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ARTICLE INFO ABSTRACT

Keywords: There is currently an unmet clinical need for improved treatments for skeletal diseases such as osteoporosis and
Bone marrow adipose cancer-induced bone disease. This is due in part to a paucity of novel targets and an incomplete understanding of
Sclerostin

the mechanisms of action for established therapies. We defined the effects of anabolic treatments on bone and
the bone marrow adipocyte (BMA). Sclerostin-neutralizing antibodies (Scl-Ab), romosozumab, human para-
- . N thyroid hormone (hPTH, 1-34), and hPTH/hPTHrP analogues (e.g. teriparatide and abaloparatide) stimulate
Anti-sclerostin antibodies . sy e . . . .
Parathyroid hormone bone formation and have been studied in clinical trials for severe osteoporosis. In this study, eight-week-old male
PTH and female rats were administered vehicle, Scl-Ab (3 mg/kg or 50 mg/kg) weekly, or hPTH (1-34) (75 pg/kg)
daily for 4 or 26 weeks. Histological analyses of distal femura were performed using a novel ImageJ method for
trabecular bone and bone marrow adipose tissue (BMAT). Adipocyte number, circumference, and total adipose
area were compared within the tissue area (T.Ar) or the marrow area (Ma.Ar), (defined as the T.Ar minus the
trabecular bone area). After 26 weeks of treatment, a significant inverse correlation between bone and tissue
adiposity (total adipocyte area divided by T.Ar) were observed in males and females (p < 0.0001). However,
there were no significant correlations between bone and marrow adiposity (total adipocyte area divided by
Ma.Ar) for either sex after 26 weeks of treatments. Scl-Ab treatments also resulted in no effect on adipocytes
based on marrow adiposity for either sex after 26 weeks. However, chronic hPTH treatments significantly re-
duced adipocyte number and adiposity within the T.Ar and within the Ma.Ar in males. Overall, our data suggest
that with long-term treatment, Scl-Abs decrease total tissue adiposity mainly by increasing trabecular bone,
resulting in an overall reduction in the space in which adipocytes can reside. These findings were determined by
developing and comparing two different methods of assessment of the marrow cavity, defined to either include
or exclude trabecular bone. Thus, researchers should consider which adiposity measurement is more informative
and relevant for their studies. Overall, our findings should help design improved therapies or combination
treatments to target a potential new contributor to bone diseases: the bone marrow adipocyte.

Bone marrow microenvironment
Osteocyte-derived factors

1. Introduction

Adequate bone mass is essential for a long, healthy life in humans
and other vertebrates. Along with signaling throughout the body, co-
ordinated signaling between bone cells through paracrine, autocrine,
and endocrine pathways is critical to metabolic homeostasis of the
skeleton and bone marrow (BM) microenvironment [2,3]. Skeletal
stability is maintained through balanced osteoblastic and osteoclastic
activity, resulting in cyclic bone resorption and formation mediated by
coupling between osteoclasts and osteoblasts. However, BM adipocytes,
derived from a common adipo-osteoprogenitor cell, also play a crucial
role in bone homeostasis. Increased BM adiposity is often correlated

with bone diseases, such as osteoporosis, diabetic bone disease, and
cancer-associated osteolysis, and BM adipocytes have been shown to
respond to a variety of pharmaceuticals, therapies, diets and disease
conditions [2,4-9]. Interestingly, stimuli or states that increase bone
mass (e.g. mechanical loading, osteoanabolic pharmaceutical treat-
ments, and genetic diseases, such as van Buchem disease and scler-
osteosis) often correlate with decreased bone marrow adipose tissue
(BMAT). Similarly, diseases and models of bone loss typically display
increased BMAT [1,2,4]. However, BMAT appears to be essential in the
homeostasis of the hematopoietic niche after insults such as irradiation
[10], although excessive BMAT can also be detrimental to hematopoi-
esis [11]. Thus, understanding the short-term and chronic effects of
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increasing bone mass on BMAT will help define the elusive relationship
between bone and adipose tissue, which may help clarify the roles of
BMAT in disease and recovery. Moreover, understanding the effects of
bone anabolic agents on BM adipocytes would give new insight into the
mechanisms of action of pharmaceuticals and provide information
about the osteoblast-adipocyte relationship.

Sclerostin-neutralizing antibodies (Scl-Ab) and human parathyroid
hormone (hPTH) increase bone mass in rats, mice, and humans through
different modes of action at the tissue level and through different sig-
naling pathways [1,12]. In the rat model described by Ominsky et al.
[11, Scl-Ab increase trabecular and cortical bone mass by binding to
sclerostin, which then prevents sclerostin from binding to frizzled co-
receptors lipoprotein receptor protein 4/5/6, inhibiting canonical Wnt
signaling [12,13]. This neutralizing effect allows for Wnt signaling and
subsequent activation and differentiation of mesenchymal stromal cells
(MSCs) into osteoblasts, which increase modeling-based bone formation
[2,13]. Scl-Ab also suppress bone resorption through inhibitory effects
on osteoclasts via modulation of several osteoclastogenesis regulators
such as M-CSF, WISP1, and the RANKL/osteoprotegerin (OPG) ratio
[1,12,14-16]. Previously, Scl-Ab were shown to increase bone forma-
tion and decrease BMAT in 6-week old male mice after only 3 weeks of
100 mg/kg/week treatment [2,17]. Interestingly, in vitro studies
showed that adipocyte progenitor cells increase in their Oil Red O
content, increase their expression of adipogenic genes (PPARy and
CEBPa), and decrease their expression of -catenin responsive genes
(Axin2 and Smad6) when treated with sclerostin, suggesting that the in
vivo findings of decreased BMAT in response to Scl-Ab were at least
partially due to a shifting of the differentiation of skeletal MSCs from
the adipogenic to the osteogenic pathway [2]. Still, as in vivo responses
may not mirror those seen in vitro, it would have been beneficial to
analyze changes in progenitor cells in vivo to determine what occurred
more conclusively.

In contrast to Scl-Ab, hPTH substantially increases both bone ana-
bolic (formation) and catabolic (resorption) activities, although the
former is more pronounced during the first few months of therapy in
humans. hPTH stimulates osteogenesis in PTHIR™ osteoprogenitors
[18] and increases the activity of mature osteoblasts, resulting in in-
creased bone formation and bone mass [1,2,19]. This activation may be
in part due to enhanced Wnt signaling, but other pathways are certainly
operative [18,20]. Unlike Scl-Ab, hPTH stimulates bone resorption
through enhanced RANKL production in stromal cells [21]. In fact, the
bone anabolic action of hPTH appears to depend on its ability to in-
directly stimulate osteoclastogenesis [21]. However, hPTH also inhibits
osteoblast apoptosis and reduces osteocytic production of sclerostin
[21]. Thus, in both animal and human models, hPTH action is depen-
dent upon increased bone resorption, which induces bone remodeling
and formation, resulting in a net gain in bone mass (depending on
dosing levels and frequency) [1]. Prior studies also found that hPTH
could decrease BMAT associated with energy restriction in calorically-
restricted rats, although this was done in older male, Fischer 344 rats
with much lower hPTH doses (1 pg/kg/day for 14 days) [22]. In mice,
Lanske et al. observed short-term hPTH treatments can decrease BMAT
in mice [23]. Interestingly, Kronenberg et al. recently demonstrated
that sudden cessation of teriparatide after prolonged administration in
mice led to increased adipocytic differentiation of descendants of Sox9-
creERT2 cells, leading to a massive increase in BMAT, which was not
observed in controls [24]. These data suggest that hPTH increases the
number of adipo-osteoprogenitor cells in the BM, and that these will
become osteoblasts if they receive sustained hPTH signaling or adipo-
cytes if the hPTH signal is removed.

To our knowledge, no studies of longer-term hPTH or Scl-Ab
treatments on BMAT in rats have been previously reported. We hy-
pothesized that Scl-Ab and hPTH treatments would decrease overall
adiposity in a time-dependent and dose-dependent manner, and that a
negative correlation would be identified between bone and BMAT
areas. We also hypothesized that the results would depend on if we
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looked at adiposity within the marrow area (lacking trabecular bone) or
in the larger tissue area of the ROI. Lastly, we hypothesized that there
would be sex-based differences in adiposity and response to anabolic
agents. To test these theories, we developed and described a new
ImageJ analysis method to quantify BMAT from histological slides. We
used this method to determine how BM adipocytes are affected by Scl-
Ab and hPTH treatments within the marrow area and total tissue area
by defining and measuring these two different areas. (The tissue area
represents the larger overall bone marrow cavity that provided in-
formation on adiposity in relation to increased bone and decreased
marrow space. The marrow area excluded bone accrual differences per
treatment group to identify an adipocyte-specific niche where adipo-
cyte parameters could be analyzed in response to these osteoanabolic
agents). No other method allows for this dual analysis within the same
histology slide, and no reports comparing these different methods of
analysis have been described to our knowledge. We then explored the
dependence of BMAT and bone on length of treatment, dose, and sex,
and tested correlations between BMAT and bone area using a linear
regression statistical model.

2. Methods
2.1. Study design and histological slide preparation

The effects of Scl-Ab (romosozumab) and hPTH (1-34) on BMAT
were tested through analysis of histological slides of rat distal femurs
stained with Von Kossa tetrachrome, which were generated in a pre-
viously published study [1]. In that study, 2-month old male and female
Sprague-Dawley rats were obtained from the Charles River Laboratory
(Hollister, CA) and divided into four treatment groups: Vehicle
(n = 20/sex), Scl-Ab 3 mg/kg (n = 70/sex), Scl-Ab 50 mg/kg (n = 38/
sex), or hPTH 75 pug/kg (n = 20). Scl-Ab (romosozumab, 34.97 mg/mL)
or the vehicle (55mM acetate, 13 mM calcium, 6% sucrose, 0.006%
polysorbate 20, pH5.2) were administrated once weekly via sub-
cutaneous (SC) injection. Due to romosozumab, a humanized Scl-Ab,
having immunogenic properties in rodents, Scl-Ab groups reserved the
right to remove rats that developed anti-drug antibodies (ADA) since
ADAs can attenuate pharmacological effectiveness. hPTH (1-34) was
administered daily via SC injection. The hPTH (1-34) was reconstituted
in sterile water and diluted to 0.15mg/mL in a buffer solution (2%
bovine serum albumin, 0.001 N HCI, 0.15M NacCl) for a dosage volume
of 0.5mL/kg. One cohort of rats was dosed for a total of 4 weeks; a
second cohort was dosed for 26 weeks.

The standardized criteria for structural, dynamic, and cellular
parameters established by the American Society for Bone and Mineral
Research were used when determining proper nomenclature [25]. The
trabecular bone histology data described in the original study was
provided in Tb. BV/TV (%), as this data was acquired through dynamic
histomorphometry analysis (3D) [1]. Since ImageJ quantification pro-
vides 2D measurements, we reported our subset analysis data in area
(mm?). According to American Society for Bone and Mineral Research,
volume ratios (3D) are considered numerically equivalent to area ratios
(2D) [25].

2.2. Image acquisition

Histologic slides were photographed using a Keyence Fluorescence
Microscope BZ-X700 (4 x plan fluor PhL, Brightfield/Phase contrast)
using an automated image capture software, BZ-X Analyzer, to create
high resolution images. The images were exported as .tiff files prior to
quantification/analysis of adipocytes. These images were also “image-
stitched” with the BZ-X Analyzer software to produce a composite
image of the entire slide (Fig. 1A).
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Fig. 1. Adipocyte quantification process of rat distal femoral metaphysis through ImageJ. (A) Original image and (B) image converted to 32-bit with Huang threshold
filter at default thresholding with a dark background. Red highlight represents the areas that will be translated to black (255) value once the threshold is applied. (C)
Huang threshold filter applied at the default level. The image had the plugins Despeckle and Adjustable Watershed applied and the marrow area is outlined with the ROI
File (outlined in green). (D) Results from Analyze Particles measuring tool of the marrow area outlined by the ROI File that selected shapes based on specific
parameters in size and circularity. The green overlay masks represent the counted adipocytes. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

2.3. Adipocyte parameter quantification and analysis

A blinded analysis of BM adipocytes was performed on each slide
using ImageJ software (https://imagej.nih.gov/ij/) [26,27]. Treatment
groups and sample numbers in this study are a subset analysis of the
original study, and thus were not the primary endpoint used to power
the original study, but were sufficient for our analysis and are shown
here: 4-week treatments: Vehicle (n = 10/sex); Scl-Ab 3 mg/kg
(n = 10/sex); Scl-Ab 50 mg/kg (n = 10/sex); and hPTH (male n = 8,
female n = 10); 26-week treatments: Vehicle (n = 10/sex); Scl-Ab
3mg/kg (n = 10/sex); Scl-Ab 50mg/kg (n = 10/sex); and hPTH
(n = 10/sex). A global scale was set at 530 pixels/mm based on the
microscope imaging objective and settings. The tissue area (T.Ar) was
selected in the distal femoral metaphysis (0.2 mm below the epiphyseal
growth plate and 3 mm into the distal metaphysis) using the polygon
tool to contain the BM and trabecular bone, excluding cortical bone.
One histological slide per distal femur was measured. The T.Ar was
measured using ImageJ to find the total tissue area, which was used to
normalize adipocyte numbers per T.Ar for each image. The T.Ar se-
lection was saved as an ROI (region of interest) file to ensure con-
sistency within an image. Color images were converted to 32-bit and
then thresholded using the Huang filter at the automatic level de-
termined by ImageJ with dark background (Fig. 1B); red highlight re-
presents the background (later excluded) and adipocyte areas that were
translated to black once the threshold was applied [26,27]. [Note:
thresholding an image converts it to black (255) and white (0) values
[26,27], as shown in Fig. 1C]. Images were then processed with the
Despeckle and Adjustable Watershed plugins (Fig. 1C). [Despeckle was
used to automatically remove salt-and-pepper background noise that
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could cause inaccuracies with particle analysis, while the Adjustable
Watershed ImageJ segmentation algorithm was used to systematically
correct any adjacent adipocytes that had been merged into 1, back into
2 distinct objects. ImageJ typically applies a watershed segmentation
threshold at a level of 0.5, but with the Adjustable Watershed the amount
of segmentation can be changed to correct for closely packed adipocyte,
tissue tears, or staining inconsistencies [26,27].] A blinded investigator
set the Adjustable Watershed within the range of 0.3-0.8 to select the
most appropriate segmentation threshold to apply to each image based
solely on the quality of the individual image. Next, particle analysis for
BM adipocytes was performed within the T.Ar by using the T.Ar ROI file
and the Analyze Particles plugin. [This plugin scans a selected area and
measures objects that meet parameters based on area and circularity
[26,27]]. The particle circumference range was set to 40-400 pixels
(area results displayed in mm? due to the set scale) and the circularity
was set at 0.6-1.00 (1.00 being a perfect circle). These parameters were
determined through an iterative, trial and error analysis of different
images from different treatment groups until a universal measurement
system was decided upon and then used for every image. After particle
analysis, Result and Summary pop-up windows provided the average
and total numbers of counted adipocytes and the area (mm?) of the
average adipocyte, within the T.Ar; these data were used to quantify
adiposity in each sample. Average circumference measurements were
calculated by estimating that the average adipocyte was a perfect circle.
Yellow overlay masks identifying adipocytes summarized these data for
visibility purposes (Fig. 1D). The original image, ROI selection, and
yellow overlay mask of measured adipocytes were flattened into a
singular image and saved as a .tiff file to preserve resolution quality.


https://imagej.nih.gov/ij/

S. Costa, et al.

Bone 123 (2019) 211-223

2mm

Fig. 2. Trabecular bone quantification of the bone marrow space in rat distal femoral metaphysis through ImageJ. (A) Original image and (B) image converted to 32-
bit with Huang threshold that has been manually adjusted to only highlight for the trabecular bone. (C) The applied Huang threshold filter with the marrow area
selected using the ROI (region of interest) File (outlined in green) so area and percent of trabecular bone space can be measured. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

2.4. Trabecular bone area quantification and analysis

Trabecular bone quantification was performed in ImageJ using the
ROI file of the selected T.Ar to ensure the areas used to measure adi-
pocytes, T.Ar, and trabecular bone were identical. As above, original
images (Fig. 2A) were converted to 32-bit images and then Huang filter
thresholded with a non-dark background [27,28]. The threshold was
manually adjusted so only the trabecular bone was highlighted in red
(Fig. 2B). Manual manipulation was used to refine any automatic
thresholding inconsistencies that falsely labeled trabecular bone within
the slide. With the T.Ar selected, the trabecular bone area was mea-
sured based on the threshold values represented in a binary scheme
(Fig. 2C), (white = 0; black = 255 [26,27]). ImageJ provided the area
(mm?) and the percent area (%) of the black pixels within the T.Ar
selection, which was recorded as trabecular bone area per tissue area
(Tb. B.Ar/T.Ar).

2.5. Adipocyte quantification within the bone marrow space

After adipocyte analysis and quantification within the T.Ar (which
includes the BM and trabecular bone) was used to quantify tissue
adiposity, marrow adiposity was then calculated as the total adipose area
within the marrow area (Ma.Ar) (which consisted of only BM).
Trabecular bone area (mm?) was subtracted from the total T.Ar (mm?)
to give the area of only the Ma.Ar (mm?). The total adipocyte number
and adiposity were then normalized to Ma.Ar to adjust for reduction in
marrow space as a consequence of any increased B.Ar/T.Ar within the
ROIs from osteoanabolic treatment.
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2.6. Correlation analysis of trabecular bone area vs adipocyte number and
adiposity

To determine if increased trabecular bone volume correlated with
changes in BMAT, we then performed a linear correlation analysis be-
tween adipocyte number or adiposity (within the T.Ar and Ma.Ar) and
Tb.B.Ar/T.Ar, which captures the total osteoblastic capacity (number
and activity) during treatment durations for each treatment groups [4-
week treatments: Vehicle (n = 10/sex); Scl-Ab 3 mg/kg (n = 10/sex);
Scl-Ab 50 mg/kg (n = 10/sex); hPTH (male n = 8, female n = 10). 26-
week treatments: Vehicle (n = 10/sex); Scl-Ab 3 mg/kg (n = 10/sex);
Scl-Ab 50 mg/kg (n = 10/sex); hPTH (n = 10/sex)] of each sex (male
and female) for both treatment durations (4-week and 26-week). The R?
and slope of each linear regression test were measured to evaluate how
closely the data fit along the linear regression line and the strength of
the bone-BMAT relationship, respectively.

2.7. Statistical analysis

All data were graphed and analyzed using GraphPad Prism 7 soft-
ware. Bar graphs represent mean + S.E.M., unless otherwise stated.
Statistical analyses were conducted between rat sexes, treatment
groups, and treatment durations (4-week versus 26-week). When
comparing treatment groups (Vehicle, Scl-Ab 3 mg/kg, Scl-Ab 50 mg/
kg, and hPTH 75 ug/kg/d) across cohorts (either 4-week or 26-week;
males or females), a 2-way ANOVA with Tukey's multiple comparison
test was performed. When comparing differences over time (4-week
versus 26-week) or between sex (male versus female), for the treat-
ments (Vehicle, Scl-Ab 3 mg/kg, Scl-Ab 50 mg/kg, or hPTH) a 2-way
ANOVA with Sidak's multiple comparison test was performed.
Significance was defined as p < 0.05: *p < 0.05 vs. Vehicle; "p <
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0.05 vs. hPTH; Tp < 0.05, 4-week vs. 26-week; “p < 0.05 Scl-Ab
(3 mg/kg) vs. Scl-Ab (50 mg/kg); 5p < 0.05 Male vs. Female. Statistical
analyses were conducted for correlations using an XY linear regression
test with 95% confidence, and significance was defined as: *p < 0.05,
*p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results
3.1. ImageJ validation

We first compared our ImageJ-based adipocyte quantification
method to an OsteoMeasure software-based method using distal fe-
moral metaphysis bones of female mice fed a control diet (n = 5) or a
rosigliatzone-supplemented diet (n = 5) for four weeks (Supplemental
Methods and Supplemental Fig. 1A, B) using similar methods and adi-
pocyte parameters as previously stated in Section 2.3. The ImageJ data
was then compared to adipocyte quantification data provided through
OsteoMeasure Image software (OsteoMetrics, Atlanta, GA, USA) on the
same subset of femurs in the same ROIs. We observed no significant
differences between the measured adiposity of the control groups and
no significant difference between total adiposity of the rosiglitazone-
supplemental groups when comparing the two different analysis
methods (Supplemental Fig. 1C). Both, ImageJ and OsteoMeasure re-
sulted in the same significance (p < 0.0001) when comparing BM
adiposity between the control and rosiglitazone-supplemented groups
(Supplemental Fig. 1C).

3.2. Osteoanabolic treatments generally decrease BMAT in male and female
rats

After validating our ImageJ-based analysis method, we proceeded to
assess BMAT in the rat bones of interest. Surprisingly, Scl-Ab treatments
had a significantly positive effect on tissue adiposity after 4-week
treatments in females, although this was reversed by 26 weeks, as dis-
cussed below (Table 1, Fig. 3A-C). The 4-week Scl-Ab (50 mg/kg) group
was also significantly higher in adipocyte number and tissue adiposity
when compared to hPTH treatments (Fig. 3A, C). Females after 4 weeks
of treatment illustrated no significant difference in adipocyte cir-
cumference when compared to the vehicle treated group (Fig. 3B). In
contrast to females, 4-week treated males experienced a nonsignificant
negative trend in tissue adiposity for all treatment groups (Table 1,
Fig. 3D-F). Also surprisingly, males also displayed a significant increase
in adipocyte circumference with 4-week hPTH treatments when com-
pared to the vehicle treatment group (Fig. 3E).

As expected, after 26 weeks of treatment, Scl-Ab and hPTH reduced

Table 1
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tissue adiposity relative to the vehicle-treated in both males and fe-
males (Table 1). For females, Scl-Ab (50 mg/kg) and hPTH significantly
decreased adipocyte number and tissue adiposity after 26 weeks of
treatment when compared to the vehicle-treated (Fig. 3A, C). Scl-Ab
(50 mg/kg) also significantly reduced adipocyte number tissue adip-
osity when compared to Scl-Ab (3 mg/kg) at 26 weeks and when com-
pared to Scl-Ab (50 mg/kg) after 4 weeks, demonstrating dose- and
time-dependence (Fig. 3A, C). Females displayed a nonsignificant de-
crease in adipocyte circumference at 26 weeks (Fig. 3B).

In males, tissue adiposity and adipocyte number (but not adipocyte
circumference) showed significant, large negative responses to all
treatment groups versus the vehicle-treated group after 26 weeks
(Fig. 3D-F). Scl-Ab did not display a dose-dependent variation in adi-
pocyte number or tissue adiposity like seen in the females (Fig. 3D, F).
The 26-week Scl-Ab (3 mg/kg) group displayed a significant increase in
tissue adiposity when compared to the corresponding 4-week group,
indicating that age-driven adipogenesis occurred in this group, al-
though to a lesser extent than seen in the vehicle-treated group
(Fig. 3F). hPTH in males, in contrast to females, had significantly de-
creased adipocyte circumference over time (from 4-week to 26-week)
(Fig. 3E).

The 26-week vehicle-treated females had a significant increase in
tissue adiposity and adipocyte number compared to the 4-week vehicle-
treated (Fig. 3A, C), and nonsignificant differences in adipocyte cir-
cumference (Fig. 3B). Vehicle-treated males showed a significant in-
crease in adipocyte number and tissue adiposity after 26 weeks com-
pared to the 4-week time point, indicating age-dependent BM
adipogenesis (Fig. 3D, F). In summary, both males and females had
increased tissue adiposity after 26 weeks for the vehicle-treated groups.
Both sexes also demonstrated greater negative effects on BMAT after
longer administration times of the osteoanabolic agents. Scl-Ab dis-
played dose and time dependent factors that affected adipocyte number
and tissue adiposity for both sexes when looking within the total tissue
area.

3.3. Significant differences between males and females were observed in
vehicle and treated groups

To further explore sex differences, we re-analyzed the data with
regard to sex rather than time point and dose-dependency within the
T.Ar (Fig. 3G-L). After 4 weeks of treatment the vehicle-treated females
had significantly lower adipocyte number and tissue adiposity (Fig. 3G,
I) than males, which may explain why Scl-Ab had differing effects on
adiposity after 4 weeks of treatment in the two sexes. A significant sex
variation was also observed in males versus females treated with hPTH

Comparative results of trabecular bone area (Tb. B.Ar/T.Ar, %) and adiposity (%) within the tissue area (T.Ar) of male and female distal rat femurs treated with Scl-
Ab (3 mg/kg and 50 mg/kg) and hPTH (75 ng/kg/d) relative to the vehicle-treated groups (Treatment group/Vehicle) after 4 and 26 weeks of treatment. Data for Tb.
B.Ar/T.Ar (%) and Tissue adiposity (%) shown as mean + S.E.M. *p < 0.05 vs. Vehicle.

Week 4 Week 26
Tb. B.Ar/T.Ar Tb. B.Ar/T.Ar Tissue Tissue Adiposity Tb. B.Ar/T.Ar Tb. B.Ar/T.Ar Tissue Tissue Adiposity
(%) Relative to Vehicle  Adiposity (%) Relative to Vehicle (%) Relative to Vehicle  Adiposity (%) Relative to Vehicle

Males Vehicle 21.485 1.000 1.308 1.000 23.531 1.000 2.906 1.000

Scl-Ab 28.456 1.324 1.025 0.784 38.523* 1.637 1.797* 0.618

3mg/kg

Scl-Ab 25.922 1.206 1.066 0.815 55.245* 2.348 1.357* 0.467

50 mg/kg

hPTH 43.386* 2.019 0.936 0.716 63.542* 2.700 0.796* 0.274
Females Vehicle 34.475 1.000 0.613 1.000 38.825 1.000 1.203 1.000

Scl-Ab 38.515 1.117 1.123* 1.834 49.664* 1.279 1.087 0.903

3mg/kg

Scl-Ab 43.152* 1.252 1.288* 2.102 72.555* 1.869 0.545% 0.453

50 mg/kg

hPTH 43.649* 1.266 0.685 1.118 57.766* 1.488 0.555* 0.461
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Fig. 3. Effects of Scl-Ab (3 mg/kg or 50 mg/kg) and hPTH (75 ug/kg/d) on adipocyte number per tissue area (N.Ad/T.Ar), average adipocyte circumference (Ad.C),
and tissue adiposity (%) [Calculated as: (N.Ad* Average Adipocyte Area)/T.Ar] in male and female distal rat femurs after the 4-week and 26-week treatments (A)
Adipocyte number per tissue area in females. (B) Average adipocyte circumference in females. (C) Female tissue adiposity. (D) Adipocyte number per tissue area in
males. (E) Average adipocyte circumference in males. (F) Male tissue adiposity. (G) Adipocyte number per tissue area for 4-week male and female. (H) 4-week male
and female adipocyte circumference. (I) 4-week male and female tissue adiposity. (J) Adipocyte number per tissue area in 26-weeks male and female. (K) 26-week
male and female average adipocyte circumference. (L) 26-week male and female tissue adiposity. *p < 0.05 vs. Vehicle; "p < 0.05 vs. hPTH; 'p < 0.05, 4-week vs.
26-week; “p < 0.05 Scl-Ab (3mg/kg) vs. Scl-Ab (50 mg/kg); Sp < 0.05 Male vs. Female. Data shown as mean * S.E.M. All analyses were performed as 2-way
ANOVA + Tukey's/Sidak's multiple comparison tests within Prism. Abbreviations: Ma.Ar = marrow area, in mm?. Tb. B.Ar = trabecular bone area, in mm?>
T.Ar = tissue area [calculated as trabecular bone area + marrow area (Tb. B.Ar + Ma.Ar)], in mm?. All measurements and ROIs exclude cortical bone.
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Fig. 4. Representative images of Von Kossa tetrachrome-stained female rat distal femur metaphysis slides. Exemplify adipose tissue (green arrows) modification and
trabecular bone acquisition within the bone tissue area of each treatment group for the rats at 4-week vs 26-week. (A, C, E, G) 4-week females treated with Vehicle,
Scl-Ab 3 mg/kg, Scl-Ab 50 mg/kg, and hPTH, respectively. (B, D, F, H) 26-week females treated with Vehicle, Scl-Ab 3 mg/kg, Scl-Ab 50 mg/kg, and hPTH, re-
spectively. These images were generated as individual images during the image stitching process via the Keyence BZ-X700 Microscope. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

in regards to adipocyte circumference (Fig. 3H).

The trend between male and female vehicle-treated groups was
again observed at 26-weeks, where males had significantly more adi-
pocytes and overall tissue adiposity than females, but after 26 weeks
females also had significantly smaller adipocyte circumference
(Fig. 3J-L). Adipocyte circumference and tissue adiposity were also
significantly decreased in females versus males in Scl-Ab (3 mg/kg) and
vehicle groups at the 26-week time point (Fig. 3K, L).

3.4. Effects of Scl-Ab and hPTH on trabecular bone are sex, time, and dose-
dependent

To better understand the trabecular bone-BMAT relationship, we
next analyzed trabecular bone area changes within the same subset of
rat histology slides and ROIs as above, using our ImageJ-based method
for trabecular bone area/tissue area quantification. After 4 weeks of Scl-
Ab (50 mg/kg) and hPTH, female rats showed significant increases in
bone area (Supplemental Table 1, Supplemental Fig. 2A). As predicted,
by 26 weeks females showed significant increases in trabecular bone
mass when compared to 26-week vehicle-treated females for all the
treatment groups, and when compared to their corresponding 4-week
treatment group (Supplemental Fig. 2A).

Males, similarly to females, had significantly more trabecular bone
after the 4-week hPTH treatment compared to vehicle group, but con-
trary to females, also had more bone in the hPTH versus Scl-Ab (3 mg/
kg and 50 mg/kg) groups at this time point (Supplemental Table 1,
Supplemental Fig. 2B). However, similar to females, after 26 weeks of
treatment, males exhibited significant increases in trabecular bone area
in all treatment groups compared to the vehicle-treated group, and
compared to the corresponding 4-week treatments (Supplemental
Fig. 2B). Scl-Ab (50 mg/kg) induced a more significant and greater fold
increase in trabecular bone mass than Scl-Ab (3 mg/kg), indicative of
dose-dependency after chronic drug administration in males and fe-
males (Supplemental Table 1, Supplemental Fig. 2A, B). Overall, our re-
analysis from a subset of histology samples of the trabecular bone from
the rat distal femoral metaphysis proved to be consistent with the full
set data analysis for distal femur published by Ominsky et al. [1] (re-
produced in Supplemental Fig. 3).

As illustrated in our prior data, females had lower baseline adipo-
cyte parameters within the T.Ar (Fig. 3G, I, J, L) than males; female rats
also had statistically more trabecular bone than their male counterparts
at the 4-week and 26-week time points (Supplemental Table 1, Sup-
plemental Fig. 2C, D). After 4 weeks and 26 weeks of treatment with
Scl-Ab (3mg/kg and 50 mg/kg) the trabecular bone in females was
significantly higher than in males of the same treatment groups (Sup-
plemental Fig. 2C, D). However, after 4 weeks and 26 weeks hPTH de-
monstrated no sex differences, in accordance with our finding that
hPTH treatments induced a stronger effect on males (2.019 fold in-
crease at 4 weeks, 2.700 fold increase at 26 weeks) than females (1.266
fold increase at 4 weeks, 1.488 fold increase at 26 weeks) when com-
pared to the vehicle treated group (Supplemental Table 2, Supple-
mental Fig. 2C, D). Thus, there are sex-based differences in the initial
amount of trabecular bone in rats and how each sex responds to os-
teoanabolic agents.

3.5. Trabecular bone volume inversely correlates with BMAT within the
tissue area

To compare how BM adiposity (normalized to the T.Ar) correlated
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with trabecular bone area within the overall tissue area, we performed
a linear regression analysis using BM parameters of adipocyte number,
circumference, and overall tissue adiposity against Tb. B.Ar/T.Ar. After
the 4-week treatments, females showed a trend for inverse correlations
between adipocyte number and Tb. B.Ar/T.Ar, and for tissue adiposity
and Tb. B.Ar/T.Ar (Supplemental Fig. 4A, C). Surprisingly, females
demonstrated a significant direct correlation between adipocyte cir-
cumference and trabecular bone area (p < 0.0005) (Supplemental
Fig. 4B). Males showed a similar pattern with a significant inverse
correlation after 4 weeks of treatment between adipocyte number and
bone area (p = 0.0037) as well as tissue adiposity and bone area
(p = 0.0213) and a surprising significant positive correlation with
adipocyte circumference (p < 0.0001) (Supplemental Fig. 4D-F).

By 26 weeks, females and males showed a significant inverse cor-
relations between trabecular bone area and adipocyte number as well
as trabecular bone area and tissue adiposity, and no significant corre-
lations between adipocyte circumference and trabecular bone area
(Supplemental Fig. 4G-L). For both males and females, adipocyte
number and tissue adiposity correlations with trabecular bone area
became stronger over time (Supplemental Fig. 4). Ultimately, when
normalizing to the T.Ar, these data indicate that Tb. B.Ar/T.Ar is sig-
nificantly and inversely correlated with BM adipose tissue after short-
term treatment (for males only) and after chronic treatment for both
sexes. Thus, these data indicate that osteoanabolic agents increase bone
while decreasing adiposity mainly through affecting number rather
than size of adipocytes, which suggests that adipogenesis or mature
adipocyte survival may be affected by these agents, although our ana-
lysis methods do not allow us to determine this conclusively.

3.6. Short-term Scl-Ab treatments significantly increased marrow adiposity
and adipocyte number within the marrow area in females

Results in Fig. 3 and Supplemental Fig. 4 could be partially ex-
plained by changes in bone volume and medullary space for adipocytes
to reside, rather than true changes in adiposity; to account for this, we
performed a final analysis normalizing adiposity to marrow area
(Ma.Ar, defined as tissue area (T.Ar) minus trabecular bone area (Tb.
B.Ar)) rather than whole T.Ar to account for the change in marrow area,
independent of bone. When looking at adipocyte number and marrow
adiposity normalized to the Ma.Ar, females showed a significant in-
crease with Scl-Ab (3mg/kg and 50 mg/kg) relative to the vehicle-
treated after 4weeks (1.974 and 2.397 fold change, respectively)
(Supplemental Table 2, Supplemental Fig. 5A, C). After chronic treat-
ment, hPTH showed a nonsignificant decreasing trend in marrow and
the increase in adiposity from Scl-Ab seen at 4 weeks was lost in fe-
males' adiposity (Supplemental Table 2, Supplemental Fig. 5C). Com-
paring these results to effects of the agents when normalizing adiposity
to the larger T.Ar, it is clear that many of the previously identified
significant changes were due to reductions in bone marrow space as a
result of increased bone area rather than effects on adipocytes specifi-
cally in the marrow cavity. Representative images taken from the distal
femoral metaphysis support this quantification at 4 and 26 weeks in
females (Fig. 4, whole sample images in Supplemental Fig. 7).

3.7. Chronic hPTH treatments caused a reduction in marrow adiposity and
adipocyte number within the marrow area in males

After 4 weeks of treatment, males showed no significant differences
in adipocyte number or marrow adiposity per Ma.Ar, between any of
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Fig. 5. Representative images of Von Kossa tetrachrome-stained male rat distal femur metaphysis slides. Exemplify adipose tissue (green arrows) modification and
trabecular bone acquisition within the bone tissue area of each treatment group for the rats at 4-week vs 26-week. (A, C, E, G) 4-week males treated with Vehicle, Scl-
Ab 3mg/kg, Scl-Ab 50 mg/kg, and hPTH, respectively. (B, D, F, H) 26-week males treated Vehicle, Scl-Ab 3 mg/kg, Scl-Ab 50 mg/kg, and hPTH, respectively. These
images were generated as individual images during the image stitching process via the Keyence BZ-X700 Microscope. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

the treatments and the vehicle (Supplemental Table 2, Supplemental
Fig. 5D, F). After 26-weeks, vehicle-treated males showed a significant
increase in adipocyte number and marrow adiposity compared to the 4-
week time point, indicative of age related BM adipogenesis
(Supplemental Fig. 5D, F). hPTH significantly decreased adipocyte
number and adiposity per Ma.Ar after chronic treatment compared to
the vehicle (0.584 fold change), indicating chronic hPTH treatments
overcame aging-induced adipogenesis (Supplemental Table 2,
Supplemental Fig. 5D, F). Scl-Ab (3mg/kg and 50 mg/kg) showed a
significant increase in adipocyte number and marrow adiposity over-
time when comparing the 26-week treatment to the corresponding 4-
week group (Supplemental Fig. 5D, F), indicating that these treatments
did not completely overcome aging-induced adipogenesis. Chronic
hPTH in males resulted in a significant decrease in adipocyte cir-
cumference from the 4-week to 26-week treatment group
(Supplemental Fig. 5E). Representative images taken from within the
distal femoral metaphysis of males support this quantification at 4 and
26 weeks (Fig. 5, whole sample images in Supplemental Fig. 8).

3.8. Baseline adipocyte parameters and drug responses per marrow area
vary by sex

Similar to the sex differences seen within the T.Ar, after 4 weeks
vehicle-treated males had significantly more adipocytes and more
overall adiposity per Ma.Ar than females (Supplemental Fig. 5G, I).
While 4-week Scl-Ab (50 mg/kg)-treated females had significantly more
adipocytes and marrow adiposity than males (Supplemental Fig. 5G, I).
After chronic administration, the same sex variance was seen within the
vehicle treated groups with males having more adipocytes and marrow
adiposity than females (Supplemental Fig. 5J, L).

3.9. Trabecular bone area correlations with BMAT quantified within the
marrow area are similar but not identical to correlations with BMAT
quantified within the total area

After our linear regression analysis of BMAT normalized to the T.Ar,
we re-analyzed the relationship of BMAT normalized to Ma.Ar versus
Tb. B.Ar/T.Ar to investigate if these correlations were the same or
different. Overall, we found less significant correlation between BMAT
and bone when analyzing BMAT using Ma.Ar instead of T.Ar. Similar to
the prior correlation analysis, females showed no significant correla-
tions with adipocyte number versus trabecular bone area or marrow
adiposity versus trabecular bone area, but illustrated a significant direct
correlation (p = 0.0005) for adipocyte circumference versus trabecular
bone area after 4 weeks of treatment (Supplemental Fig. 6A-C). After
4 weeks, males showed a significant inverse correlation for adipocyte
number (p = 0.0171), yet a significant direct correlation for adipocyte
circumference  (p < 0.0001) versus trabecular bone area
(Supplemental Fig. 6D-F), and overall less significance than seen with
the prior correlation analysis (Supplemental Fig. 4D-F). By 26 weeks of
treatment, females showed no significant correlations between Tb.
B.Ar/T.Ar and any of the BMAT parameters (Supplemental Fig. 6G-I),
contrasting the correlation results of Supplemental Fig. 4G, I. Males
after 26 weeks maintained the significant inverse correlation between
adipocyte number and trabecular bone area (p = 0.0416)
(Supplemental Fig. 6J-L), although lost the previously identified ne-
gative correlation between adiposity and trabecular bone. Overall,
these data suggest that by calculating adiposity as adipose area per total
area rather than adipose area per marrow area inflates changes in
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adiposity measurements by inherently including changes in bone within
the calculation.

4. Discussion

Through our novel ImageJ adipocyte and trabecular bone quanti-
fication method, we demonstrated that osteoanabolic agents (Scl-Ab
and hPTH) favor bone acquisition, often at the expense of adipocytes,
by exploring the correlation between trabecular bone area and bone
marrow adipose tissue in a dual area analysis of rat bones. These
findings align well with other data that bone cells directly regulate
BMAT and that BMAT can reciprocally regulate bone mass accrual [2].
This cyclic relationship may indicate that the results of this study also
highlight the differences between the overall tissue area and marrow
area within the bone cavity and how normalizing adiposity to these two
areas alter our understanding of the bone-BMAT relationship. MSC fate
decisions (i.e. osteoblast or adipocyte differentiation) likely depend on
the requirements and signals from adipocytes and osteoblasts in the BM
microenvironment, although the exact relationship between osteo-
blasts, adipocytes and their progenitors is currently still under in-
vestigation. Our results illustrate that the inverse correlations between
bone and BMAT in male and female rats is dependent on whether BMAT
is normalized to the total tissue area (representative of the overall bone
marrow cavity) or to total non-mineralized marrow area (representative
of the hematopoietic and adipose tissue niche). For example, the in-
verse relationship between adipocyte number per marrow area and
bone volume in male rats after 4 and 26 weeks of treatments (Supple-
mental Fig. 6D, J) may be due either to signaling between osteoblasts/
osteocytes and adipocytes or their progenitors, direct effects of the
osteoanabolic agents on the adipocyte lineage, or other mechanisms,
but is not exclusively due to a competition for space. Similarly, Sup-
plemental Fig. 4I and L, showed after 26 weeks of osteoanabolic treat-
ments there were significant inverse correlations (p < 0.0001) be-
tween tissue adiposity and trabecular bone area in both sexes. However,
Supplemental Fig. 61 and L illustrated no inverse correlations between
marrow adiposity and trabecular bone area for either sex; thus, the
significant decrease in adiposity with increase in bone could be con-
sidered artificially inflated because of the decreased space for adipo-
cytes resulting from increased bone measurements, rather than any
effect on the adipocytes specifically. Similarly, as seen in Fig. 3CF,
chronic Scl-Ab treatments had significant decreases in adipocyte
number and tissue adiposity (when normalized to T.Ar) and displayed
dose- and time-dependent factors. However, Supplemental Fig. 5C,F
showed Scl-Ab having nonsignificant changes in marrow adiposity
(when normalized to Ma.Ar) compared to vehicle; this again suggests
that reductions in the available bone marrow space due to increased
bone accrual caused the observed decrease in T.Ar adiposity rather than
Scl-Ab having a direct negative effect on adiposity in the marrow
cavity, independent of bone changes.

This work also describes a new, systematic approach using free
software to quantifying BM adipocytes and trabecular bone that could
be of great use to bone researchers worldwide. Our ImageJ method
provides researchers the ability to perform an unbiased adipocyte
analysis on previously-stained samples, or samples that were not ori-
ginally prepared for any form of adipocyte analysis, and normalizes to
either total tissue area or marrow area exclusive of bone. As this study
was a re-analysis of a subset of samples obtained from a prior experi-
ment, marrow adiposity was not the primary outcome, but the samples
still proved useful in making novel discoveries about the BMAT-bone
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connection. This demonstrates that this novel method allows re-
searchers to re-analyze histology samples from prior experiments and
hence obtain new information from previous studies, or provide op-
portunities for future collaborations.

The observed differences in adiposity and trabecular bone area be-
tween the age-matched male and female rats in this study at baseline
and in response to treatment (within the tissue area and marrow area)
are intriguing and represent an avenue that needs more exploration.
The 4 and 26-week vehicle-treated female rats had lower adipocyte
numbers and less overall bone marrow adiposity than their male
counterparts. Female rats have been observed to reach skeletal and
sexual maturity sooner than males. At the time female growth attenu-
ates, males continue to grow and accrue skeletal mass [29,30]. Female
rats, like women, may experience fluctuations in hPTH levels, or higher
hPTH levels earlier in life, that potentially cause increased bone ac-
quisition earlier than males, which may be related to estrogen signaling
as well [31-33]. Estrogen has anti-resorption properties that work to
preserve trabeculae resulting in increased trabecular bone mass, espe-
cially in the primary spongiosa [34]. We postulate these hormonal
differences may tip the scale in favor of osteogenesis at the expense of
BMAT, as seen with the vehicle-treated females. However, without
serum data to support the role sexual steroids played in the bone-BMAT
relationship, explanations for the observed sex differences are only
speculative.

Postmenopausal osteoporosis patients present with low bone den-
sity associated with high bone marrow adiposity [35]. Raloxifene, a
selective estrogen receptor modulator (tissue-specific estrogen agonist),
is an osteoporosis therapy that specifically relies on the anti-resorption
effects of estrogen to increase bone mineral density [35-37]. Beekman
et al. showed that after two years of raloxifene treatments (60 mg/kg
and 120 mg/kg), women with postmenopausal osteoporosis had no
significant changes to bone marrow adiposity, adipocyte number, or
adipocyte size when compared to the placebo group, which contrasts
the decreases in T.Ar BMAT parameters we observed in response to
chronic Scl-Ab and hPTH treatments in male and female rats. [35,37].
Beekman et al. also demonstrated that high BM adiposity associated
with large adipocyte size can lead to vertebral fractures in osteoporotic
patients, indicating that adipocyte size may affect overall bone struc-
ture and quality [35]. On the other hand, risedronate, a bispho-
sphonate, functions mainly by inhibiting osteoclast activity, and also by
promoting osteoblastogenesis; it has been shown to reduce bone
marrow adipogenesis [38,39]. Duque et al. showed that after three
years of risedronate treatments, postmenopausal women had sig-
nificantly reduced PPARy expression within the bone marrow of tran-
siliac bone biopsies [38]. The risedronate-treated group also showed
significantly-reduced adipocyte volume and adipocyte number per
tissue volume, but adipocyte diameter remained unchanged compared
to placebo [38,39], which aligns with the effects we observed after
chronic Scl-Ab (only Scl-Ab 50 mg/kg in females) and hPTH treatments
in both sexes within the T.Ar. Overall, both raloxifene and risodronate
have been reported to increase bone mineral density [35-37,40] similar
to the effects we observed with hPTH and Scl-Abs in rats. Differences in
life stage/aging, species, or osteoanabolic mechanism may explain the
difference in BMAT response to these and other osteoanabolic treat-
ments.

In a sclerostin-knockout (SOST-KO) mouse model, we previously
observed significant increases in overall bone volume and decreases in
BMAT in the proximal and distal tibia compared to wild-type mice [2].
Administration of Scl-Ab to wild-type mice also showed increased Tb.
B.Ar/T.Ar and decreased BMAT (significantly fewer and smaller adi-
pocytes) within the T.Ar of tibia and femur [2]. Similarly, within the
T.Ar of our male and female rats, the adipocyte number significantly
decreased with chronic administration of high dose Scl-Ab, although
adipocyte size remained unchanged (Fig. 3A, B, D, E). The decrease in
adipocyte number was the driving factor in decreased tissue adiposity
(Fig. 3C, F) and drove the inverse correlations between bone and
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adiposity seen at 26 weeks in male and female rats (Supplemental
Fig. 41, L). Overall, the changes in adipocyte number seen in the genetic
model, the Scl-Ab mouse model, and our rat femur models demonstrate
that sclerostin may play a functional role in adipogenesis or survival of
mature adipocytes; lineage-tracing models would help to untangle these
different explanations for our observations [2].

Like sclerostin, hPTH also regulates the bone-BMAT balance; a re-
lationship which was recently elucidated in human cells and mice
[23,24]. Specifically, Lanske et al. confirmed the ability for hPTH to
decrease adipogenesis by genetically deleting PTHR1 from Prx1-ex-
pressing cells, and observed that this induced high BMAT and a dou-
bling of the Prefl "RANKL™* marrow progenitor cells [23]. Kronenberg
et al. further confirmed this using deletion of PTHR1 in Sox9-cre pro-
genitors [24]. Similar effects of hPTH on adipogenesis have been pre-
viously reported in rat ovariectomy models [41] and in vitro [42]. In
male rats, chronic hPTH treatments appeared to have a direct effect on
adipocyte differentiation or survival due to the significant decrease in
adipocyte number and adiposity within the T.Ar and Ma.Ar (Fig. 3D, F
and Supplemental Fig. 5D, F). Together these studies demonstrate that
bone marrow MSCs and/or mature adipocytes are responsive to both
sclerostin and hPTH, and suggest that these therapies may skew MSC
fate. Because specific interrogation of adipocyte progenitor cells, which
may or may not be the same as the bone lining cells described in the
original manuscript, is necessary to determine the causes of BMAT
changes, future research should be directed at testing effects of bone
anabolic agents on adipocyte progenitor cells. It is possible that Scl-Ab
and hPTH provide two distinct mechanisms whereby marrow pro-
genitors are signaled to differentiate down the osteogenic lineage, but it
is also known that both converge by stimulating the Wnt signaling
pathway [20]. Further research is required to definitively demonstrate
that Scl-Ab and hPTH treatments favor pre-osteoblast/osteoblast for-
mation over adipogenesis in MSC progenitors in a complex micro-
environment and test the amount of pathway convergence through
which these treatments act.

One major question that remains in this study and the field in
general, is where BM adipocytes originate from and why there were less
of these cells after long-term osteoanabolic treatment. The observed
changes in adipocyte number and circumference suggest effects on both
mature adipocytes (such as delipidation, lipolysis, or apoptosis) and on
the process of adipogenesis. Although the exact population of pre-adi-
pocyte progenitor cells is still under investigation, it is suggested that
there are distinct progenitor pools located throughout the bone cavity
[1]. As previously investigated within the larger female cohort from this
study, RUNX2-positive peritrabecular osteoprogenitors (one cell layer
from the bone surface) and RUNX2-postive marrow osteoprogenitors
(within the marrow, adjacent to marrow vessels) were decreased with
Scl-Ab and hPTH treatments in a time and dose-dependent manner [1].
Thus, the decrease in adipocytes observed here may be in part due to a
decrease in their progenitor cells. As the authors point out, a pro-
liferation marker analysis was not performed, making this an imperfect
assessment of MSCs.

In sum, we have assessed changes related to bone marrow adipocyte
size and number in the marrow microenvironment; this method may be
useful in addition to other types of analysis, to gain a more complete
understanding of the bone microenvironment. Delineating how and
why BMAT expansion occurs in various settings and whether this in-
duction is regulated via increased sclerostin and/or decreased hPTH
may provide insight into new therapies for the maintenance of healthy
skeletal metabolism [3]. It is likely that the effects we observed due to
bone anabolic agents were due to effects directly on the osteo/adipo-
precursor, as well as subsequent indirect effects (e.g. the effect of ma-
ture osteoblasts on MSCs or on adipocytes). More research is needed to
investigate if responses were due to direct or indirect effects, or both, on
mature, fully-differentiated cells, MSCs, or an intermediate cell type
(i.e. a pre-osteoblast or pre-adipocyte) [1]. Overall, our study adds
evidence to the ties between bone and BMAT, and supports the
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importance of both sclerostin and hPTH in the regulation of differ-
entiation of these tissues. Our work also highlights the importance of
investigating the bone-BMAT relationship (direct and indirect), and
describes the roles of bone-derived signals (sclerostin) and hormones
derived from the periphery (hPTH) in governing bone marrow adiposity
in rats.

5. Conclusion

Many studies suggest that BMAT is inversely correlated with bone
mineral density [43,44], and that BMAT expansion may occur during
times of increased organismal stress [45] and/or damage [10], and may
impact skeletal health [4,46]. Our work helps to illuminate the bone-
BMAT relationship by describing the effects osteoanabolic agents have
on adipocytes, which may be applicable in certain diseases or states of
elevated BMAT. Histological examination of number, size, and location
of adipocytes provides a cell-level examination of the bone marrow
niche that in many ways gives more insight into the biology, origin and
pathology of BM adipocytes than can be provided by osmium tetroxide
microCT staining. Our analysis found that male and female Sprague-
Dawley rats have sex-based differences in their initial trabecular bone
and BMAT volumes, as well as in their response to osteoanabolic agents
(Scl-Ab and hPTH), after short-term and chronic drug administration.
Male rats demonstrated a significant, inverse correlation between bone
and BMAT after 26-week treatments for each osteoanabolic agent. This
work provides insight into the responsiveness of the bone marrow mi-
croenvironment to osteoanabolic agents. Our study also developed a
novel, ImageJ-based method to quantify adipocytes and trabecular
bone volume in histology slides, which can be applied to any histolo-
gical bone slides of interest.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.03.038.
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