarnaast laten we zien dat, na
gewichtsverlies door bariatrische chirurgie zowel beenmergvet als de botdichtheid afnemen. Verder heeft de C3H/HeJ muis, die wij voor ons onderzoek hebben gebruikt,
in verhouding tot andere muizenstammen, relatief veel beenmergvet en relatief veel
bot. Dit impliceert dat veel beenmergvet niet altijd gepaard gaat met een lage botdichtheid. Mogelijk heeft beenmergvet zelfs, in sommige situaties, een gunstig effect
op het bot. Beenmergvet zou kunnen dienen als een als een energievoorraad voor
de botstofwisseling. Er zijn studies die kleine druppeltjes vet hebben aangetoond in
het cytoplasma (de vloeistof in de cel) van osteoblasten in vitro, en in osteocyten
(botcellen) in muizen. Dit zou mogelijk verklaard kunnen worden door de overdracht
van lipiden vanuit beenmergvetcellen. Een recente studie heeft aangetoond dat
beenmergvetcellen lipiden kunnen overdragen op leukemische cellen, en op deze
manier hun onderhoud kunnen ondersteunen. Als beenmergvetcellen op een vergelijkbare manier lipiden kunnen overdragen aan osteoblasten en osteocyten, zouden
beenmergvetcellen op deze manier het botmetabolisme kunnen ondersteunen.
Mogelijk hebben vetzuren, uitgescheiden door beenmergvetcellen, ook een effect
op het botmetabolisme. In vitro onderzoek heeft aangetoond dat vetzuren, uitgescheiden door subcutane vetcellen, de differentiatie en functie van osteoblasten kunnen
laten afnemen en een toename van osteoclasten kunnen veroorzaken. Verzadigde
vetzuren lijken een negatief effect op het bot te hebben door pro-inflammatoire
processen te ondersteunen. Daarnaast lijken sommige onverzadigde vetzuren juist
een positief effect op het bot te hebben. In een studie door Scheller en collega’s
wordt gesuggereerd dat er twee verschillende typen beenmergvet bestaan, het zogenaamde gereguleerd en constitutioneel beenmergvet (‘regulated’ en ‘constitutive
bone marrow adipose tissue’; afgekort rBMAT en cBMAT). rBMAT bestaat uit kleine
beenmergvetcellen, bevat relatief veel verzadigde vetzuren, is meer proximaal gelokaliseerd in de lange pijpbeenderen en neemt toe of juist af onder invloed van
verschillende stimuli. cBMAT bevat daarentegen grote beenmergvetcellen, relatief
meer onverzadigde vetzuren, is meer distaal gelokaliseerd in de lange pijpbeenderen
en verandert niet onder invloed van dezelfde stimuli. Ons onderzoek laat zien dat
de associatie tussen de hoeveelheid beenmergvet en de hoeveelheid onverzadigde
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vetzuren in het beenmergvet tegenovergesteld is in de wervelkolom en in de benen.
Dit suggereert dat er een verschil is tussen het beenmergvet in de benen en in de
wervelkolom.
Onze resultaten laten een associatie zien tussen beenmergvet en botafbraak, terwijl wij geen evidente aanwijzingen vonden voor een associatie tussen beenmergvet
en botaanmaak. Daarnaast laten we in botbiopten van postmenopauzale vrouwen zien
dat de grootte van de beenmergvetcellen geassocieerd is met het aantal osteoclasten.
Van subcutane vetcellen is het bekend dat grotere vetcellen meer adipokines uitscheiden, met een pro-inflammatoir profiel. Tevens hebben muizen met veel beenmergvet,
veroorzaakt door een vetrijk dieet, hogere expressie van inflammatoire cytokines
in het beenmerg. Of grotere beenmergvetcellen ook meer pro-inflammatoire cytokines/adipokines uitscheiden moet nog worden onderzocht, maar het is bekend dat
inflammatie invloed heeft op het botmetabolisme en zelfs geassocieerd is met een
verhoogd fractuurrisico. Hierdoor is de grootte van beenmergvetcellen een belangrijke parameter voor toekomstig onderzoek naar de associatie tussen beenmergvet en
de botstofwisseling.
In onze dierstudie met ovariëctomie als diermodel voor postmenopauzale
osteoporose, laten wij zien dat volwassen beenmergvetcellen RANKL tot expressie
brengen. Daarnaast veroorzaakt oestrogeen deficiënte door ovariëctomie, niet alleen een toename in beenmergvet, maar ook een toename in het percentage van
de beenmergvetcellen dat RANKL tot expressie brengt. RANKL stimuleert osteoclast
differentiatie en activatie. Dit lijkt de eerder gevonden negatieve correlatie tussen
de hoeveelheid beenmergvet en het aantal osteoclasten, in botbiopten van postmenopauzale vrouwen met osteoporose, tegen te spreken. Echter mogelijk neemt de
expressie van RANKL door beenmergvetcellen juist toe als reactie op het lagere aantal
osteoclasten. Een mogelijke andere verklaring is dat het aantal osteoclasten niet per
se alle variatie in botresorptie verklaart, omdat bijvoorbeeld grotere osteoclasten
het bot meer actief resorberen. Tenslotte zouden de verschillen mogelijk verklaard
kunnen worden door het muis model dat we hebben gebruikt. De C3H/HeJ muis heeft
namelijk een spontane mutatie in de lipopolysaccharide respons locus op het toll-like
receptor 4 gen (Tlr4Lps-d).
In ons muismodel van postmenopauzale osteoporose had de remming van PPARy
geen effect op de hoeveelheid beenmergvet, in tegenstelling tot andere studies die
wel een afname laten zien van beenmergvet door het toedienen van PPARy remmers. Mogelijk wordt dit wederom verklaard door verschillen in de muizenstammen
die gebruikt zijn. Recentelijk is er meer aandacht voor de reproduceerbaarheid
van wetenschappelijk onderzoek en specifiek dierstudies. Enige verbetering in de
reproduceerbaarheid kan bewerkstelligd worden door het gebruik van richtlijnen voor
rapportage van wetenschappelijk onderzoek, zoals de zogenaamde ARRIVE-richtlijn.
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De juiste balans tussen standaardisatie en heterogeniteit zou de reproduceerbaarheid
verder kunnen laten toenemen. Idealiter zou toekomstig onderzoek verschillende
dierstammen gebruiken en worden uitgevoerd in verschillende laboratoria, om de
generaliseerbaarheid en translationele waarde te verbeteren. Wij adviseren om
volwassen dieren te gebruiken, omdat jonge dieren nog niet voldoende beenmergvet
hebben om verandering in beenmergvet te detecteren na interventie. Echter hebben
oude dieren juist te weinig trabeculair bot over om veranderingen in het bot te kunnen
detecteren. Daarnaast is de botstofwisseling in jonge dieren mogelijk meer gericht op
groei (‘modeling’) in plaats van het vervangen van bestaand bot (‘remodeling’). Het
adresseren van deze problemen vereist goede samenwerking en communicatie tussen
verschillende onderzoeksgroepen.

TOEKOMSTPERSPECTIEVEN
Beenmergvet zou in de toekomst mogelijk een biomarker kunnen zijn voor osteoporose
en het voorspellen van fractuurrisico. Hiervoor is meer longitudinaal onderzoek nodig,
omdat de normale variatie in beenmergvet vrij groot is en de hoeveelheid beenmergvet afhankelijk is van leeftijd en het geslacht. Verder zijn gestandaardiseerde,
bij voorkeur automatische, methoden nodig voor de kwantificatie van beenmergvet.
MRI is hierin de logische keuze, en kan daarnaast ook de vetzuursamenstelling van
het beenmergvet bepalen. Als toekomstige longitudinale studies de associatie tussen
beenmergvet, de vetzuursamenstelling van beenmergvet en fractuurrisico bevestigen, dan zouden deze metingen een waardevolle aanvulling op BMD metingen kunnen
zijn voor het voorspellen van het fractuur risico in patiënten met osteoporose. Een
beperking van de conventionele MRI methoden voor de kwantificatie van beenmergvet
is dat het de ratio van het water en het vet signaal meet, terwijl de derde component, het bot, een verwaarloosbare bijdrage levert aan het gemeten signaal. Hierdoor zouden veranderingen in het botvolume de kwantificatie van het beenmergvet
kunnen beïnvloeden. Door het gebruik van geavanceerde MRI sequenties (utrashort
TE/UTE) kan het corticale bot in beeld worden gebracht, en door het gebruik van
hoge resolutie MRI kan de trabeculaire bot structuur in beeld worden gebracht. Aan
de andere kant worden BMD metingen door DXA en qCT negatief beïnvloed door de
hoeveelheid beenmergvet, waardoor de botdichtheid wordt onderschat in patiënten
met veel beenmergvet. Dit is extra interessant in het kader van onderzoek naar de
behandeling voor osteoporose, omdat de meeste medicatie tegen osteoporose ook
het beenmergvet laat afnemen, waardoor het effect van de behandeling mogelijk
wordt overschat. Dit probleem kan worden opgelost door het gebruik van Dual energy
computed tomography (DECT), omdat hiermee zowel de BMD als het beenmergvet
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kan worden gemeten. Een nadeel van DECT is de blootstelling aan straling. Echter
als beenmergvet en BMD bepaald kunnen worden in DECT scans die gemaakt zijn
voor andere indicaties, dan kan extra stralenbelasting worden voorkomen. Dit biedt
in de toekomst mogelijkheden voor opportunistische screening op osteoporose om
patiënten met een verhoogd risico op fracturen te identificeren.
Naast de associatie met bot, is beenmergvet ook geassocieerd met hematologische
aandoeningen. Beenmergvet is toegenomen in patiënten met aplastische anemie en
is afgenomen in patiënten met leukemie of multiple myeloom. Daarnaast speelt
beenmergvet mogelijk een rol bij het herstel na een stamceltransplantatie of chemotherapie, en lijkt beenmergvet en de grootte van beenmergvetcellen geassocieerd
met erytropoëse. Meer onderzoek is nodig om te onderzoeken of beenmergvet ook
een mogelijke biomarker zou kunnen zijn voor deze hematologische aandoeningen.

CONCLUSIE
Ons onderzoek suggereert dat beenmergvet niet alleen ‘bad to the bone’ is. In sommige situaties gaat een toename in beenmergvet niet gepaard met een afname in
bot, en omgekeerd gaat een afname in beenmergvet niet altijd gepaard gaat met een
toename in bot. Onze studies laten zien dat beenmergvet geassocieerd is met bot
afbraak, maar niet met bot aanmaak. Toekomstig onderzoek zou zich moeten richten
op de interactie tussen beenmergvet en bot afbraak, bij voorkeur in longitudinale
studies waarbij zowel histomorphometrie als niet-invasieve kwantificatie van beenmergvet en de beenmergvetzuur samenstelling worden bepaald, om te evalueren of
beenmergvet in de toekomst mogelijk een aanknopingspunt voor de behandeling van
osteoporose zou kunnen zijn.
Beenmergvet heeft potentie als biomarker voor osteoporose, omdat ons onderzoek
een associatie tussen beenmergvet en wervelfracturen laat zien. Voor verdere evaluatie is standaardisatie van de MRI methoden belangrijk en moeten normaalwaarden van
het beenmergvet worden bepaald. Toekomstig onderzoek moet de associatie tussen
beenmergvet, de vetzuursamenstelling van beenmergvet en fractuurrisico bevestigen
in grote longitudinale studies.
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LIST OF ABBREVIATIONS
1H-MRS

single-voxel proton magnetic resonance spectroscopy

aBMD

areal BMD

Ad.Dm

mean adipocyte diameter

Ad.Dn

adipocyte density

Ad.V/Ma.V

marrow adipose tissue volume

Ad.V/TV

total adipose tissue volume

BADGE

bisphenol A diglycidyl ether

BFR/BV

bone formation rate

BMAd

bone marrow adipocyte

BMAT

bone marrow adipose tissue

BMD

Bone Mineral Density

BMI

Body Mass Index

BMSC

bone marrow stromal cell

BV/TV

Cancellous bone volume as percentage of tissue volume

cBMAT

constitutive bone marrow adipose tissue

CE

contrast enhanced

CE-CT

contrast-enhanced nanoCT

CL

chain length

CTx

C-terminal crosslinking telopeptides of collagen type I

DECT

dual energy computed tomography

DXA

Dual-energy X-ray Absorptiometry

EDTA

ethylenediaminetetraacetic acid

FSH

follicle stimulating hormone

HRP

Horseradish Peroxidase

IP

in-phase

IQR

interquartile range

LMM

linear mixed models

MAR

mineral apposition rate

microCT

microfocus computed tomography

MMA

methyl methacrylate

MRI

Magnetic resonance imaging

MS/BS

mineralizing surface

N.Oc/BS

osteoclast number

N.Oc/T.Ar

number of osteoclasts per tissue area

ndb

Number of double bonds

NHANES III

National Health and Nutrition Examination Survey III
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nmidb

methylene-interrupted double bonds

Oc.S/BS

osteoclast surface

OP

out-of-phase

OPG

osteoprotegerin

OS/BS

osteoid surface as a percentage of the total bone surface

OVX

Ovariectomy

P1NP

procollagen type 1 N-terminal propeptide

PBS

phosphate buffered saline

PDFF

proton density fat fraction

POM

polyoxometalate

PPARγ

peroxisome proliferator-activated receptor gamma

PPARγ.Ar

area of PPARγ positive cells

PTH

parathyroid hormone

QCSI

quantitative chemical shift imaging

qCT

Quantitative computed tomography

RANK

receptor activator of nuclear factor κB

RANKL

receptor activator of nuclear factor k-B ligand

RANKL.Pos.B.Pm/B.Pm

percentage of RANKL positive osteoblasts covering the
bone surface

RANKL.Pos.N.Ad/N.Ad

percentage of RANKL positive bone marrow adipocytes

rBMAT

regulated bone marrow adipose tissue

ROI

Region of Interest

RUNX2

runt-related transcription factor 2

RYGB

Roux-en-Y gastric bypass surgery

SAT

subcutaneous adipose tissue

SD

standard deviation

SERM

selective estrogen receptor modulator

SFF

signal fat fraction

SSC

skeletal stem cell

T2DM

type 2 diabetes mellitus

Tb.N

trabecular number

Tb.Sp

trabecular separation

Tb.Th

trabecular thickness

TE

echo time

Tlr4

toll like receptor 4

TNF

tumor necrosis factor

TR

repetition time

List of abbreviations

TRAP

tartrate-resistant acid phosphatase

VAT

visceral adipose tissue

vBMD

volumetric BMD

Veh

vehicle

WFI-mGRE

water fat MRI with multiple gradient echoes

165

9

bad to the bone?

Bone Marrow Adipose Tissue and Bone Metabolism bad to the bone?

Bone Marrow Adipose Tissue
and Bone Metabolism

Kerensa M. Beekman

Kerensa M. Beekman

