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Bone marrow adipocytes (BMAds) have long been considered a passive and pathological 

filler within the bone marrow (BM) microenvironment. Recent studies suggest that 

BMAds may actively influence bone and energy metabolism. As an emerging field, 

studies to address this discrepancy are hindered by methodological limitations, such as 

the lack of in vitro models and subjectivity in reporting BM adiposity. To that end, we 

developed a simple adipocyte differentiation model in vitro by exposing bone marrow 

stromal cells (BMSCs) to 10 µg/mL insulin- and 10-6 M dexamethasone-containing 

medium. Adipogenesis was confirmed by the temporal increase in adipocyte-specific 

mRNA expression and typical morphology of adipocytes with intracellular lipid 

formation in vitro. Using a colour-based segmentation, we developed two image analysis 

workflows to report area-based adiposity (9.7%) and the proportion of adipocytes 

obtained by differentiation (13.2%) from our in vitro model. To quantitate and analyse 

BMAds from histological bone sections, we developed a semi-automated quantitation 

workflow. The algorithm is able to minimise false-positive detections from the area 

resembling BMAds, such as blood vessels and empty spaces. Our quantitation method is 

comparable to the manual approach (r2= 0.92; p< 0.0001), with an average of 17% error 

detection rate, especially resulting from fused and object-overlapped adipocytes ex vivo. 

The preservation of BMAd morphology during sample processing may improve the 

accuracy of the quantitation method. From a 16-week old Sprague-Dawley rat, the median 

size of BMAds in vivo was 535.2 (361.4 – 792.3) µm2. In the future, advancements from 

the in vitro model and quantitation methods would prospectively direct the establishment 

towards methodological standard in BM adiposity research. 

 

 

Keywords: Bone marrow adipocytes, bone and energy metabolism, gene expression, 

image analysis 
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LIST OF ABBREVIATIONS 
 

ACTB  = beta-actin 

Ad.Ar  = Area of adipocyte 

ADIPOQ = Adiponectin 

BM   = Bone marrow 

BMAd  = Bone marrow adipocyte 

BMP  =  Bone morphogenic protein 

BMSC  =  Bone marrow stromal cell 

cAMP  = Cyclic 3’,5’-adenosine monophosphate 

CD  = Cluster of differentiation 

CEBPA = CCAAT Enhancer binding-protein alpha 

cMAT  = Consitutive marrow adipose tissue 

CYCB  = Cyclophilin B 

DMSO  = Dimethyl sulfoxide 

FABP4 =  Fatty acid binding protein-4 

GLUT4 = Glucose transporter-4 

H.Ar  = Haematoxylin-stained area 

HE  = Haematoxylin and eosin 

HSC  =  Haematopoietic stem cell 

IBMX  =  3-isobutyl-1-methylxanthine 

IR  = Insulin receptor 

Ma.Ar  = Marrow area 

mRNA  = messenger ribonucleic acid 

mTORC1 = Mammalian target of rapamycin complex 1 

N.Ad  =  Number of adipocytes 

ORO  =  Oil-red-O 

ORO.Ar = Oil-red-O stained area 

PPARG =  Peroxisome proliferated-activated receptor γ 

RANKL = Receptor activator of nuclear factor κ B ligand 

rMAT  = Regulated marrow adipose tissue 

RTqPCR =  Reverse-transcribed quantitative polymerase chain reaction 

SD  =  Sprague-Dawley 

UCP1  = Uncoupling protein-1 
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CHAPTER I 

REVIEW OF THE LITERATURE 

 

1.1 Bone marrow microenvironment 

 

The dynamics of bone as an organ are orchestrated in synergy from all bone cells, 

including the bone-building osteoblasts, bone-resorbing osteoclasts, osteocytes, 

chondrocytes and the haematopoietic cells. The bone marrow (BM) compartment houses 

two principal stem cell populations to give rise to these cells, classically known as the 

bone marrow stromal cells (BMSCs), capable of differentiating into either osteoblast or 

bone marrow adipocyte (BMAd), among others, and haematopoietic stem cells (HSCs) 

that differentiate into haematopoietic cells or osteoclasts (Calvi, 2020) (Fig. 1). Together, 

osteoblasts and osteoclasts are the key players that are constantly shaping bone structure, 

a lifelong process known as bone remodelling (Kenkre and Bassett, 2018). Based on this 

notion, any imbalances that affect one of the cells have considerable consequences to the 

skeletal health. Based on the tridirectional potential of BMSC differentiation, the skeletal 

consequences of adipogenesis over osteoblastogenesis have recently gained interest 

(Ambrosi et al., 2017).  

 

Figure 1. Key players in the bone marrow microenvironment. A simplified view of 

differentiation potential of (A) haematopoietic stem cells and (B) bone marrow stromal 

cells. BMSCs may also differentiate into chondrocytes (not shown). The illustration was 

created with Servier Medical Art (Servier, France). 
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1.2 The origin and development of bone marrow adipocytes 

 

Although the classic understanding of BMSC as a source of BM adipogenesis has been 

well disseminated, specific populations of BMSC have low or high adipogenic potential. 

Human, mouse and rat BMSC is often defined through the expression of cell surface 

markers known as cluster of differentiation (CD), such as CD29, CD44 and CD90, among 

others, and being devoid of HSC surface markers CD34, CD45, and human leukocyte 

antigen (Boxall and Jones, 2012). At least in mouse, further sorting of BMSC population 

revealed that the Sca1+ CD24- population is highly adipogenic. Contrastingly, the Sca1- 

population, regardless of CD24 expression, is rather non-adipogenic (Ambrosi et al., 

2017). Therefore, the sorting of BMSCs based on surface markers for adipogenic 

potential is one of the key approaches in delineating the precursor of BMAd in vivo. 

 

Upon local and systemic exposure of biochemical (endocrine and paracrine factors) and 

biophysical (oxidative stress and immobility) factors, adipocyte-specific genes are 

upregulated through multiple mechanisms depending on the activator element to induce 

adipogenesis from BMSC (Chen et al., 2016; Hardouin et al., 2016). This first wave of 

activation induces the expression of the classic pre-adipocyte marker peroxisome 

proliferated-activated receptor gamma (PPARG) or CCAAT enhancer binding-protein 

alpha (CEBPA) mainly through the bone morphogenetic protein (BMP) and cytosolic 

cyclic 3’,5’- adenosine monophosphate (cAMP) signalling pathway (Lefterova et al., 

2014). Further, these transcription factors promote the expression of adipocyte-specific 

and non-specific genes to facilitate the phenotype transition from BMSC to mature 

BMAd, including fatty acid synthase, fatty acid binding protein-4 (FABP4), insulin 

receptor (IR), glucose transporter-4 (GLUT4) and adipokines leptin and adiponectin 

(ADIPOQ) (Tang and Lane, 2012). Although known mechanisms are often drug-induced, 

the physiological signalling map in vivo describing BM adipogenesis remains poorly 

understood. 

 

In 3D bone microenvironment, BMAds exist in a spatiotemporal regulation in vivo. The 

term constitutive and regulated marrow adipose tissue (cMAT and rMAT, respectively) 

was first coined by Scheller and colleagues (2015) to distinctly classify BMAds based on 

their characteristics in rodents as shown in Figure 2A. They found that cMAT is the first 

adipose depot to emerge within the skeleton with large and metabolically inert adipocytes 
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located at the distal end of the bones. Contrastingly, rMAT is rather dispersed within the 

marrow with smaller cell size and actively interacting with other cells. It was later 

hypothesised that rMAT, which developed much later in life, might be the active player 

in regulating bone and energy metabolism.  

 

Following a complete transition from BMSC in vivo, BMAd resembles white adipocyte 

in morphology: a circular cell with prominent singular lipid droplet and cytoplasm 

enclosing the cell (Figure 2B). Unlike white adipocytes, BMAd remains metabolically 

inert and resists lipolysis (Li et al., 2019). Further, BMAd in vivo does not resemble 

brown adipocytes in morphology nor express uncoupling protein-1 (UCP1), a 

thermogenic hallmark of brown adipocytes (Craft et al., 2019). At this stage, mature 

BMAds actively secrete factors that may influence other cells. Most notably, the secretion 

of leptin, a ligand to the leptin receptor expressed by BMSC, is able to induce further 

adipogenesis (Yue et al., 2016). Also, it has recently been discovered that adipocytes 

derived from BMSCs in vitro secrete extracellular vesicles containing anti-osteoblastic 

transcripts to osteoblast, subsequently reducing osteoblast-specific gene expression 

(Martin et al., 2015). This may provide a mechanistic link to which adipocytes interact 

with other cells and may be affecting their expression profile. 

 

The mode by which adipogenesis is induced in vitro follows the classical notion to 

upregulate adipocyte-specific gene inducers PPARG and CEBPA. This can be achieved 

by exposing BMSCs to insulin, dexamethasone and 3-isobutyl-1-methylxanthine 

(IBMX), among others (Scott et al., 2011; Tratwal et al., 2020b). Insulin promotes 

mammalian target of rapamycin complex 1 (mTORC1) signalling pathway by activating 

phosphokinase-B, which in turn induces PPARG expression (Blagosklonny et al., 2009). 

Dexamethasone raises adipocyte regulator CEBPA while IBMX inhibits 

phosphodiesterase. In turn, these conditions increase intracellular cAMP level that 

maintains phosphokinase-A signalling, ultimately induces PPARG expression (Li et al., 

2013; Yang et al., 2008). Alternatively, a synthetic PPARG agonist rosiglitazone can be 

used to potently induce adipogenesis, although its effect may differ from physiological 

response (Rzonca et al., 2004). Figure 2C summarises the mode by which these added 

compounds induces adipogenesis in vitro. 

 

 



 
 

 4 

 

 

Figure 2. Characteristics of bone marrow adipocytes. (A) Spatiotemporal regulation 

of marrow adipogenesis displaying constitutive and regulated adipose tissue (cMAT and 

rMAT). The first adipose depot formed in BM is termed cMAT. rMAT develops with age 

and is distributed among other BM cells. Figure reproduced from Boroumand and Klip 

(2020). (B) BMAd displays distinct phenotypic characteristics within adipose tissue 

types. Figure reproduced from Sebo et al. (2019). (C) Selected pathways for adipogenesis 

upon exposure to insulin, dexamethasone and IBMX in vitro. Key: IR, insulin receptor; 

PKB, phosphokinase B; NRC, nuclear receptor complex; PDE: phosphodiesterase; PKA, 

phosphokinase A. Figure adapted from Toneatto et al. (2014). Illustration in (C) was 

created with Servier Medical Art (Servier, France). 
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1.3 Bone and energy metabolism 

 

The presence of BMAd has been long considered as a passive filler of the BM cavity. 

However, recent studies suggest that BMAds actively participate in bone and energy 

metabolism (Li et al., 2019; Rendina-Ruedy and Rosen, 2020). For instance, human 

BMAds are responsive to insulin in promoting glucose uptake, but become impaired in 

diabetic subjects (Pham et al., 2020). This mechanism raises the possible protective 

function of BMAds against diabetes. Hyperglycaemic environment prefers adipogenesis 

over osteoblastogenesis, which infiltrates BM cavity. Ultimately, this condition weakens 

the bone through observable macro-architectural changes, which increases the risk of 

fractures and lowers bone quality (Napoli et al., 2016). The mechanism by which BMAds 

regulate bone metabolism in these scenarios remains poorly understood. To that end, 

research to elucidate bone marrow adiposity are on the rise.  

 

At present knowledge, BMAds participate in bone metabolism by secreting molecules 

termed adipokines that locally and possibly distantly act on bone cells (Li et al., 2019). 

For instance, BMAds have been shown to secrete receptor activator of nuclear factor κ B 

ligand (RANKL) that binds to its receptor expressed by osteoclast precursors and may 

therefore enhance osteoclastogenesis (Muruganandan et al., 2020). On the contrary, 

secreted adiponectin has been shown to support bone formation by simultaneously 

upregulating osteoblastogenesis and inhibiting osteoclastogenesis in both in vitro and in 

vivo studies (reviewed in Lewis et al. (2021)). Several BMAd-secreted cytokines have 

been identified to act also on haematopoietic cells. For instance, interleukin factors (IL-3 

and IL-8), C-X-C motif chemokine 12, colony-stimulating factor-2 and leukaemia 

inhibitory factors secreted by BMAds were able to support haematopoiesis in a co-culture 

system (Mattiucci et al., 2018). Adiponectin has also been shown to be anti-lymphoblastic 

in both in vitro (Yokota et al., 2003) and in vivo (Petridou et al., 2006). In summary, 

evidence from in vitro models suggests that BMAds regulate bone metabolism by either 

promoting or inhibiting the differentiation of other cells through the action of adipokines 

secreted. 

 

Being energy-dense cells, it was previously thought that BMAds as a whole tissue act as 

an energy reservoir for the bone microenvironment. Unlike other adipose depots, 

however, BMAds do not respond to catabolic stimuli upon acute energy-deprived state 
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(Scheller et al., 2019), but becomes extremely anabolic upon chronic starvation 

(Cawthorn et al., 2016). Although it is not fully understood, adipogenesis in the latter 

scenario is hypothesised to be the survival energy source to save haematopoiesis at the 

last resort. The differences in lipid composition and gene expression are, therefore, a good 

start to elucidate the contrasting difference in metabolic behaviour between BMAds and 

other adipocytes (Attane et al., 2020; Rendina-Ruedy and Rosen, 2020). 

 

The first link between BMAds and whole-body metabolism was discovered through the 

detection of IR in BMAds. Although inessential to BMAd survival, it was noted that the 

level of insulin linearly affects BMAd size (Qiang et al., 2016). It has been shown that 

mice with ablated insulin receptor reduced their BMAd size, while high insulin signalling 

in high-fat diet mice massively increased both number and size (Tencerova et al., 2018). 

With this knowledge, it is plausible that insulin modulates glucose uptake to induce 

lipogenesis in the bone marrow, hence promoting systemic glucose clearance as a 

protective mechanism against diabetes. Assessed with functional imaging, it was found 

that insulin enhances BM glucose uptake in healthy subjects, but not in obese or diabetic 

patients (Pham et al., 2020; Suchacki et al., 2020). Overall, these data suggest that BMAds 

respond to insulin and are linked to systemic metabolism. The state where BMAd 

becomes insulin-resistant and the mechanism by which metabolic diseases alter insulin 

sensitivity should be further addressed.  

 

Unlike any other fat depots, BMAds follow a unique expansion during both extremes of 

caloric status. During a calorie-depleted state, such as caloric restriction and anorexia 

nervosa, the expansion of BMAds was evident (Bredella et al., 2009; Cawthorn et al., 

2016). Although it was understood that BMAds resist lipolysis, the rationale of 

adipogenesis during this energy-deprived state remains speculative. It was later 

hypothesised by the same group that a point of turn from the metabolically inert BMAds 

to an energy-providing state exists when homeostasis could no longer be achieved. To 

that end, mice were exposed to both caloric restriction and exercise in a recently published 

study (McGrath et al., 2020). Similar to other fat depots, it was noted that exercise 

intervention had reduced adiposity in the underfed state, which confirms the first 

hypothesis of BMAds as an energy source. Interestingly, adiposity reduction from cMAT 

from the distal bones was evident, opposing the inertness as compared to rMAT. 

Altogether, this suggests that BMAds respond to catabolic stimuli upon caloric 

restriction. The molecular switch directing this change warrants further investigation. 
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1.4 Bone marrow adiposity and clinical significance 

 

Over the course of a normal life, rMAT takes over BM environment and distinctly fills 

the cavity shortly after peak bone formation (Scheller et al., 2015). Affecting both 

genders, the increase of BM adiposity in females, however, is much more dramatic as 

compared to males, which was thought to be a consequence of menopause (Griffith et al., 

2012). Later, it was discovered that oestrogen withdrawal in post-menopausal women 

increases BM adiposity and is reversible by the reintroduction of exogenous oestrogen. 

In fact, a study shows that oestrogen therapy had helped to improve the condition by 

reducing the number and size of BMAds (Syed et al., 2008). In older men, lower 

testosterone level is associated with higher BM adiposity (Mistry et al., 2018). In 

summary, the presence of sex hormone seems to inhibit marrow adipogenesis, as age-

related reduction in hormone levels negatively affects BM adiposity. 

 

Perhaps the central question is how an increase in BM adiposity affects general bone 

health. The infiltration of BMAds exhausts the osteogenic potential of BMSCs, as 

adipogenesis is favoured over osteoblastogenesis. Consequently, the bone formation rate 

is lowered to the point of a clinically relevant skeletal fragility and reduced bone mineral 

density (Kawai et al., 2012). In their review, a high inflammatory state courtesy of BM 

adipokines and free fatty acid severely inhibited osteoblastogenesis, as opposed to the 

pro-osteoblastic adiponectin. Low bone mineral density and high marrow adiposity has 

been linked with high fracture incidence in both healthy (Shen et al., 2007) and diabetic 

individuals (Rzonca et al., 2004). Although the effect on haematopoiesis is still under 

investigation, reports have shown that marrow adiposity enhances myelopoiesis 

(reviewed in Patel et al. (2018)). In the skeletal context, BMAds secrete RANKL to the 

BM environment, which was shown to increase bone resorption mediated by 

osteoclastogenesis (Fan et al., 2017). 

 

Interestingly, not all cases of high BM adiposity are accompanied by low bone mineral 

density. Although obesity increases BM adipogenesis in general, the majority of obese 

individuals revealed normal to larger areal bone mineral density according to dual-energy 

x-ray absorptiometry results (Evans et al., 2015). It was proposed that the high bone strain 

due to a heavier mechanical load and different exposure to adipokines in a high adiposity 

environment stimulates bone formation. For instance, the adipokine leptin has been 
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shown to enhance mineralisation in primary osteoblast cultures assessed by the alizarin 

staining method (Reseland et al., 2001). However, bone architecture including radial 

cortical area, total bone cross-sectional area and periosteal circumference was 

compromised in the obese subjects, compared to non-obese individuals (Pollock et al., 

2007). Taken together, although bone mineral density is high in the obese subjects, the 

functional composition of the bone may be more predictive to assess overall bone health. 

 

In the quest to reverse BM adiposity, the development of biological and non-biological 

interventions is on the rise. Among these options, exercise has been shown to reduce BM 

adiposity and, hence, restore skeletal health (summarised in Pagnotti and Styner (2016)). 

To assess whether pathological BM adiposity could be reversed as well, Styner and 

colleagues (2015) challenged rosiglitazone-supplemented mice to exercise for six weeks. 

As expected, massive loss of BMAds was seen from femoral micro-computed 

tomography images. Further, exercise increased bone fraction volume when compared to 

the sedentary group. Therefore, regardless of physiological (age or hormonal status) or 

pathological origin of BMAds, exercise as an intervention is able to restore skeletal health 

by reducing BM adiposity.  

 

The mechanism by which exercise reduces the number/amount of BMAds remains 

unknown. Upon mechanical stimulation, the bone-muscle axis is activated by 

mechanosensitive osteocytes and osteoblasts which, in turn, secrete factors to the BMSC 

microenvironment directing osteoblastogenesis and ultimately reduce adipogenic 

commitment (Robling and Turner, 2009). Mechanical stretching and exercise 

downregulate PPARG on BMSCs in vitro and in vivo, respectively, thereby providing a 

possible mechanistic link between exercise and reduced adipogenesis (David et al., 2007). 

It would therefore be interesting to dissect the mechanistic fate of the existing BMAd 

population upon exercise, whether they enter cellular senescence through delipidation 

(Styner et al., 2017), energy-providing state, dedifferentiation, transdifferentiation, or any 

of the combination thereof. Such knowledge would strengthen the notion of which 

BMAds are responsive and adaptive to physical stimuli. 
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1.5 Future direction towards bone marrow adiposity research 

 

The field of bone marrow adiposity is relatively new. At present, meticulous work on the 

standardisation of working terminologies (Bravenboer et al., 2019) and methodologies 

(Tratwal et al., 2020b) is being developed to standardise research communications across 

groups. Isolating BMAds from within the BM is difficult. This prompts investigators to 

differentiate BMSCs, which is easier to obtain, into adipocytes in vitro. However, the 

method by which BMSCs are induced to adipocytes is not standardised, resulting in 

adipocytes that may deviate from naïve BMAds (Cawthorn et al., 2016; Fayyad et al., 

2019). The degree of induction varies greatly and is often dramatised through the use of 

potent inducers, such as rosiglitazone, among others. Therefore, it is not known whether 

in vitro differentiation would fully represent in vivo BMAds both descriptively and 

functionally. Ultimately, comparative studies of BMAds in vivo and adipocytes 

differentiated in vitro are of great significance to conclude the potential of the 

differentiation model as a starting material in bone marrow adiposity research. 

 

Inter-species and spatiotemporal regulation of BMAds often contradicts the observations 

among identically-designed studies (Scheller et al., 2015). Such variation raises further 

questions about which BMAd population is the main player in bone regulation. In 

addition, methods to obtain BMAds in vivo are currently underdeveloped. To complicate 

further, the knowledge of surface markers on both BMSCs, pre-BMAds and mature 

BMAds is currently superficial (Li et al., 2018). BMAds, like other fat cells, are extremely 

fragile and mishandling often burst the cells. Due to the non-adherent nature, raising 

primary BMAds long-term in vitro is still in early development even after successful 

isolation. Ultimately, it is exhaustive and difficult to quantitate BMAds from most 

imaging-based studies, most notably from the light microscopy modality.  

 

Current clinical assessment of marrow adiposity is performed through a series of 

radiological imaging (reviewed in Singhal and Bredella (2019)). Magnetic resonance 

imaging setup remains the most popular choice by separating water and fat signal, thereby 

providing information on total bone adiposity although lacking the structural detail. 

Further improvement on this end has introduced a gold standard single-voxel proton 

magnetic resonance imaging, which allows a regional fat distribution mapping based on 

the signal intensity from different skeletal regions. However, none of the existing medical 
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imaging setups are able to resolve cellular or tissue resolution of BMAds as a whole 

tissue, such as BMAd size distribution and morphology. Development on this end is 

currently ongoing by starting from ex vivo and in vitro imaging setups.  

 

The morphology of BMAds can be assessed through ex vivo and in vitro imaging. A 

simple routine histological staining of bone sections like haematoxylin and eosin (HE) is 

often sufficient for ex vivo-based analysis. However, alcohol treatment during the sample 

preparation causes delipidation, which destroys the general structure of BMAds. 

Ultimately, this leaves the only preserved portion of the thin cytoplasm stained by eosin, 

coining the term ‘ghost adipocytes’. It is rather difficult to extract information from this 

model, as quantitation of ghost adipocytes is usually done through manual and laborious 

estimation that is rather subjective. Further, small adipocytes are left uncounted and often 

confused with histological artefacts or marrow space. In addition, small BM vasculature 

like nerve and blood vessels can be mistaken as adipocytes, especially when adiposity is 

high in that region. To that end, a digital image analysis method has been developed to 

semi- or even fully-automatically estimate bone marrow adiposity based on the feature of 

ghost adipocyte taking the background colour (summarised in Tratwal et al. (2020b)). 

 

Adipocytes, in general, can also be visualised in vitro to understand the morphological 

features. Lipid droplets can be imaged using bright field microscopes with or without 

staining aid, although the former is preferred for specific detection. Common staining 

method targeting neutral lipids like oil-red-O (ORO) is the gold standard for this purpose, 

and to be quantitated digitally using the same colour-based principle, as described in the 

previous section (Eggerschwiler et al., 2019; Kraus et al., 2016; Yuan et al., 2019). 

However, quantitation using water-based staining methods are often miscounted due to 

dye precipitation and non-specific binding. To that end, specific fluorescent probes are 

now preferred to accurately stain adipocyte features like the lipid characteristic or a 

surface marker perilipin (reviewed in Fam et al. (2018)). Discrete and specific signals 

from these fluorophores enable accurate and reliable quantitation up to cellular (adipocyte 

morphology) and even sub-cellular level (lipid characteristic).  

 

Lastly, it is speculated that BMAds display a distinct character from other fat depots. By 

secreting adipokines, BMAds may regulate skeletal homeostasis. However, the 

knowledge is superficial and rather descriptive. Little is known about the mechanism by 

which adipokines exerts their functional role locally and possibly distantly. At present, 
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defining the methodology to isolate and culture primary BMAds is of great importance 

as a starting phase. The low and impure yield of primary BMAds warrants improvements 

to emerge. Further, the fragile nature of adipocyte restricts further handling, and 

successful cultures using the ceiling method are rather short-lived and complicated 

(Zhang et al., 2000). Currently, the development of a 3D culture model using bio-

scaffolds shows a promising result (Fairfield et al., 2019) and may one day overcome this 

limitation and direct translation in dissecting the molecular mechanism of BMAds as 

functional fat depots. Figure 3 summarises the prospect of bone marrow adiposity 

research. 

 

 

 

Figure 3. Current knowledge and prospect towards bone marrow adiposity 

research. The illustration is created with Servier Medical Art (Servier, France). 
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CHAPTER II 

RESEARCH AIMS AND HYPOTHESES 

 

The present knowledge of BMAds and their presumptive roles in regulating bone and 

energy metabolism warrant further descriptive and mechanistic research to emerge. This 

study will focus on fundamental questions in describing the current methodology of BM 

adiposity research. The following aims are set for the study: 

1) To develop an adipogenesis differentiation model from BMSCs in vitro. 

2) To develop and evaluate semi-automated image analysis workflows capable of 

quantitating BM adiposity from acquired bioimages. 

 

Overall, this research will employ cell-based approaches to facilitate the proposed aims. 

We hypothesise that the morphological and mRNA expression profile of the adipocytes 

formed in vitro would confirm the adipogenesis induction. The mRNA expression level 

would correlate to the adipocytes morphology linearly. From the image analysis setup, 

we aim to develop a colour-based segmentation method that could detect BMAds based 

on their distinctive appearance, the circular morphology. We hypothesise that a working 

algorithm that could differentiate other circular objects apart from the target in question 

would provide a specific and reliable quantitation method.  

 

Of importance, this study may strengthen the ongoing optimisation theme of the newly-

formed society for bone marrow adiposity research by contributing a standard 

methodological work for the field to grow. The outcome of the first aim may direct further 

improvements to the point of an establishment towards a reliable working model. The 

direction towards automation in image analysis may reduce inter-user variation in 

reporting, which has been the primary goal to harmonise research communication across 

identically-designed studies. Ultimately, we hope that the present study will facilitate 

further research to emerge. 
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CHAPTER III 

MATERIALS AND METHODOLOGIES 

 

In this study, we utilised mostly cell-based approaches to characterise adipocytes 

differentiated from BMSCs in vitro. We compared adipocyte-specific messenger 

ribonucleic acid (mRNA) expression patterns and the morphology to evaluate our 

differentiation model as a potential alternative to primary BMAds. Finally, we developed 

a semi-automated approach to quantitate BMAds from histological bone sections to 

estimate whole-marrow adiposity. Figure 4 outlines the design of our methods. 

 

 

Figure 4. Overview of overall research design. 

 

3.1. Isolation, culture and differentiation of bone marrow stromal cells 

 

Femurs and tibiae from four-week-old female Sprague-Dawley (SD) rats were harvested 

to extract BMSCs according to the centrifugation (Maridas et al., 2018) or marrow flush 

(Huang et al., 2015) method, as previously described. Briefly, demuscularised and 

marrow-exposed bones were placed into an insert adapted to a collection tube and 

followed by a brief centrifugation at 7,500x g for 15 s to extract total BM cells. 

Alternatively, BM cavity was flushed with culture medium using a 25G needle until bones 

appear pale. Cells were grown undisturbed for one week and supplemented with basal 

medium containing alpha-MEM, 15% foetal bovine serum, 1% penicillin-streptomycin, 

10-2 M HEPES buffer, 2.50 µg/mL amphotericin B, 2 x 10-3 M glutamax and 10-8 M 
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dexamethasone (Sigma Aldrich, USA). Medium components were obtained from Gibco 

(ThermoFisher Scientific, USA), unless specified otherwise. Approximately 48 hours 

after seeding, non-adherent haematopoietic cells were removed by washing with sterile 

phosphate-buffered saline solution. The use of animal experimentation in this study was 

approved by the local ethical committee and provided by the Central Animal Laboratory 

(University of Turku, Finland). 

 

BMSCs were seeded with an initial density of 2.1 x 104 cells/cm2 and directed for 

adipogenesis. Two adipogenic cocktails were evaluated for the differentiation model 

containing 10 µg/mL insulin (Sigma Aldrich, USA), 10-6 M dexamethasone (Sigma 

Aldrich, USA), and either 5 x 10-4 M IBMX (Sigma Aldrich, USA) or 0.05% dimethyl 

sulfoxide (DMSO) vehicle. Cells were supplemented with basal medium containing 10% 

foetal bovine serum without amphotericin B. The study was performed in three replicates. 

Cell growth was monitored daily and the medium was replaced every three days. Half of 

the medium was removed and replaced with an equal removal volume containing twice 

the concentration of the adipogenic cocktail.  

 

3.2. Isolation of primary bone marrow adipocytes 

 

Primary BMAds were isolated with a modified collagenase digestion method (Scheller et 

al., 2015). Briefly, femurs and tibiae from a 19-week-old female SD rat were extracted 

and cut with a rotary tool (Dentsply Sirona, USA) and diamond disc (#911H104180; 

Komet dental, Germany) to expose the marrow cavity at approximately below the 

trabecular region. Bones were placed in the collection tube containing 1 mL Hank’s 

balanced salt solution (8.10 g NaCl, 0.4 g KCl, 600 mg Na2HPO4, 600 mg KH2PO4, 1 gr 

glucose, 350 mg NaHCO3, 10 mg phenol red), 10-2 M HEPES (ThermoFisher Scientific, 

USA), 3% bovine serum albumin, 1 mg/mL collagenase A (Roche, Germany), 0.25% 

sodium citrate and 50 U/mL heparin (Grenier Bio-One, Austria). BM was extracted 

following the centrifugation method at 3,000x g for 2 minutes. The solution was 

incubated in a water bath at 37°C for 20 minutes with frequent agitation. To liberate 

BMAds, the solution was then incubated for another 5 minutes without agitation. The 

solution was centrifuged to pellet BM cells at 800x g and room temperature for 10 

minutes. The top layer was collected for imaging by Hoechst and BODIPY staining 

(section 3.4) to confirm the presence BMAds.  
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3.3. Adipocyte-specific mRNA expression analysis 

 

Primer pairs (Integrated DNA Technology, USA) targeting mRNA sequence cyclophilin 

B (CYCB), beta-actin (ACTB), PPARG, CEBPA, ADIPOQ, FABP4 and UCP1 were 

designed with the aid of Primer-BLAST (National Centre of Biotechnology Information, 

USA) under the following criteria: (1) Tm differences <1°C; (2) PCR product length <200 

base pairs; and (3) span exon-exon boundary. Table 1 outlines the primer details used in 

this study. With the exception of CYCB, newly designed primers were tested and 

optimised with the suggested positive control of rat adrenal or adipose tissue total RNA 

(Zyagen, USA) using CFX96 Real-time PCR Detection Systems (Bio-Rad, USA). Primer 

specificity was assessed by agarose gel electrophoresis. Briefly, 0.5 µL Midori Green 

Direct (Nippon Genetics Europe, Germany) was added into the PCR products and loaded 

into 2.5% agarose gel (BioNordika, Sweden). Fifty-bp DNA ladder (ThermoFischer, 

USA) was added as a size reference. The gel was electrophoresed in Tris-Borate-EDTA 

buffer at 100V/100mA for an hour and then imaged with FastGene FAS-Digi Pro imaging 

system (Nippon Genetics Europe, Germany). The efficacy of each primer was assessed 

by plotting a standard curve of logarithmic dilution series of cDNA versus threshold cycle 

to obtain the efficiency as calculated from equation 1 according to the manufacturer 

protocol. 

 

% Efficiency = (2 − (10
−

1

slope)) ×  100%    --- equation 1 

 

Total RNA from BMSCs and adipogenic cultures on day-0 and day-3, 6, 9, 12, 15 and 

18, respectively, was isolated with NucleoSpin RNA Plus kit (Macherey-Nagel, 

Germany) following the manufacturer protocol. Briefly, cells were lysed using the 

supplemented lysis buffer and purified from genomic DNA prior to RNA isolation. For 

the subsequent reverse-transcribed quantitative polymerase chain reaction (RT-qPCR) 

flow, 500 ng of extracted RNA was reverse transcribed into cDNA using a thermal cycler 

(Eppendorf, Germany). To monitor and quantitate the reaction, SYBR green qPCR kit 

(ThermoFisher Scientific, USA) was used in this study according to the manufacturer 

protocol. The mRNA expression was normalised to the reference genes CYCB or ACTB 

and compared to undifferentiated BMSCs (day-0 culture). Changes in the expression are 

presented in fold changes following the 2-∆∆Ct or known as the Livak method, as 
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previously described (Livak and Schmittgen, 2001). For the mRNA expression analysis, 

three biological replicates and two technical replicates were performed.  

 

Table 1. Primer sequence used in this study. 

Genes 
Sequence Primers annealing 

temperature (°C) 

Predicted product 

size (base pairs)  (F, forward; R, reverse) 

CYCB 
F ACCTGTAGGACGAGTGACCT 59.6 

187 
R GCTCTTTCCTCCTGTGCCAT 60.03 

ACTB 
F CCCGCGAGTACAACCTTCTTG 61.27 

71 
R GTCATCCATGGCGAACTGGTG 61.61 

PPARG 
F AACTCTGGGAGATCCTCCTGT 59.64 

90 
R CTGTGTCAACCATGGTAATTTCTTG 58.85 

CEBPA 
F CTGGCTCTGGGTCTGGAAAG 60.4 

81 
R GAGAAGGAAGCAGTCCACCC 60.4 

ADIPOQ 
F CCTGGTCACAATGGGATACCG 60.48 

93 
R CTTAGGACCAAGAACACCTGCG 61.19 

FABP4 
F CATAACCCTGGATGGTGGGG 59.81 

115 
R GCCTTTCATGACACATTCCACC 60.09 

UCP1 
F AGACAGAAGGATTGCCGAAACT 59.96 

196 
R TGCCCAATGAATACCGCCA 59.7 

 

3.4 Adipocytes imaging in vitro 

 

BMSCs from 4-week-old SD rats were seeded with the initial density of approximately 

2.6 x 104 cells/cm2 and induced for adipogenesis with the same setup as in section 3.1. 

Cells were fixed with 3.6% formaldehyde prior to a 5-minute staining with ORO (Sigma 

Aldrich, USA) to highlight accumulated intracellular lipid droplet and followed by a 

haematoxylin counterstain to visualise basophilic structures. Alternatively, fluorescent-

based imaging of adipocytes was performed using 0.5 µg/mL BODIPY 493/503 

(Invitrogen, USA) and 5 µg/mL Hoechst 33258 346/460 (Sigma Aldrich, USA) to stain 

lipid droplet and nucleus, respectively. The nuclear staining was excluded from our live-

cell imaging setup. EVOS M5000 Imaging System (Invitrogen, USA) was used to image 

the cells with either bright field, DAPI (357/447), GFP (470/525) mode, or any of the 

combinations mentioned. Representative images from the middle of each well were 

acquired for the analysis. 
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Semi-automated quantitation methods by ImageJ (Schindelin et al., 2012) were 

developed from both water-based and fluorescent-based imaging setups. The area of 

ORO staining (ORO.Ar) was estimated and compared to the total haematoxylin area 

(H.Ar) to calculate the adiposity in vitro according to equation 2. From the fluorescent 

setup, the nuclear pixels that overlapped with the BODIPY area (lipid droplets) helped us 

to quantitate the proportion of adipocytes obtained from the differentiation in vitro based 

on equation 3. Briefly, the logical operator ‘AND’ was used to bring the pixel value of 

co-localising DAPI (nucleus) and GFP (lipid droplets) pixels to define adipocytes. 

Segmented lipid droplets were expanded by a 10-pixel disc to allow the superimposition 

of nuclear objects for detection through the binary operator of ‘dilation’. The script 

containing commands used in this approach is published in Appendix 1. 

 

%Adiposity = 
𝑂𝑅𝑂.𝐴𝑟

H.Ar
 × 100%   --- equation 2 

 

%Adipocyte proportion = 
N

BODIPY+HOECHST+

N
HOECHST+

 × 100%   --- equation 3 

 

3.5 Bone marrow adipocytes quantitation by histology 

 

Femurs and tibiae of a 16-week-old female SD rat were harvested for the histology study. 

Bones were fixed with 10% neutral buffered formalin solution and 70% ethanol for 2 

days and overnight, respectively. Fixed samples were then decalcified in 14% EDTA 

solution for 16 days with a solution change twice a week. Samples were then stored in 

70% ethanol before submission to the Histology core facility of the Institute of 

Biomedicine (University of Turku, Finland) for embedding, sectioning and staining. 

Samples were longitudinally trimmed approximately 50% to expose the marrow cavity 

and sectioned at 4 µm thick. Four slides were stained by HE to visualise bone marrow 

cellularity. Slides were imaged with a slide scanner Pannoramic 1000 (3DHISTECH, 

Hungary). 

 

Bone marrow adipocytes were quantitated semi-automatically with the aid of image 

analysis software. We first validated two popular histological image analysis software 

QuPath (Bankhead et al., 2017) and ImageJ. An open-source, additional plugin of 

MarrowQuant was used for the QuPath quantitation as described previously (Tratwal et 
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al., 2020a). Briefly, MarrowQuant follows a multi-segmenting algorithm allowing the 

detection of adipocytes (AdipoQuant), nucleated cells, haematopoietic cells and 

mineralised bone from the image by classifying the colour nature of each pixel according 

to the object of interest. For instance, BMAds were segmented based on the background 

colour due to the delipidation upon alcohol exposure during sample processing. The 

algorithm then registered every background-coloured pixel to create a mask that defined 

adipocyte from other objects. Finally, user-defined parameters, such as size and 

circularity, assigned the detected object as BMAd. In this study, the standalone plugin 

AdipoQuant was used to solely quantitate BMAds.  

 

A validation set containing five 0.25 mm2 regions was randomly selected and drawn from 

every sample (N=20) which included the marrow region, vascularised marrow, marrow 

trabeculae, marrow with histological artefact and cortical region. BMAds were manually 

counted to act as a reference comparator to AdipoQuant- and ImageJ-based quantitation. 

Tissue boundaries, background and artefact regions were drawn from each area as 

required by the algorithm. The following criteria were applied in analysing the image: (1) 

BMAds sized 200–4000 µm2, (2) circularity between 0.4–1.0, (3) exclusion on edge-

detection, and (4) three down-sampling rate. Figure 5A summarises the workflow of the 

image analysis by AdipoQuant.  

 

For ImageJ-based quantitation, the image was segmented to separate object and 

background. The segmented image was then inverted to define the background as the 

count parameter, as BMAd took most of the background colour. To distinguish marrow 

vasculatures as suspected BMAd, a morphological operation of ‘opening’ was performed. 

A disk-shaped element with a user-defined radius was applied to intentionally ‘break’ the 

detected vessels and, therefore, be excluded in the particle count. Finally, the following 

parameters were applied to count the object automatically: (1) BMAd sized 200–4000 

µm2, (2) circularity between 0.4–1.0, and (3) exclusion on edge-detections. Figure 5B 

summarises the workflow of the image analysis by the ImageJ method. The script used 

in this study is published in Appendix 2. Lastly, we calculated the error rate to evaluate 

our quantitation workflow according to equation 4. 

 

Error rate (%)= 
|Nmanual− Nautomated|

Nmanual
 × 100%   --- equation 4 



 
 

 19 

 

Figure 5. Workflow of BMAd quantitation from histological images. (A) In 

MarrowQuant, the user first specifies the region of analysis, background colour and 

artefacts. The algorithm then creates masks to detect mineralised bone area, nucleated 

cells, adipocyte (also called AdipoQuant) and red blood cells. The algorithm analyses the 

shape of the detected objects and generates the report. Figure adapted from Tratwal et al. 

(2020a). (B) ImageJ-based detection starts by segmenting the input image to separate 

BMAd-like structures (white colour) from other objects. The segmented image is then 

morphologically opened to destroy detected vascular structure. Particle analysis 

quantitates the amount of BMAd according to the parameters set by the user. 

 

3.6 Data and statistical analysis  

 

Data are presented in mean ± SD. Adipocyte shape descriptor and units of reporting such 

as adipocyte area (Ad.Ar) and density per area or the number of adipocytes to marrow 

area (N.Ad/Ma.Ar) were used as recently suggested by the international working group 

(Bravenboer et al., 2019). Student’s t-test was performed to determine statistical 

significance between groups. The following denotations were used to express statistical 

significance: p< 0.05 (*); p< 0.01 (**); p< 0.001 (***) and p< 0.0001 (****). Prism v.9.0 

(GraphPad Software, USA) was used to present and statistically analyse the data.  
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CHAPTER IV 

RESULTS 

 

4.1 IBMX upregulated the expression of adipocyte-specific mRNAs, but 

failed to facilitate the intracellular lipid accumulation and typical 

morphological changes 

 

We first evaluated the specificity and efficiency of the primers used in this study. As 

shown in Figure 6A, a single band of amplicons from each primer pair was seen from the 

agarose gel, indicating a specific binding and amplification of the desired product. In 

general, the size of each band corresponds to the predicted product size (Table 1). We 

did not detect bands from our negative control samples (without template) (Fig. 6B), 

suggesting a specific binding of the primers to the target sequence without a primer dimer 

formation or off-target binding. Next, we evaluated the efficiency of the primer pairs (Fig. 

6C) according to the manufacturer guideline (Bio-Rad, USA). With the exception of 

CEBPA (110.4%), ADIPOQ (112.2%), FABP4 (111.8%) and UCP1 (110.2%) primers, 

three of the primers targeting CYCB, ACTB and PPARG were within the suggested 

efficiency range (90 – 105%). Upon optimisation, the primers used in this study have a 

final annealing temperature of 58°C, except for CYCB (60°C).  

 

 

Figure 6. Specificity and efficiency of the primer pairs used in this study. Single-

bands of amplicons were distinctly sorted on agarose gel (A), but not from the (B) 

negative control samples (H2O). The size of the DNA ladder in base pairs is annotated on 

the left side of the image. (C) The efficiency of the primer pairs in doubling the target 

sequence per cycle. Dotted lines represent the suggested range of efficiency according to 

Bio-Rad guidelines. Original agarose gel images can be found in Appendix 3. 
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Next, we evaluated the effect of two different BMSCs isolation methods and two 

adipogenic cocktails on adipogenesis in vitro. The undifferentiated BMSCs from both 

isolation methods were used as a reference to the adipocyte-specific gene expression 

normalised to the CYCB expression. On day 6 of differentiation, the mRNA expression 

level of PPARG, ADIPOQ and FABP4 in the culture obtained from the centrifugation 

method were higher compared to the flush method (Fig. 7A), regardless of the induction 

model (PPARG, p= 0.0168 versus p< 0.0001; ADIPOQ, p= 0.0032 versus p< 0.0001; 

FABP4, p= 0.0073 versus p= 0.0003 from cultures with and without IBMX 

supplementation, respectively). Among the centrifugation models, we observed a 

statistically significant increase in the mRNA expression level of PPARG (p= 0.0332), 

ADIPOQ (p= 0.0033) and FABP4 (p= 0.0188) in IBMX-supplemented cultures 

compared to those without IBMX. On average, we observed more than 50- and 20-fold 

increase of ADIPOQ and FABP4, respectively, from BMSCs obtained by the 

centrifugation model compared to the reference. Contrastingly, BMSCs obtained by the 

flush method without IBMX supplementation downregulated their adipocyte-specific 

markers when compared to the undifferentiated control.  

 

Interestingly, the mRNA expression analysis and imaging data were contradictory. We 

did not detect adipocyte formation in vitro in the IBMX-supplemented group (Fig. 7B 

and E), but evidently in our IBMX- cultures (Fig. 7C and F). Further, the other cells 

from the IBMX-supplemented cultures were larger in size (Fig. 7B), compared to those 

without IBMX (Fig. 7C). Neutral-lipid staining by ORO or BODIPY confirmed the 

multilocular lipid droplets and morphology resembling brown adipocytes. We took the 

ratio of ORO.Ar and H.Ar to estimate the adiposity area in vitro. As expected, we found 

a statistically significant difference in adiposity in vitro between IBMX+ (0.20±0.11%) 

and IBMX- (8.25±1.74%) cultures (p< 0.0001). The precipitates of ORO during the 

staining process interfered with our image analysis flow and resulted in a nonspecific 

false-negative lipid detection. To that end, we developed a staining method with 

fluorophores targeting the double-stranded DNA and neutral lipid (Fig. 7E and F). Based 

on this specific detection, we were able to estimate the rate of adipogenesis based on the 

co-localising nucleus within the detected lipid region. We found that 13.18±4.16% of 

BMSCs from the IBMX- had differentiated into adipocytes in vitro (Fig. 7G). Taken 

together, we recommend BM extraction following the centrifugation method and exposed 

BMSCs to 10 µg/mL insulin and 10-6 M dexamethasone for adipogenesis in vitro.  
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Figure 7. IBMX upregulated the adipocyte-specific mRNA expression, but failed to 

induce morphological changes. (A) Adipocyte-specific gene expression analysis of the 

in vitro model on day 6 of differentiation. The expression profile is normalised to a 

reference gene CYCB, and compared to the undifferentiated BMSCs (set as 1, shown as 

dotted lines). Oil-red-O and haematoxylin staining of (B) IBMX+ and (C) IBMX- culture. 

(D) Quantitation of adiposity, based on the area of staining in vitro (N= 12 per group). 

Nuclear and lipid-droplet staining of (E) IBMX+ (F) and IBMX- culture (G) Ratio of 

adipocytes to undifferentiated BMSCs (number of nuclei) in vitro (N= 9). Scale bar: 100 

µm. The quantitation was limited only to the representative images measuring 0.545 mm2. 
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4.2. Adipocytes differentiated in vitro display a distinct adipocyte profile 

 

In order to characterised the adipocytes from the optimised in vitro differentiation model, 

we induced adipogenesis from BMSCs for 18 days and assessed the adipocyte-specific 

mRNA expression profile every three days. Compared to the undifferentiated control (day 

0), the expression of adipocyte-specific genes was increasingly upregulated, and peaked 

after 18 days of adipogenic differentiation (Fig. 8A). The expression levels of the 

transcription factors PPARG and CEBPA were significantly upregulated on day 15 

compared to the control (p= 0.0038 and p= 0.02, respectively). In addition, the adipocyte-

specific markers ADIPOQ and FABP4 were significantly upregulated as early as 6 (p< 

0.0001) and 3 (p=0.018) days following induction, respectively. Compared to the 

undifferentiated control, fold changes of mRNA expression were the highest for ADIPOQ 

and FABP4 by the end point of differentiation. We noticed a doubling in mRNA 

expression of the transcription factors PPARG (p= 0.018) and CEBPA (p= 0.02) on day 

18, compared to the baseline control. 

 

Next, we followed the morphological changes of differentiating BMSCs in vitro using a 

live-cell imaging setup. We found an inconsistent rate of morphological transition of 

BMSCs to adipocytes (data not shown), but representative images showed a gradual 

increase in the lipid droplet size from day 3 to 18, in general (Fig. 8B). Representative 

adipocytes were not a longitudinal image series of a specific single cell. We initially 

thought that a cluster of lipid droplets in a defined enclosure was a representation of a 

single adipocyte. However, co-staining with Hoechst showed multiple nuclei within the 

lipid droplets cluster (Fig. 9A). This suggests multiple adipocytes were in close proximity 

to each other. The phase contrast image in Figure 9A shows a cytoplasmic extension of 

the adipocyte cluster containing most of the nuclei within that region.  

 

Our preliminary data suggests that primary BMAds isolated from rat BM were 

morphologically different from the adipocytes differentiated in vitro. Figure 9B shows a 

large unilocular lipid droplet representing a single BMAd. Further, we also noticed a 

crescent-shaped nucleus near the periphery of the cell, between lipid droplet and plasma 

membrane. Taken together, BMAds resemble classical white adipocytes in morphology. 

Due to the morphological resemblance between in vitro differentiated adipocytes and 

multilocular brown adipocytes, we checked the mRNA expression of UCP1, a 
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thermogenic hallmark protein for brown adipocytes. We found that the adipocytes 

differentiated in vitro did not express UCP1 (Fig. 9C).  

 

 

 

 

Fig 8. Adipocytes differentiated from BMSCs in vitro reflects a bona fide 

adipogenesis. (A) Temporal adipocyte-specific mRNA expression analysis of the 

adipogenic cultures across different time points. The expression is normalised to CYCB 

expression, and compared to the undifferentiated BMSCs (set as 1, shown as dotted lines). 

(B) Temporal increase in lipid-droplet size confirms the formation and maturation of 

adipocytes in vitro. Scale bar: 50 µm. 
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Figure 9. Adipocytes differentiated in vitro are morphologically distinct from 

BMAds in vivo. (A) Adipocytes differentiated from BMSCs in vitro are multinucleated 

(white arrowheads) and show a morphology of multilocular lipid droplets (LD) with a 

stretched cytoplasm (Cy). (B) Primary BMAds are unilocular and mononucleated in 

morphology. (C) Although resembling brown adipocytes in morphology, adipocytes 

differentiated in vitro are devoid of the classic thermogenic protein UCP1. Key: Adr, 

adrenal tissue; Adi, adipose tissue. Scale bar: 50 µm. Original agarose gel images can be 

found in Appendix 3. 
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4.3 Colour-based segmentation method as a tool to quantitate and describe 

BMAds from histological bone sections 

 

To validate our semi-automated image analysis flow, we compared the number of BMAds 

counted manually and semi-automatically. We used five representative regions from 

histological bone sections (N= 4), resulting in twenty training images. The semi-

automated quantitation method correlated strongly to the manual cell counts from both 

AdipoQuant- (r2= 0.90, p<0.0001) and ImageJ- (r2= 0.92, p<0.0001) based quantitation 

(Fig. 10A and B). We then addressed some important differences between both image 

analysis flows, and how they affected the result. For instance, AdipoQuant false-

positively detected empty spaces of the marrow vasculature or histological artefacts as 

BMAds (Fig. 10C). To note, we did not change the original script, except for the 

changeable parameters such as the size and circularity exclusion. To minimise false-

positive detection, we developed our own detection script using ImageJ. 

 

We aimed to improve the quantitation by ignoring false-positive detection from within 

the empty spaces using a morphological operator ‘opening’. Figure 10D shows the 

improvement of this model when compared to the native AdipoQuant detection (Fig. 

10C). However, we did not find any statistically significant differences in the final 

BMAds quantitation between the two methods (data not shown). However, both methods 

failed to handle bad quality regions, such as staining precipitates and merged cells, among 

others. For instance, four BMAds were undetected due to the presence of a staining 

precipitate on top of the cells (Fig. 10E). On the other hand, three BMAds that merged 

into one cluster were not detected by both methods (Fig 10F). We initially thought that 

blurry images might affect the algorithm in the segmentation process and, therefore, the 

quantitation. To that end, the sections were rescanned with a multi-layer scan method 

comprising a 17 z-stack image with a 0.30 µm distance between stacks. We compared the 

error detection rate (equation 4) between the original and new image set with 

AdipoQuant and ImageJ. However, we did not detect a statistically significant difference 

in the error detection rate between different quality images (Fig. 11), suggesting that 

image quality is not the determiner for accurate detection of BMAds. On average, both 

semi-automated quantitation methods have an 18% error detection rate, regardless of 

image quality. 
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Figure 10. Validation of semi-automated BMAd quantitation methods from 

histological bone sections. The correlation analysis between manual and (A) 

AdipoQuant- or (B) ImageJ- based BMAd quantitation (N=20). Dotted lines represent an 

identity function.  (C) Shown by black arrowheads, AdipoQuant false-positively detected 

BMAds within the bone marrow vasculature (left) and histological artefact region (right). 

(D) The morphological operator ‘opening’ consistently ignored possible error detections 

in non-BMAd area. Histological artefacts, such as the (E) staining precipitates or (F) 

broken BMAd membranes (black arrowheads) interfered with the effective segmentation 

by both quantitation methods Scale bars: 50 µm. Yellow circles represent detected 

BMAds. 

 



 
 

 28 

 

 

Figure 11. Image quality does not affect the quantitation regardless of image 

analysis methods. N= 20 per set; ns= not significant. 

 

Lastly, we analysed the morphology of BMAds from our ex vivo imaging setup. On 

average, most of the BMAds detected were up to 1000 µm2 in size (Fig. 12A). The median 

(Q1 – Q3) size of BMAds was 535.19 (361.40 – 792.30) µm2. Interestingly, we found a 

regional trend of BMAd average size in the tibia. BMAds located in the diaphysis were 

significantly smaller than the distal epiphysis (p< 0.0001; Fig. 12B). Figure 12C shows 

the size distribution of BMAds from the respective regions. The median (Q1 – Q3) size 

of BMAds in the diaphysis and distal epiphysis was 503.30 (348.75 – 696.80) and 751.75 

(439.32 – 1093.80) µm2, respectively. Descriptively, BMAds in the diaphysis region were 

dispersed throughout the BM microenvironment, as opposed to the distal epiphysis 

region, where BMAds were tightly packed. Morphologically, marrow BMAds were more 

circular compared to the elongated shape of BMAds found in the distal part (Fig. 12D). 
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Figure 12. Morphological description of BMAds from ex vivo imaging. (A) Size 

distribution of BMAds from representative images (N= 20). (B) The average size of 

BMAds in the diaphysis and distal epiphysis region. (C) Size distribution of BMAds from 

regions from (B). (D) Representative images of the diaphysis (black box) and distal 

epiphysis (Red box) region. Scale bar: 50 µm. Sizes of BMAds were analysed with 

ImageJ. The tibia illustration was created by Biorender (Biorender, Canada).  
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CHAPTER V 

DISCUSSION 

 

In this study, we evaluated the adipogenic differentiation model in vitro through gene 

expression and morphological analysis. To facilitate this aim, we first designed and 

evaluated the primers targeting adipocyte-specific mRNAs. We followed the recently 

published methodological guideline and grouped these primers as early (PPARG and 

CEBPA) and late (ADIPOQ and FABP4) adipocyte-specific markers (Tratwal et al., 

2020b). We excluded the cytoskeletal reference gene ACTB, because it was not uniformly 

expressed during adipocyte differentiation (Appendix 4). This is likely due to the 

dynamic rearrangements of actin (Chen et al., 2018; Khan et al., 2020; Santos et al., 

2016). Based on this notion, the use of a cytoskeletal marker as a housekeeping gene 

should be carefully evaluated. To that end, we selected cyclophilin B (CYCB, encoded 

by peptidyl-prolyl cis-trans isomerase B), an enzyme that catalyses the protein folding 

(Price et al., 1991), as our reference gene. Assessment of RT-qPCR cycle threshold value 

of CYCB revealed a stable expression level in both proliferation and differentiation state, 

and has been previously used to normalise gene expression in peripheral blood (Pachot et 

al., 2004) and breast tumour (Verjat et al., 2004) samples. For the first time, we reported 

the suitability of CYCB as a housekeeping gene to normalise the expression of adipocyte-

specific rat mRNA expression in vitro.   

 

Next, we tested the effect of different isolation methods of BMSCs on adipogenesis in 

vitro. Our results indicated that adipocyte-specific mRNAs were significantly 

upregulated in BMSCs obtained by the centrifugation method compared to the flush 

method (Fig. 7A). BM extraction by centrifugation allows minimal damage to the BM 

cells and a thorough extraction compared to the flushing technique (Dobson et al., 1999; 

Holt et al., 2014; Kelly et al., 2014). Incomplete extraction of the BM cells may reduce 

the heterogeneity of the BMSC population in vitro, which may affect the differentiation 

capability (reviewed in Tencerova and Kassem (2016)). We believe that the pro-

adipogenic BMSCs, such as the Sca1- (Ambrosi et al., 2017), leptin receptor- (Yue et al., 

2016) and RANKL-positive (Holt et al., 2014) populations, among others, may have 

remained in the BM cavity or damaged during the flushing process. Cell sorting by flow-

cytometry would justify the BMSCs population contained from these BM isolates, which 

was not performed in this study. Nevertheless, we recommend the centrifugation method 
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as a simple and reproducible way to obtain BMSCs for various downstream applications. 

With this method, we were able to induce both adipogenesis and osteoblastogenesis (not 

shown) in vitro.  

 

Interestingly, our results showed an opposing trend between the adipocyte-specific 

mRNA expression and morphology in vitro (Fig. 7A-C). This is in contrast to the 

common guideline that shows the morphological evidence of adipogenesis in vitro in the 

presence of IBMX (Tratwal et al., 2020b). To this discrepancy, we evaluated the effect 

of the solvent DMSO (Appendix 5). Of note, our DMSO concentration (0.05%) was 

lower than the previously suggested threshold of toxicity at 1% (Dludla et al., 2018) and 

a complete adipogenesis inhibition at 2% (Wang and Scott, 1993). However, they 

employed the 3T3-L1 cell line, as opposed to the primary cells used in this study. We 

observed the presence of adipocytes in vitro in our vehicle control group (IBMX- 

DMSO+; Fig. 7C and F), but not in the test group (IBMX+ DMSO+; Fig. 7B and E). 

This suggests that the presence of 0.05% DMSO did not restrict adipogenesis, as shown 

by morphology and mRNA expression analysis. Therefore, we believe that the 

combination of IBMX and DMSO produces multifactorial antagonistic effects on the 

adipocyte-specific phenotype regulator. For instance, perilipin, a surface marker protein, 

is essential for the formation of the lipid droplets (Itabe et al., 2017; Tang and Lane, 

2012). The ablation of perilipin showed a lean and smaller adipocytes phenotype (Tansey 

et al., 2001). On this basis, we believe that a lipidomic study is required to accurately 

pinpoint the pathway disturbed by IBMX and DMSO. Alternatively, we strongly 

recommend dissolving IBMX in another solvent and carefully evaluate the effect of that 

solvent in vitro. Nevertheless, we excluded IBMX from our adipogenic cocktail, which 

is in line with the suggestion from Scott and colleagues (2011). Although induction 

cocktails can vary between laboratories, we suggest a solid optimisation to proceed before 

the actual analysis. At present, our adipogenic cocktail includes 10 µg/mL insulin and  

10-6 M dexamethasone.  

 

With the optimised adipogenesis protocol, we evaluated the temporal changes in the 

adipocyte-specific mRNA expression in vitro (Fig. 8A). Compared to the undifferentiated 

control, our adipogenic model confirmed a bona fide adipogenesis. The expression of the 

transcription factors mRNA was significantly higher than the control on day 15 of 

differentiation. This was later than expected. However, adipogenesis induction occurs in 

two phases (Lefterova et al., 2014), to which we only analysed the later phase. We did 
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not analyse other isoforms of PPARG and CEBPA, which may have been robustly 

present, but left undetected (Zhao et al., 2015). Besides, it is also possible that some 

BMSCs had committed to the adipogenic lineage before the induction and, therefore, 

expressed those factors. Hence, the BMSCs had set a higher threshold for the baseline 

expression level, which masked the major changes in the expression level analysed from 

the later time points. The mRNA expression of ADIPOQ and FABP4 was increasing 

during differentiation, and matched to the growing lipid droplet size (Fig. 8B). We could 

not observe a point to which these expressions peaked, but it is highly likely that if we 

had continued the culture, we might have been able to see these expression peaks. 

 

The multilocular morphology of the adipocytes differentiated in vitro (Fig. 9A) has been 

reported in other studies, and is regarded as true BMAds (Tratwal et al., 2020b). In 

contrast, BMAds isolated from a 19-week-old SD rat were unilocular in morphology (Fig. 

9B). However, it is likely that the completion of adipocyte maturation would ultimately 

form a unilocular adipocyte. This assumption is in line with the literature, confirming the 

presence of multilocular BMAds in vivo at 3-week-old (Craft et al., 2019), or in response 

to beta-adrenergic signalling at 12-week-old (Scheller et al., 2019). Without a specific 

staining method, it is difficult to histologically confirm multilocular BMAds ex vivo. 

From our HE stained histological bone sections (19-week-old rat), we were not confident 

to distinguish multilocular BMAds apart from small marrow spaces or other structures 

(not shown). In this study, the majority of BMAds ex vivo was unilocular in morphology.  

 

Estimating adiposity in vitro has been a challenge in most studies. At present, measuring 

the absorbance of ORO eluates is a gold standard to semi-quantitatively estimate 

adiposity in vitro (Kraus et al., 2016; Mehlem et al., 2013). However, we noticed non-

specific binding and staining precipitate of ORO on the plastic surface, which can affect 

the reading. Of note, we followed the recommendation from Mehlem and colleagues 

(2013) to freshly prepare ORO solution and a direct image acquisition without success. 

To that end, a cell-based quantitation is now preferred to analyse adipogenesis in vitro 

(Deutsch et al., 2014; Eggerschwiler et al., 2019; Yuan et al., 2019). We were able to 

develop our own ImageJ-based image analysis workflow to quantitate the adiposity in 

vitro by measuring the ORO area. Further, we optimised this design by excluding the 

empty area of the plastic surface to reflect a true biological adiposity fraction. To achieve 

this, we counterstained the other cells with a simple haematoxylin staining and extracted 

the area as a ‘biological’ area. By taking the ratio of ORO area to all detected area (ORO 
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and biological area), we reported an improved method in estimating the area-based 

adiposity by excluding the non-biological area (Fig. 7D). 

 

It has been shown previously that BMSCs downregulate their proliferation rate upon 

adipogenic induction (Hung et al., 2004; Marcon et al., 2019). Morphologically, the 

nucleus of an adipocyte is located eccentrically. Based on these facts, we developed an 

additional parameter to report the proportion of adipocytes formed in vitro (Fig. 7G). 

Using a fluorescence imaging, we double-stained the nucleus and lipid droplet. From the 

image analysis workflow, we expanded the lipid area to artificially co-localise juxtaposed 

nuclei and consider the area as adipocyte clusters. However, it is important to note that 

the detected nuclei would not fully represent BMSCs due to the heterogeneity of the 

extracted BM cells, such as fibroblasts and osteoblasts. Also, we were able to reproduce 

a better area-based adiposity estimation in vitro by excluding the nuclear quantitation 

(data not shown). The fluorescent-based imaging offers high specificity for detection and 

analysis. For instance, we did not find any staining precipitates or non-specific binding, 

compared to the water-based method. The specific wavelength range allows better 

separation between two fluorophores compared to the overlapping colour spectrum from 

ORO and haematoxylin. In the future, we would recommend fluorophore-based imaging 

for a better quantitation method and a wider research application, such as live-cell 

imaging (Fig. 8B). 

 

We were able to develop a simple and reproducible semi-automated BMAd quantitation 

from histological bone sections. However, some limitations of our image analysis method 

need to be addressed. First, we noticed that both AdipoQuant- and ImageJ-based 

workflow underestimated the counts compared to the manual approach (Fig. 10A and B). 

In this study, we reversely classified coloured pixels (cells and mineralised bones) as 

background, and the white-coloured pixels as foreground (BMAds). The algorithm 

segmented multiple broken adipocytes as one foreground object and increased the area. 

Secondly, other non-specific objects on top of the BMAd was segmented as background 

objects, which reduced the circularity of the suspected BMAd object. Based on the size 

and circularity exclusion parameter, these objects were not counted and, therefore, 

reduced the total quantitation. In addition, we noticed some out-of-focus regions in our 

section, which may have affected the quantitation. After rescanning the sections with a 

multi-focus mode (not shown), we did not find any significant differences in the 

quantitation (Fig. 11). Hence, we believe that the section quality is important for a better 
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detection, rather than the image quality. Also, the multi-focus scans are more than fifty 

times larger in size than the originals, making it impractical for a large-scale study. 

Ultimately, the discrete presence of the background colour of the ‘ghost adipocyte’ is a 

prerequisite for the algorithm to work optimally. 

 

We developed our own image analysis workflow due to several reasons. First, although 

AdipoQuant had an acceptable rate in quantitating BMAds, we noticed a consistent false-

positive detection, especially in the vascular or empty region, despite stricter size and 

circularity exclusion criteria. It is possible to adjust the native script to resolve this, but 

we intend to keep the workflow simple and reproducible for other users. Further, 

AdipoQuant allows the user to annotate exclusion regions for the analysis, which would 

resolve the limitation (Tratwal et al., 2020a). However, manually annotating these regions 

would defeat the purpose of automation in the digital image analysis. Secondly, we 

noticed that the watershed command in the AdipoQuant script at line #182 over-

fragmented the adipocytes in an attempt to separate merged adipocyte objects. We had to 

exclude this step in this study to proceed with the quantitation method. Nevertheless, the 

quantitation by AdipoQuant has facilitated the quantitation of BMAds in a simple and 

reliable way. The full feature of MarrowQuant allowed us to also estimate mineralised 

bone and haematopoietic area (Fig. 5A), to which our workflow failed to discriminate. 

 

To solve these two issues, we incorporated a third-party plugin MorphoLibJ 

(https://imagej.net/MorphoLibJ) into our script as a tool to minimise false-positive 

detection within these empty spaces. The morphological operator ‘opening’ took the 

coloured pixel, most commonly the erythrocytes, and eroded these pixels with a user-

defined filter size. This was then followed by a pixel dilation with the same filter size to 

the image. As a result, the operation damaged the vessel area and, therefore, detection in 

this region was not possible due to the exclusion criteria (Fig. 5B). Similar to the 

AdipoQuant, however, the addition of the morphological operator failed to detect BMAd 

with objects on top of it. We did not perform watershed to separate touching objects due 

to the over-fragmentation issue, leading to multiple small but incorrect detections. Hence, 

adipocytes which were connected or covered by other objects, were left undetected 

regardless of the image analysis method.  

 

Taken together, while HE stained histological sections remain a versatile method to assess 

BM adiposity, we would recommend immunostaining over water-based histological 

https://imagej.net/MorphoLibJ)
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staining. By specifically targeting adipocyte-specific membrane or cytoplasmic protein, 

we are confident that the error rate in BMAd detection would be minimal. For instance, 

immunostaining of perilipin, an adipocyte-specific surface marker, has been widely 

reported across literature to quantitate BMAds from histological bone sections (Ambrosi 

et al., 2017; Craft et al., 2019; Strissel et al., 2007; Zhou et al., 2017). Further, 

discrimination between BMAd, blood vessel and nerve fibre can be achieved by co-

staining with the respective markers.  

 

In this study, we extracted the descriptive information of BMAds from our image analysis 

workflow to report the area (Ad.Ar) and density (N.Ad/Ma.Ar) of BMAds. However, 

reporting these parameters must be carefully considered for the following reasons. First, 

BMAds exist in a 3D configuration in vivo, while we only analysed in the 2D perspective. 

By taking the largest BMAd that we detected as an area of a circle, we would redetect the 

same cell from twelve consecutive sections with varying sizes. Therefore, trimming each 

section apart by a roughly 50 µm distance would help in correctly analysing BMAd from 

2D histological sections. This is especially important, as the expansion of BM adiposity 

is asymmetric especially during the development (Scheller et al., 2015). Secondly, 

reporting the number or size of BMAds should match the research question. For instance, 

a lipolytic assessment of BMAds would correlate better if the data is reported based on 

the size, not the number. In agreement with the working guideline, the number and size 

of BMAd reflect changes in adipogenesis and metabolic activity, respectively (Tratwal et 

al., 2020b).  

 

Our results showed that, on average, the size of BMAds from a 19-week-old SD rat is 

similar to other rodent species, including the C57BL/6J and C3H/HeJ mice (Scheller et 

al., 2015; Scheller et al., 2019), but smaller than New Zealand white rabbits (Cawthorn 

et al., 2016) and humans (Attane et al., 2020). In line with Scheller’s study on the regional 

characteristic of BMAds, we came to the same findings on the morphological differences 

of tibial BMAd size in the diaphysis and distal epiphysis region (Scheller et al., 2015). 

Descriptively, we observed that BMAds at the mid-diaphysis region (termed rMAT) were 

loosely interspersed within the marrow cavity to other BM cell populations. 

Contrastingly, BMAds found in the distal epiphysis region (termed cMAT) were tightly 

oriented. Morphologically, BMAd size in the cMAT is significantly larger and less 

circular compared to the rMAT (Fig. 12B). However, it is still preliminary to conclude 

the regional distinction of BMAds from this observation. More studies are needed to 
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functionally assess these descriptively distinct adipocyte populations within the bone 

marrow.  

 

Although we were able to induce and characterise adipogenesis in vitro, the present study 

is limited to one induction protocol. We did not assess the effect of other induction 

compounds on adipogenesis in vitro, such as rosilgatizone or indomethacin, which may 

have increased adipogenesis to reflect in vivo BM adiposity. Secondly, we did not 

characterise the extracted BMSCs, despite the heterogeneous population of BMSCs has 

been well documented (Rennerfeldt et al., 2019; Whitfield et al., 2013). Regardless, we 

maintained the heterogeneity in our adipogenic culture to reflect in vivo condition. We 

have shown that the BMSCs were able to differentiate into osteoblast in a separate 

experiment, suggesting the multi-potential character of the isolated BMSCs. Finally, our 

ImageJ workflow was unable to discriminate the mineralised bone and haematopoietic 

area. We were not able to express the true marrow adiposity (%) based on this limitation, 

but the workflow allowed for better true-positive detections compared to the 

MarrowQuant. Nevertheless, the preference of the quantitation methods should be 

addressed accordingly.  

 

In the future, more optimisation towards adipogenesis in vitro is of great importance. 

Isolated primary BMAds could be used as a baseline comparator for future comparative 

studies. Although we were able to extract primary BMAds, methodological work in 

isolating and purifying this population for the downstream application is ongoing. Long 

term, the comparative study would justify the suitability of the differentiation model as 

an alternative to primary BMAds. Ultimately, this may direct further optimisation of the 

preferred model for the BM adiposity research. Also, characterising BMSCs descriptively 

(surface markers) and functionally (trilineage differentiation) would be a natural step in 

the future. From the histological study, improvements in sample handling and staining 

that allows the preservation of BMAd integrity ex vivo are necessary, and may reduce 

nonspecific detections. 
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CHAPTER VI 

CONCLUSION 

 

In this study, we developed a simple model for adipocyte differentiation from BMSCs in 

vitro as a potential working application for bone marrow adiposity research. Our 

morphological and mRNA expression analysis confirmed adipogenesis in vitro. The 

comparability of our in vitro model to the primary BMAds remains to be investigated. In 

perspective, these models would provide an establishment towards a standard model in 

understanding BMAds. Further, we developed semi-automated image analysis methods 

to quantitate BMAds from our in vitro model and histological bone sections based on the 

colour principle. We reported an improved adiposity estimation and an estimation of the 

proportion of adipocytes formation in vitro. From the histological study, our quantitation 

method could discriminate similar non-BMAds objects, such as blood vessels and empty 

marrow spaces, and is comparable to manual quantitation. At present, the efficiency of 

the estimation is determined by section quality, to which careful sample preparation and 

section handling are essential to preserve BMAds morphology ex vivo for accurate 

detection. Future developments to address this issue are required, especially in the 

direction of immunostaining-based quantitation.  
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APPENDICES 

APPENDIX – 1: SCRIPT FOR ADIPOCYTES QUANTITATION IN VITRO 

 

The following scripts were written in IJ1 Macro language native to the ImageJ version 

2.1.0 and contain two parts. The first part of the script extracts the total haematoxylin and 

oil-red-O area to express adiposity in vitro. The second script extracts the number of 

detected nucleus and lipid droplets from segmented objects from the DAPI (447/60 nm) 

and GFP channel (525/50 nm), respectively (Invitrogen, USA). For simplicity, the batch 

analysis command was excluded, displaying only the core command to facilitate these 

aims. Lines containing changeable parameters are shown in red fonts. Different 

microscope setups may result in different analysis result, especially in the scaling factor. 

 

Part 1 – Colour-based segmentation to quantitate adiposity area (%) in vitro 

 

1. title = getTitle(); 

2. selectImage(title); 

3. run("Colour Deconvolution", "vectors=[H AEC]"); 

4. close(); 

5. //Analysing BMAd picture 

6. rename("BMAd"); 

7. setAutoThreshold("Default"); 

8. //run("Threshold..."); 

9. setThreshold(0, 100); 

10. //setThreshold(0, 100); 

11. setOption("BlackBackground", true); 

12. run("Convert to Mask"); 

13. run("Analyze Particles...", "size=500-Infinity display clear summarize 

add"); 

14. //Analysing BMSC picture 

15. selectWindow(title+"-(Colour_1)"); 

16. rename("BMSC"); 

17. setThreshold(0, 232); 

18. //setThreshold(0, 232); 

19. setOption("BlackBackground", true); 

20. run("Convert to Mask"); 

21. run("Analyze Particles...", "size=500-Infinity display clear summarize 

add"); 

22. close("Results"); 

23. selectWindow("Summary"); 

24. Table.rename("Summary", "Results"); 

25. String.copyResults(); 
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Part 2 – Co-localisation based counting to express adipogenesis (%) in vitro 

 

1. run("Options...", "iterations=1 count=1 black"); 

2. //Scaling factors – Always enter the correct size of the images depending 

on microscope models 

3. run("Set Scale...", "distance=2048 known=853.2992 unit=um"); 

4. //Pre-processing 

5. title = getTitle(); 

6. run("Split Channels"); 

7. selectWindow(title+" (red)"); 

8. close(); 

9. //Segmenting nuclei 

10. selectWindow(title+" (blue)"); 

11. setAutoThreshold("Default dark"); 

12. //run("Threshold..."); 

13. //setThreshold(43, 255); 

14. run("Convert to Mask"); 

15. run("Watershed"); 

16. //Quantitating the amount of nuclei 

17. run("Analyze Particles...", "size=50-Infinity circularity=0.30-1.00 

display exclude clear summarize add"); 

18. //Segmenting lipid droplets and merge into one defined cell 

19. selectWindow(title+" (green)"); 

20. setAutoThreshold("Default dark"); 

21. //run("Threshold..."); 

22. //setThreshold(54, 255); 

23. run("Convert to Mask"); 

24. run("Morphological Filters", "operation=dilation element=Disk 

radius=10"); 

25. rename("Dilated nuclei"); 

26. //Superimposing segmented adipocytes and nuclei, and take the overlapping 

nuclei as double positive counts 

27. imageCalculator("AND create", title+" (blue)","Dilated nuclei"); 

28. rename("Double positives count"); 

29. //Count double positives cells 

30. run("Analyze Particles...", "size=50-Infinity circularity=[0 -1.00] 

display exclude clear summarize add"); 

31. selectWindow("Summary"); 

32. Table.rename("Summary", "Results"); 

33. String.copyResults(); 
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APPENDIX – 2: SCRIPT FOR BMADS QUANTITATION EX VIVO 

 

The following script describes the command used to quantitate BMAds from ex vivo 

histological bone sections stained with haematoxylin and eosin. Briefly, delipidation 

during alcohol treatment resulted in an empty singular and rather circular structure of 

BMAd within the enclosed and stained membrane. This empty structure has similar pixel 

values to the background colour which is used as a principle of the detection. We 

optimised it further to ignore non-specific detection like small blood vessels by 

sequentially eroded and dilated small detected objects within the falsely-presumed 

BMAd. Lastly, we filtered our segmented objects with a size filter to detect BMAds and 

expressed the results as the total number and shape parameter of BMAd within the 

analysed region. Different microscope setup may affect the quantitation, especially in the 

scaling factors and segmentation threshold value. Changeable parameters are shown in 

red fonts. 

 
 

1. //Preprocessing 

2. run("Set Scale...", "distance=2063 known=500.35 pixel=1.000 unit=µm"); 

3. // This helps to maintain ImageJ hierarchy on differently titled images 

4. run("Duplicate...", "title=Annotated"); 

5. run("Duplicate...", "title=original"); 

6. run("8-bit"); 

7. setAutoThreshold("Default dark"); 

8. //run("Threshold..."); 

9. setThreshold(240, 255); 

10. //setThreshold(240, 255); 

11. setOption("BlackBackground", false); 

12. run("Convert to Mask"); 

13. //Opening helps to destroy vascular images by "opening" the detected 

particle inside the vessel (ie. RBC) which gets ignored in detection 

14. run("Morphological Filters", "operation=Opening element=Disk 

radius=10"); 

15. run("Analyze Particles...", "size=200-4000 circularity=0.40-1.00 display 

exclude clear summarize add"); 

16. //simply paste results to spreadsheet 

17. String.copyResults(); 

18. selectWindow("original"); 

19. close(); 

20. selectWindow("Annotated"); 

21. roiManager("Show All"); 
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APPENDIX – 3: ORIGINAL IMAGES OF ELECTROPHORESED AGAROSE GELS 

 

 

1. Whole-gel image from Figure 6A  

 

 

 

2. Whole-gel image from Figure 6B 
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3. Whole-gel image from Figure 9C (upper image, UCP1 amplicons) 

 

 

 

4. Whole-gel image from Figure 9C (lower image, CYCB amplicons) 
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APPENDIX – 4: EXPRESSION OF BETA-ACTIN AND CYCLOPHILIN B 

DURING PROLIFERATION AND DIFFERENTIATION IN VITRO 

 

We evaluated the mRNA expression of ACTB and CYCB from proliferating and 

differentiating BMSCs (two time points) based on the threshold cycle value. The results 

from two separate experiments were combined to assess the reproducibility. We found a 

significant reduction in the expression of ACTB in differentiating BMSCs in vitro (higher 

threshold cycle values) compared to the proliferating state (p= 0.01). Contrastingly, we 

found the mRNA expression level of CYCB to be uniform in both culture conditions.  

 

 

 

 

 

Figure S.1. Expression of the housekeeping genes ACTB and CYCB during 

proliferation and differentiation state of BMSCs in vitro. ns, non-significant.  
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APPENDIX – 5: EFFECT OF DMSO ON ADIPOCYTE-SPECIFIC MRNA 

EXPRESSION IN VITRO 

 

To assess the effect of DMSO on adipogenesis in vitro, we induced BMSCs according to 

the description in Chapter 3.1. Briefly, BMSCs from two independent experiments 

(Figure 7A and 8A) received the adipogenic cocktail with either 0.05% DMSO (vehicle 

control) or none. The adipocyte-specific mRNA PPARG, ADIPOQ and FABP4 were 

analysed on day 6 and 12 of differentiation and compared to the respective 

undifferentiated control. The expression is normalised to CYCB. We noticed a transient, 

but significant upregulation of PPARG (p< 0.0001), ADIPOQ (p= 0.003) and FABP4 (p= 

0.001), compared to the negative control (DMSO- group). By day 12, the mRNA 

expression was comparable to the negative control, except for PPARG expression (p= 

0.02).  

 

 

 

Figure S.2. Transient upregulation of the adipocyte-specific mRNA expression in 

vitro in the presence of DMSO. 

 

 

 

 

 


