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Abstract 

Obesity and diabetes are metabolic complications associated with higher accumulation of 

fat in periphery and bones leading to higher fracture risk. Several approaches have been 

introduced in the treatment of obesity and diabetes - non-pharmacological (e.g. dietary 

intervention or physical activity) and pharmacological (e.g. metformin, thiazolidinediones 

(TZDs)) to improve metabolic complications. 

Dietary intervention including omega-3 polyunsaturated fatty acid (PUFA) supplementation 

showed multiple beneficial effects on bone parameters and bone marrow skeletal stem cells 

(BMSC) properties in animal and clinical studies. However, this was not well studied in 

obesogenic conditions. Further, TZDs (e.g. pioglitazone, rosiglitazone) are very effective 

insulin sensitizers but with several side effects (increased bone marrow adiposity (BMA) with 

higher fracture risk) due to their mechanism of action. MSDC-0602K, a novel TZD analog, has 

been developed to minimize side effects on fat metabolism. However, its impact on bone 

phenotype and bone marrow skeletal stem cells BMSCs in relation to obesity has not been 

intensively studied.  

Thus, in my PhD thesis I investigated both approaches using high-fat diet (HFD)-induced 

obesity mouse model. 8 weeks old male mice were fed with HFD or HFD supplemented with 

omega-3 PUFA, MSDC-0602K or pioglitazone for 2 months to investigate their effects on 

metabolic, bone parameters and stem cell properties using several methods including µCT, 

histology, analysis of osteoclast differentiation from bone marrow (BM) cells isolated from 

treated mice (in study using omega-3 PUFA treatment), cultivation of primary BMSCs and 

their cellular and metabolic characterization. 

In dietary interventional study, omega-3 PUFA treatment showed robust changes in bone 

microstructure and mechanical properties characterized by low cortical porosity and BMA in 

tibia, and increased bone strength of femur compared to HFD. These changes were also 

manifested on cellular level, by decreased osteoclastogenesis of BM cells, increased osteoblast 

differentiation of BMSCs coupled with decreased cellular respiration and lower senescent 

phenotype with omega-3 PUFAs. Further, pharmacological approach comparing classical TZD 

pioglitazone with MSDC-0602K showed less detrimental effect of new analog on bone 

microstructure compared to pioglitazone group, which was accompanied with higher 

distribution of smaller BM adipocytes. Cellular analysis revealed increased osteoblast 

differentiation of primary BMSCs in MSDC-0602K treated mice. However, cellular respiration 



as well as glycolysis were increased in MSDC-0602K BMSCs compared to pioglitazone group 

suggesting different utilization of nutrients by these drugs. These unexpected results led us to 

compare effect of these drugs on bone and peripheral AT metabolism using BMSC cell line 

and adipose derived stem cell line (AT-MSCs) 3T3-L1, where we observed decreased 

respiration with MSDC-0602K compared to pioglitazone, suggesting also different mechanism 

of action in bone and in periphery. To further understand the TZD actions on cellular 

metabolism in periphery and bones, we measured nutrient utilization in BMSC cell line and 

AT-MSCs. We observed increased utilization of glutamine by MSDC-0602K in BMSCs 

compared to pioglitazone, while in AT-MSCs MSDC-0602K preferred glucose over glutamine. 

Thus, we performed fluxomic analysis of 13C labelled glucose and glutamine in BMSC treated 

with MSDC-0602K and pioglitazone and we observed increased glutamine and decreased 

glucose utilisation with MSDC-0602K compared to pioglitazone. These results are supporting 

our hypothesis that increased glutamine metabolism in BMSCs by MSDC-0602K treatment 

can contribute to lower senescence, increased osteoblastogenesis of BMSCs and improved 

mechanical properties of bones. 

Taken together, our findings using non-pharmacological treatment in obesity showed 

pronounced beneficial effects of omega-3 PUFA supplementation of HFD-treated mice on 

bone microstructure, bone mechanical properties and cellular homeostasis. Further, 

pharmacological approach showed decreased side effect of treatment on bone and BMSC 

properties with MSDC-0602K compared to pioglitazone by activation of glutamine 

metabolism. Thus, this thesis brings two potential strategies of preventing negative effect of 

metabolic diseases but also opens a new perspective for further research of synergistic effect 

of these molecules in clinical practice. 

 

Keywords: Obesity-induced bone fragility; Omega-3 polyunsaturated fatty acids, 

Thiazolidinedione analog MSDC-0602K; Bone marrow stromal cells; Cellular metabolism; 

Bone marrow adipose tissue; Bone microstructure 

 

 

  



Abstrakt 

Obezita a diabetes jsou metabolické komplikace spojené s vyšší akumulací tuku v periferii 

a kostech, mající za následek zvýšené riziko fraktury. Při léčbě obezity a diabetu bylo zavedeno 

několik přístupů - nefarmakologických (např. dietní intervence nebo fyzická aktivita) a 

farmakologických (např. metformin, tiazolidindiony (TZD)) ke snížení metabolických 

komplikací. 

Dietní intervence včetně suplementace omega-3 polynenasycenými mastnými kyselinami 

(PUFA) ve studiích na zvířatech a v klinických studiích prokázala mnohonásobné příznivé 

účinky na kostní parametry a vlastnosti kmenových buněk kostní dřeně (BMSC). To však 

nebylo dobře prozkoumáno v obezogenních podmínkách. Dále jsou TZD (např. pioglitazon, 

rosiglitazon) velmi účinnými sensibilizátory inzulinu, ale s několika vedlejšími účinky 

(zvýšená adipozita kostní dřeně (BMA) s vyšším rizikem fraktur) v důsledku jejich 

mechanismu účinku. MSDC-0602K, nový analog TZD, byl vyvinut pro minimalizaci 

vedlejších účinků na metabolismus tuků. Jeho vliv na kostní fenotyp a fenotyp BMSC ve 

vztahu k obezitě však nebyl intenzivně studován. 

V disertační práci jsem zkoumala oba přístupy pomocí myšího modelu dietou indukované 

obezity (HFD). Samci myší ve věku 8 týdnů byli krmeni HFD nebo HFD doplněným omega-

3 PUFA, MSDC-0602K nebo pioglitazonem po dobu 2 měsíců, za účelem prozkoumání účinků 

na metabolické a kostní parametry a vlastnosti kmenových buněk pomocí několika metod 

včetně µCT (micro computer tomography) histologie, analýzy osteoklastů diferencovaných z 

buněk kostní dřeně (BM) izolovaných z léčených myší (ve studii s použitím omega-3 PUFA), 

kultivace primárních BMSC a jejich buněčná a metabolická charakterizace. 

V dietní intervenční studii ukázalo použití omega-3 PUFA významné změny  v 

mikrostruktuře kosti a mechanických vlastnostech charakterizovaných nízkou kortikální 

porozitou a BMA v tibii a zvýšenou pevností femuru ve srovnání s HFD. Tyto změny se 

projevily i na buněčné úrovni, sníženou osteoklastogenezí BM buněk, zvýšenou diferenciací 

BMSC na osteoblasty spolu se sníženou buněčnou respirací a nižším senescentním fenotypem 

s omega-3 PUFA. Dále ukázal farmakologický přístup porovnávající klasický TZD pioglitazon 

s MSDC-0602K méně škodlivý účinek nového analogu na mikrostrukturu kosti ve srovnání s 

pioglitazonem, což bylo doprovázeno vyšší distribucí menších adipocytů BM. Buněčná 

analýza odhalila zvýšenou osteoblastovou diferenciaci primárních BMSC u myší léčených 

MSDC-0602K. Nicméně, buněčná respirace a glykolýza byly u MSDC-0602K BMSC ve 



srovnání s pioglitazonem zvýšené. Což naznačuje odlišné využití živin těmito léky. Překvapivé 

výsledky nás vedly k porovnání účinku těchto léků na kostní a periferní metabolismus AT 

pomocí buněčné linie BMSC a linie kmenových buněk odvozených z tukové tkáně (AT-MSC) 

3T3-L1, kde bylo pozorována snížená respirace s MSDC-0602K ve srovnání s pioglitazonem, 

což také naznačuje odlišný mechanismus účinku v kosti a v periferii. Pro lepší porozumění 

účinků TZD na buněčný metabolismus v periferii a v kostech, bylo měřeno využití živin v 

buněčné linii BMSC a AT-MSC. Bylo pozorováno zvýšené využití glutaminu pomocí MSDC-

0602K v BMSC ve srovnání s pioglitazonem, zatímco v AT-MSC MSDC-0602K byla 

preferována glukóza před glutaminem. Byla provedena fluxomická analýza 13C označené 

glukózy a glutaminu v BMSC ošetřeném MSDC-0602K a pioglitazonem a byla pozorována 

zvýšena utilizace glutaminu a snížená utilizace glukózy u MSDC-0602K ve srovnání s 

pioglitazonem. Výsledky podporují naši hypotézu, že zvýšený metabolismus glutaminu v 

BMSC ošetřením MSDC-0602K může přispět ke snížení stárnutí, zvýšené osteoblastogenezi 

BMSC a zlepšení mechanických vlastností kostí. 

Celkově vzato, naše zjištění využívající nefarmakologickou léčbu obezity prokázala 

výrazné příznivé účinky suplementace omega-3 PUFA u myší léčených HFD na kostní 

mikrostrukturu, mechanické vlastnosti kostí a buněčnou homeostázi. Dále farmakologický 

přístup ukázal snížený vedlejší účinek léčby MSDC-0603K na vlastnosti kostí a BMSC ve 

srovnání s pioglitazonem pomocí aktivace metabolismu glutaminu. Práce přináší dvě 

potenciální strategie prevence negativního vlivu metabolických onemocnění a zároveň otevírá 

novou perspektivu pro další výzkum synergického efektu těchto molekul v klinické praxi. 

 

Klíčová slova: Obezitou indukovaná křehkost kostí; Omega-3 polynenasycené mastné 

kyseliny, Analog thiazolidindionu MSDC-0602K; Kmenové buňky kostní dřeně; Buněčný 

metabolismus; Tuková tkáň kostní dřeně; Mikrostruktura kosti 
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1. Introduction 

1.1. Bone physiology 

1.1.1. Bone microstructure 

Bone tissue, an essential component of the skeleton, provides a mechanical support for 

the body and protects vital organs. It is characterized by its unique combination of mechanical 

strength, durability, and its remarkable ability to regenerate and adapt [1, 2].  

The human skeleton primarily consists of two types of osseous structures: cortical and 

trabecular bone. Cortical bone, characterized by its high density and reduced surface area, 

envelopes the bone marrow (BM) cavity. This type of bone is organized into Haversian 

systems, which are constituted by concentric lamellae of osseous tissue encircling a central 

canal, housing blood vessels [3]. Conversely, trabecular bone, also referred to as cancellous or 

spongy bone, has a lower density and an expanded surface area compared to the cortical bone. 

It predominantly occupies the central regions of long bones, flat bones, and vertebrae. This 

bone type is formed by an interconnected network of bone trabeculae, separated by cavities 

filled within the BM [4]. Major structural parts of cortical and trabecular bone are depicted in 

Figure 1. 

Cortical bone accounts approximately 80% of the skeletal mass and the distribution of 

cortical and trabecular bone varies across different skeletal regions [5]. For instance, regions 

such as the distal part of long bones, vertebral bodies, and the calcaneus are predominantly 

trabecular, while the shafts of long bones and the femoral neck consist mainly of cortical bone. 

This distribution has a high clinical relevance because trabecular bone, with its extensive 

surface area, undergoes more rapid remodeling than cortical bone. Consequently, in conditions 

of increased bone turnover, bone loss is more pronounced in areas abundant in trabecular bone 

[4]. 
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Figure 1. Cross-section structure of femur. The figure depicts a cross-section of the human 

femur, showing the proximal epiphysis at the hip joint, the diaphysis as the central shaft, and the distal 

epiphysis at the knee joint. Enhanced views detail the trabecular bone with its honeycombed structure 

in the epiphysis, the dense cortical bone along the diaphysis, and the Haversian systems within the 

cortical bone. Bone marrow fat central to hematopoiesis is also illustrated, alongside the blood vessels 

that supply the bone and the surrounding periosteum, a connective tissue layer that facilitates growth 

and repair. The image clearly distinguishes the robust cortical bone of the shaft from the supportive 

trabecular bone at the ends. (Figure created in Biorender.com) 

 

Bone is a diverse organ with a mineralized matrix housing BM, which is vital for 

recruiting bone cells and its immune properties [6]. BM is composed of various cell 

populations, including hematopoietic stem cells (HSCs) that develop into blood and immune 

cells, and bone marrow stromal cells (BMSCs), which differentiate into bone-forming cells 

(osteoblasts), bone marrow adipocytes (BMAds) and chondrocytes [7] through activation of 

different transcriptional programs and secreted factors [7].   

Bone processes are intricately linked to the composition of the bone matrix, where type 

I collagen plays a pivotal role. As the primary organic both cortical and trabecular bone 

matrices, type I collagen consists of two alpha1 (I) and one alpha2 (I) peptide chains, forming 

a triple helix [8]. After being synthesized as a pro-peptide, collagen undergoes critical post-
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secretion modifications, including the cleaving of its terminal fragments by proteolytic 

enzymes. The remaining triple helix domains align in a staggered formation to form collagen 

fibrils. These fibrils are further stabilized by pyridinium cross-links, which are essential for 

bone's tensile strength. Bone degradation releases these cross-links into the extracellular fluid, 

making them measurable as markers of bone resorption [9]. 

The bone matrix also contains smaller amounts of other collagens, non-collagenous 

proteins, and growth factors. While some proteins like osteocalcin are specific to bone, others 

such as fibronectin and various growth factors are also found in other connective tissues [10]. 

Non-collagenous proteins, including fibronectin, are crucial for attaching bone cells to the 

matrix, and growth factors like transforming growth factor-beta (TGF-ß) embedded in the bone 

matrix play a vital role in regulating bone cell activities and promoting bone formation [11]. 

The organic framework of bone is essential for mineralization, which gives mechanical 

rigidity to the bone, complementing the tensile strength and elasticity from collagen. Bone 

minerals, primarily calcium and phosphate, form hydroxyapatite crystals. Defects in bone 

mineralization, as seen in conditions like rickets, osteomalacia, and hypophosphatasia, can lead 

to a significant impairment of skeletal tissue [4]. 

 

1.1.2. Bone remodeling cycles  

Bones constantly undergo remodeling, a process when old bone is removed and 

replaced by the new one. Bone remodeling depends on the proper functions of two primary cell 

types in bone: osteoclasts (originating from myeloid stem cell lineage) and osteoblasts [12, 13]. 

Osteoclasts are multinucleated cells derived from monocytes, responsible for bone resorption, 

i.e. breaking down old bone matrix, while osteoblasts, which possess osteogenic capabilities, 

are involved in forming new bone tissue, a bone formation [14]. Additionally, osteocytes, 

which develop from osteoblasts, play a significant role in the remodeling process through their 

mechano-sensory functions [15]. Maintaining a constant bone mass requires a balance between 

bone resorption and bone formation [16, 17]. These processes are in balance under normal 

physiological condition, while aging, osteoporosis, diabetes impair bone homeostasis in the 

favor of bone loss [18, 19]. 

Bone remodeling cycle is divided into several phases: i) activation phase, ii) remodeling 

phase, iii) reversal phase, and iv) formation phase. The whole process is summarized in Figure 
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2. Activation of bone resorption cycle is usually initiated by various stimuli such as micro-

fracture, a change in mechanical load detected by osteocytes, or the release of factors like tumor 

necrosis factor-α (TNF-α), parathyroid hormone (PTH), and interleukin-6 (IL-6) in the bone 

microenvironment [20]. These triggers activate lining cells, which are dormant osteoblasts, 

leading to an increased expression of Receptor Activator of Nuclear κB Ligand (RANKL) on 

their surface. RANKL then interacts with Receptor Activator of Nuclear κB (RANK) on pre-

osteoclasts, prompting their fusion and differentiation into multinucleated osteoclasts [20].  

During resorption phase osteoclasts adhere to the bone surface and begin to dissolve 

the bone. This involves two steps: firstly, acidification of the bone matrix to dissolve its 

inorganic component, and secondly, the release of lysosomal enzymes like cathepsin K and 

metalloproteinase 9 (MMP9), which break down the organic component. Once their task is 

complete, osteoclasts undergo apoptosis to prevent excessive bone resorption [21]. Recent 

research of McDonald et al. showed an alternative fate for RANKL-stimulated osteoclasts, 

where they split into daughter cells named osteomorphs [22]. Blocking RANKL prevented this 

process, leading to osteomorph accumulation. Moreover, single-cell RNA sequencing revealed 

that osteomorphs are transcriptionally unique from osteoclasts and macrophages, exhibiting 

distinct non-canonical osteoclast genes linked to specific bone structural and functional 

phenotypes in mice when these genes are removed [22]. 

The reversal phase in bone remodeling plays a crucial role in coupling bone resorption 

with bone formation by creating an osteogenic environment at the remodeling sites. This phase 

involves novel cellular elements such as canopies, capillaries and osteoblast-lineage reversal 

cells [23-25]. This phase is characterized by dynamic changes in cell interactions; bone-lining 

cells and BM envelope cells become active, and reversal cells engage with osteoclasts and 

canopies. These interactions prompt the activation of osteogenic activity in the reversal and 

canopy cells. Reversal cells also modify the bone surface as they develop into mature 

osteoblasts. Critical for the initiation of bone formation, this phase relies on the proliferation 

and differentiation of canopies and reversal cells. However, in bone diseases like osteoporosis, 

the disruption of canopies impairs the supply of osteoprogenitors, affecting the healing process. 

Thus, the availability of local osteoprogenitors, along with osteogenic molecules, is crucial for 

effective bone remodeling [26, 27]. 

In the formation phase, the resorption of the bone matrix releases various growth 

factors, such as bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), and 
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TGF β. These factors are believed to recruit osteoblasts to the resorbed area. The osteoblasts 

then produce a new, initially uncalcified bone matrix (osteoid) and subsequently promote its 

mineralization, completing the remodeling process. An imbalance between the resorption and 

formation phases indicates improper bone remodeling, affecting bone mass and potentially 

leading to pathological conditions in bone homeostasis (reviewed in [28]). 

 

Figure 2. Phases of bone remodeling. The process initiates by releasing of cytokines like TNFα 

(Tumor necrosis factor alpha), IL-6 (Interleukin 6), and PTH (Parathyroid hormone), leading to the 

recruitment of monocytes. These monocytes transition into osteoclasts, which commence the resorption 

phase by decreasing the local pH and releasing lytic enzymes such as cathepsin K and MMP9 

(Metalloproteinase 9), resulting in the breakdown of old bone. Subsequently, signaling molecules like 

BMPs (Bone morphogenic proteins), FGFs (Fibroblast growth factors), and TGFβ (Transforming 

growth factor beta) promote the differentiation of pre-osteoblasts into osteoblasts during the bone 

formation phase. These osteoblasts are responsible for synthesizing new bone matrix, culminating in 

the development of newly formed bone. Osteocytes, which are mature bone cells embedded within the 

bone matrix, emerge from osteoblasts that have completed their bone-forming activity. (Figure created 

in Biorender.com) 

 

1.1.3. Regulation of bone remodeling 

In the previous chapter we characterized complex process of bone remodeling, however, it 

is crucial to know, how this process is regulated on molecular level. Bone remodeling can be 
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regulated ether by hormonal regulation or by different peptides that impact bone remodeling 

and function of bone cells.  

One of the main hormonal regulators of bone remodeling is PTH. PTH plays a crucial role 

in calcium homeostasis, maintaining serum calcium levels by stimulating bone resorption, 

increasing calcium reabsorption in the kidneys, and boosting renal calcitriol production [29]. 

PTH has a dual effect on bone, promoting formation when intermittently released and 

resorption when continuously secreted [30]. The growth hormone (GH)/IGF-1 (insulin like 

growth factor 1) system are key hormones for skeletal growth, stimulating cell proliferation, 

function and survival of osteoblasts. GH deficiency in animal and human studies showed 

reduced longitudinal bone growth [31, 32]. GH regulates growth directly through its receptor 

or indirectly via liver and skeletal IGF-1 expression [33]. Further, IGF-1 is present in both, 

osteoblast and osteoclasts suggesting involvement in regulation of both bone formation and 

resorption [34]. During bone remodeling, IGF-1 plays an essential role in maintaining of bone 

mass and skeletal homeostasis [35]. Moreover, deficiency of this hormone in mouse showed 

impairment of bone formation and deficit in bone mineral density (BMD) [36]. However, IGF-

1 regulates also osteoclast differentiation which was documented by experiments using IGH-1 

null mice. They showed increased bone formation and impaired bone resorption [37]. IGF-1 

regulates gene expression of RANK and RANKL, and maintain normal physiological 

interaction between the osteoclasts and osteoblasts [37]. Calcitonin is hormone released by 

thyroid glands responsible for regulation of calcium level in blood by decreasing it [38]. In 

relation to bone health, calcitonin support osteoblast proliferation and inhibit osteoclast by 

removing their ruffled border, stopping their motility, and inhibiting proteolytic enzyme 

secretion [39]. Glucocorticoids have also mixed impact on bone cells, essential for osteoblast 

maturation but reducing their activity and enhancing osteoclast recruitment [40]. From positive 

regulators of bone remodeling, insulin acts as an anabolic hormone in bone remodeling, 

promoting osteoblast differentiation and function, which enhances bone formation. It 

influences the proliferation of osteoblasts, collagen synthesis, and mineral deposition, 

contributing positively to bone density and strength [41].  Primary calvarial osteoblasts and 

osteoblast-like cell lines express numerous insulin receptors (IRs) [42], showing high insulin 

binding capacity. Insulin at physiological doses increases osteoblast proliferation [43], collagen 

synthesis [44], alkaline phosphatase (ALP) production [6], and glucose uptake [45], 

highlighting insulin's significant role in osteoblast function and bone metabolism. Thyroid-

stimulating hormone (TSH), thyroxine (T4), and triiodothyronine (T3) enhance osteoblastic 
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activity and contribute to bone elongation at the epiphyseal plates in long bones, primarily 

through the proliferation of chondrocytes. In conditions of hypothyroidism, bone turnover is 

reduced, while in hyperthyroidism, it is elevated [46]. This variation in bone turnover results 

from the effects of T3 and T4 on the quantity and activity of osteoblasts and osteoclasts. For 

instance, the heightened metabolic state in thyrotoxicosis leads to increased function in 

osteoblasts and a rise in both the number and activity of osteoclasts, resulting in increased bone 

turnover [46]. Other regulators of bone remodeling are adipokines adiponectin and leptin. 

Adiponectin is mainly from bone marrow adipose tissue (BMAT) [47] and it is secreted by 

adipocytes derived from BMSCs [48]. It is bound by receptors on osteoblast and osteoclast. In 

general, this adipokine promotes osteoblastogenesis and inhibits osteoclastogenesis [49, 50]. 

However, during metabolic changes like menopause or obesity, changes in adiponectin 

signaling take place which leads to increased bone resorption [51]. Furthermore, leptin 

signaling is one of the crucial pathways affecting satiety and thus energy metabolism in 

humans. Leptin has dual effect on bone tissue. If the leptin is bound by receptors on 

hypothalamus, it centrally inhibits osteoblast differentiation [52]. However, leptin can locally 

promote bone formation and inhibit bone resorption by binding to the expressed receptors on 

the osteoblasts [53].  

Other factors, including steroid hormones play important role in the regulation of bone 

homeostasis. Estrogen significantly impacts bone metabolism through direct and indirect 

mechanisms on the skeleton. It influences osteoblastic cell expression by increasing 

osteoprotegerin (OPG) levels and decreasing the expression of RANKL and TNF-α. This 

hormonal effect leads to a reduction in bone resorption, showcasing estrogen's pivotal role in 

maintaining bone health [54]. Estrogen deficiency (typical for postmenopausal osteoporosis) 

results in increased bone remodeling, characterized by bone resorption surpassing bone 

formation, leading to reduced bone mass [55]. Animal studies suggest that estrogen may affect 

local factors regulating the precursors of osteoblasts and osteoclasts. Estrogen appears to inhibit 

the production and action of IL-6, a factor involved in bone resorption. Additionally, in the 

absence of estrogen, osteoclast survival is believed to increase, contributing to a more 

significant degree of bone turnover [56]. Moreover, several studies showed negative effect of 

testosterone deficiency on bone quality in healthy older man [57, 58]. On the other hand, 

intramuscular testosterone administration was associated with 8% increase of lumbar BMD 

compared to placebo group in older men [59]. 
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Calcitriol, active form of vitamin D3, is essential for enhancing intestinal calcium and 

phosphorus absorption, thereby aiding bone mineralization. Additionally, vitamin D3 has 

significant anabolic effects on bone, influencing bone turnover [60]. A key element in 

regulation of bone homeostasis plays Wingless-type mouse mammary virus integration site 

(Wnt) signaling. This signaling pathway is crucial for embryogenesis, postnatal development, 

and adult tissue homeostasis [61], however it has gained attention also for its role in bone 

formation and regeneration [62].  

Wnt signaling pathways, divided into canonical and non-canonical categories, play critical 

roles in various biological processes, including bone health. The canonical pathway operates 

through β-catenin stabilization and is significant in bone disorders [63]. Wnt ligands, which 

are glycoproteins, initiate this pathway by binding to co-receptors on osteoblast cells, leading 

to a series of intracellular events that activate β-catenin. This activation results in the nuclear 

translocation of β-catenin, interaction with transcriptional factors, and the upregulation of 

target genes crucial for bone formation and repair. Sclerostin and Dickkopf-1 (DKK1) are 

negative regulatory molecules of Wnt signaling bone remodeling. Sclerostin binding to 

osteoblast cell surface Wnt signaling co-receptors leads to inhibition of this signaling pathway 

[64-66]. Dkk1 expression increases temporarily during human adipogenesis, inhibiting 

canonical Wnt signaling [67]. Overexpressing Dkk1 induces adipogenesis [67], while Dkk1 

knockdown via siRNA inhibits it [68]. In mouse models of diet-induced obesity, Dkk1 

knockout decreased BMAT and prevented cortical bone loss caused by high-fat diets [69]. 

Similarly, eliminating SOST (protein product of sclerostin) globally or treating with SOST 

antibodies enhanced trabecular bone volume, and reduced both the number and size of BMAds, 

indicating a significant role of these pathways in bone and fat tissue regulation [70]. This 

suggests that modulating Wnt signaling could be advantageous for treating skeletal disorders, 

including osteoporosis, by potentially enhancing bone density and reducing fracture risks [62, 

71]. 

FGF superfamily consist of 22 proteins involved in multiple biological function such as 

growth, development and metabolism. Positive effect of FGF-2 and FGF-18 on 

osteoblastogenesis are well known [72, 73]. Further, FGF23 is bone-derived endocrine factor 

regulating vitamin D and phosphate homeostasis [74]. In vitro research on mouse osteoblasts 

linked elevated FGF23 protein levels with increased osteoblastic activity and ALP bone 

nodules, alongside higher osteopontin (OPN) expression. However, increased calcitriol levels 

were found to upregulate FGF23 and inhibit matrix mineralization in a dose-dependent manner, 
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suggesting FGF23 might regulate bone mineralization through OPN expression control [75]. 

Another study demonstrated that physiological concentration of FGF23 enhances osteoblast 

differentiation and activity in mouse BMSCs by up-regulating of osteocalcin (OCN), ALP and 

OPG in dose dependent manner [76]. On the other hand, relationship between bone and FGF21 

remains only partially understood. Animal studies suggest FGF21 indirectly impacts bone by 

boosting peroxisome proliferator-activated receptor γ (PPARγ) activity, leading to bone 

resorption [77, 78]. In Fgf21 transgenic mice, high FGF21 levels drove lipogenesis in bone 

marrow precursors, reduced osteoblast activity, and heightened osteoclast activity via PPARγ 

in BMSCs. This led to lower BMD, significant bone loss, and increased fragility due to reduced 

bone formation and elevated resorption [78]. Elevated FGF21 levels are linked to adverse 

effects on bone metabolism, while Fgf21-knockout mice show increased bone formation and 

decreased resorption, leading to a high bone mass phenotype [78]. 

 Another protein regulators affecting bone remodelling are dipeptidyl peptidase-4 (DPP4) 

and lipocalin 2 (LCN2). Both of these proteins are known as negative regulators of bone 

remodelling and their role in musculoskeletal framework is not fully understood [79, 80]. 

DPP4, secreted from mature adipocytes including those in BM, plays a complex role in bone 

metabolism with several potential mechanism: a) DPP4 influences bone remodelling indirectly 

by interacting with peptide substrates on bone cells, such as glucagon-like peptide-1, glucagon-

like peptide-2, glucose-dependent insulinotropic polypeptide and others. This interaction 

modulates signaling pathways crucial for bone health; b) it also acts in the immune system, 

serving as a receptor or co-stimulatory protein affecting signaling in various immune cells, 

including CD4+ T cells, CD8+ T cells, B cells, and macrophages, linking immune responses 

to bone metabolism; c) through its enzymatic activity, DPP4 hydrolyses sites on chemokines, 

interleukins, and cytokines, playing a role in the regulation of inflammatory processes that are 

key to bone remodelling [79]. Further, LCN2, a secretory glycoprotein frequently classified as 

an adipokine [81]. LCN2 exhibits a responsive behavior to diminished mechanical stimuli 

across both skeletal and muscular tissues, showing elevated levels during mechanical inactivity 

in both murine models and human subjects [82, 83]. Intriguingly, the deficiency of LCN2 

emerges as a detrimental factor for bone integrity, indirectly influencing osteoblast activity by 

altering metabolic energy processes [84]. Importantly, an upregulation of LCN2 induces the 

synthesis of RANKL and IL-6, culminating in enhanced osteoclast formation and a decline in 

osteoblast maturation [82].  
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As it was showed, regulation of bone homeostasis is very complex process involving many 

factors of different kind and different origin (summarized in Figure 3). Many factors were 

classified as adipokines originating in adipose tissue. Therefore, for the purpose of this work it 

is important to understand also the biology of adipose tissue (AT) and its interplay with bone 

homeostasis. 

 

Figure 3. Regulation of bone remodeling. This scheme displays different regulatory molecules 

and hormones released from circulation promoting bone formation by stimulating osteoblasts (green 

arrows) or inhibiting osteoclasts, or promoting bone resorption by stimulating osteoclasts (red arrow) 

or inhibiting osteoblasts. (Abbreviations: BMPs, Bone morphogenic proteins; BMSC, Bone marrow 

skeletal cells; FGFs, Fibroblast growth factors; IGF-1, Insulin growth factor 1; GH, Growth hormone; 

OPG, Osteoprotegerin; PTH, Parathyroid hormone; RANKL, Receptor activator of nuclear factor-kβ 

ligand; TGF-β, Transforming growth factor beta; TSH, Thyroid-stimulating hormone) (Figure created 

in Biorender.com) 

 

1.2. Adipose tissue biology 

1.2.1. Types of adipose tissue and characteristics 
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AT is a complex and dynamic connective tissue that plays a pivotal role in energy storage, 

thermoregulation, and endocrine function [85]. Body fat percentage differs among genders, in 

healthy adult men it is between 12-20% while in women it is between 20-30% of total body 

mass [86]. There are two main types of AT: white adipose tissue (WAT) and brown adipose 

tissue (BAT), each with distinct functions and cellular characteristics. WAT is primarily 

involved in energy storage and metabolic regulation. It stores energy in the form of 

triglycerides (TAGs) within large, unilocular lipid droplets. Adipocytes in WAT also secrete a 

variety of bioactive molecules, known as adipokines (including, adiponectin, leptin), which 

play significant roles in metabolic homeostasis [87]. BAT plays a crucial role in energy 

expenditure and thermogenesis, a process of heat production in the body. Unlike WAT, BAT 

contains smaller, multilocular lipid droplets and a high density of mitochondria, giving it a 

brown appearance. The thermogenic activity of BAT is primarily mediated by the uncoupling 

protein 1 (UCP1), which dissipates the proton gradient in mitochondria to generate heat [88]. 

Distinct roles of BAT and WAT is evident from their different origin, as they originate from 

different precursor cells [89]. Recent animal and human studies reported a unique secretory 

profile of BAT, known as batokines (e.g. Slit homolog 2 protein and Ependymin related 

protein1), which are involved in the thermogenic program of AT and lipid metabolism [90]. 

Additionally, AT is present within bones, forming a crucial part of the BM 

microenvironment, known as BMAT. BMAT located within the BM, changes its volume 

throughout life [91]. At birth, BM primarily contains hematopoietic cells, which in adulthood 

(around age 25) are replaced by yellow BM rich in BMAT, especially in distal bones, 

constituting about 70% of total BM volume [92] and 10% of total AT volume in adult humans 

[93]. Human BMAds share similar morphology with subcutaneous adipocytes (SAT), 

characterized by a unilocular lipid droplet and a peripheral nucleus. BMAds share the 

characteristics of both WAT and BAT adipocytes in terms of adipocyte morphology and 

secretion of adipokines. However, BMAd function and its precursors seems to be different 

from peripheral adipocytes in the context of bone homeostasis and BM microenvironment [94]. 

Further differences between BMAT and peripheral AT are discussed in chapter 2.3 BMAT- 

characterization in comparison to peripheral AT. 

Moreover, two additional types of adipocytes, beige and pink, have been recently identified. 

Beige adipocytes exhibit features of both brown and white fat cells and are typically found 

within subcutaneous WAT. They originate either from a unique subset of preadipocytes or 

through the transformation of existing white adipocytes. Gene expression studies suggest that 
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beige fat cells are a unique type of thermogenic fat cell initially observed in rodents exposed 

to cold [95, 96]. However, "beiging" or "browning" can be also induced in response to various 

stimuli such as diet, exercise, drug treatment, plant-based bioactive molecules, and adipokines 

[97-99]. This phenomenon may offer protective effects against obesity and metabolic disorders 

and is inducible in both mice and humans [100], but is more prominent in mice. 

Pink adipocytes, discovered in 2014, emerge in the subcutaneous WAT of female mice 

during late pregnancy and continue through lactation. These cells, which originate from white 

adipocytes, acquire epithelial-like characteristics, forming milk-secreting alveoli and giving 

the tissue a pink appearance [101]. Pink adipocytes have distinct features such as 

compartmentalized lipid droplets and cytoplasmic projections, resembling epithelial cells more 

than typical adipocytes. The transformation and reversion of these cells during pregnancy, 

lactation, and post-lactation in rodents [102] suggest a reversible process, although it's unclear 

if this occurs in humans. The absence of a crucial adipogenic transcription factor in the 

mammary secretory epithelium can lead to a pro-breast tumorigenic environment, hinting that 

the white-to-pink transition could provide insights into breast cancer biology [101, 103]. 

Further research into adipocyte plasticity may reveal new therapeutic strategies for obesity and 

related complications, as well as cancer. The major AT characteristics are summarized in the 

Figure 4. 

 

Figure 4. Main differences between adipose tissues types. This scheme depicts basic 

morphological and functional differences between AT types. (Figure created in Biorender.com) 

 

1.2.2. Regulation of AT biology 
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AT plays a pivotal role in regulating energy balance and insulin sensitivity in vertebrates, 

orchestrating the flow of energy depending on metabolic demands. Disruptions in AT function 

due to genetic factors, diet, disease, or aging contribute significantly to the widespread 

prevalence of metabolic disorders such as obesity and type 2 diabetes (T2D) [104]. This tissue 

operates through a sophisticated network of transcription factors that manage adipocyte 

development, function, and aging. Among these, PPARγ stands out for its critical and 

irreplaceable role in adipogenesis, lipid management, and maintaining insulin sensitivity, 

highlighting its key position in AT physiology [104]. 

First of all, different AT like WAT and BAT play distinct roles in the body as they originate 

from distinct precursor cells. WAT is derived from multipotent mesenchymal stem cells which 

give rise also to fibroblasts, osteoblasts, and other cell types, such as muscle cells and 

chondrocytes [105]. Moreover, AT is in general considered as ideal source of multipotent 

mesenchymal stem cells (MSCs) as SAT is easily accessible [106]. Fat aspirate is source of 

adipose-derived stromal/stem cells which can be effectively isolated and expanded in cell 

culture. The freshly isolated stromal vascular fraction (SVF) from AT typically contains up to 

3% stem and precursor cells, a concentration that is about 2,500 times higher than the frequency 

of stem cells found in BM, which is up to 0.002% [107].  

Further BAT is believed to emerge from the mesoderm, one of the three primary germ layers 

in early embryonic development. This common origin links them closely with other mesoderm-

derived tissues such as skeletal muscle, bone, white adipocytes, and connective tissues, 

indicating a shared early developmental pathway among these diverse cell types and tissues 

[108-111]. Even though the origin of WAT and BAT is different, all of them undergo process 

of differentiation before they become fully matured ready to fulfil their roles in the metabolism 

[112, 113]. Then, mature adipocytes respond to different metabolic stimuli which decide if the 

energy will be stored or utilized [114]. As the time pass, cells undergo senescence which leads 

to loss of differentiation and thermogenic capacity [115]. PPARγ is recognized as a central 

regulator throughout the different phases of an adipocyte life, playing a crucial role in 

coordinating numbers of molecular processes that ensure the normal physiological functions 

of white, brown, and beige adipocytes [116]. 

PPARγ is most abundantly expressed in AT and can be significantly induced in other tissues 

when subjected to a high-fat diet (HFD) [117]. It functions by forming unique transcription 

complexes with various interacting partners or through epigenetic modifications, thus 
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executing essential and wide-ranging roles in AT. These functions include: a) promoting 

adipocyte differentiation and lipid storage, b) facilitating the acquisition of brown/beige 

adipocyte identity, c) maintaining the thermogenic capacity of brown/beige adipocytes, d) 

overseeing the functional decline of brown/beige adipocytes during aging, and e) regulating 

the gene program associated with diabetes [118]. PPARγ is considered as a master regulator of 

adipogenesis, as its ectopic expression alone in fibroblasts can initiate the adipogenic program, 

a feature that cannot be achieved by any other factors in the absence of PPARγ [119, 120]. 

Further reinforcing its importance, studies in adult mice showed that targeted deletion of 

PPARγ in AT using a tamoxifen-dependent Cre-ER(T2) recombination system results in 

adipocyte death followed by their renewal, highlighting PPARγ necessity for the survival of 

mature adipocytes [121, 122]. Clinically, individuals carrying heterozygous mutations in 

PPARg exhibit partial lipodystrophy and insulin resistance, emphasizing the gene's pivotal role 

in adipocyte function and metabolic regulation [123]. Additionally, PPARγ acts as a key thrifty 

gene, orchestrating gene programs that favor energy storage, predominantly in WAT [124]. 

Moreover, more hormones and molecules are involved in regulation of WAT biology like 

insulin, glucagon, catecholamines, sex hormones and other paracrine and endocrine factors. On 

the other hand, BAT is mostly regulated by sympathetic nervous system [88, 125]. In general, 

lipolysis, process of TAG release from AT, is induced by glucagon, catecholamins while 

insulin has antilipolytic activity. Moreover, dietary components like caffeine, ethanol and 

calcium may also induce this process [126]. On the contrary, lipogenesis, process which is 

opposite to lipolysis, is induced by carbohydrate diet which leads to elevated plasmatic level 

of TAG. Glucose affects lipogenesis indirectly by metabolic intermediate acetyl-CoA, which 

stimulates FA synthesis [127]. Moreover, glucose support insulin stimulated activity of 

lipogenic enzymes like fatty acid synthase (FASN) [128]. On the other hand, glucagon decrease 

activity of FASN and leptin during the regulation of food intake downregulate genes involved 

in FA and TAG synthesis which limits fat storage [127]. Sex hormones like estrogen and 

androgens influence fat distribution, with estrogens promoting SAT accumulation and 

androgens favoring VAT deposition [129].  

Previous chapters summarize regulation of AT and bone metabolism with some molecules 

involved in both processes but often with distinct roles. All together it represents introduction 

to better understanding of unique characteristics of bone marrow adiposity which is one of the 

central topics of this thesis.  
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1.2.3. BMAT- characterization in comparison to peripheral AT 

As it was already mentioned in chapter 2.1, BMAT has common morphological features of 

WAT and BAT, however functionally it is a distinct AT as it was proposed in the study by 

Suchacki et al. [94] where they showed differences in transcriptomic profile and marker genes 

between WAT, BAT and BMAT in rabbits and humans leading to different response of BMAT 

to insulin and cold exposure. Moreover, further analysis using 18F-FDG PET/CT (Positron 

emission tomography and computerized tomography) insulin stimulated glucose uptake in 

mouse and humans showed decreased insulin responsiveness of BMAT compared to peripheral 

AT in normal conditions and cold exposed animals and human subjects. These finding are 

consistent with findings that BMAT do not express UCP1 protein and thus it misses regulation 

of thermogenesis similar to BAT [130].  

Recent studies in mice and humans [131] identified two types of BMAT: ‘regulated’ marrow 

adipocytes (rBMAds) and ‘constitutive’ marrow adipocytes (cBMAds). rBMAds exist as 

individual adipocytes dispersed throughout the skeleton, playing a role in the process of 

hematopoiesis. On the other hand, cBMAds form large, contiguous groups of adipocytes 

located in the distal parts of the skeleton and do not have a regulatory function in hematopoiesis 

[131]. BMAds can be smaller or comparable in size to WAT adipocytes, with cBMAds 

generally larger than rBMAds.  

Further, compared to WAT and BAT, role of BMAT in whole body metabolism is poorly 

understood. There are well known bioactive molecules like adiponectin, DPP4 and LCN2 

secreted by BMAT which play important role in inflammation and metabolism [47, 132]. 

Recent study by Li et al. tested BMAT function as energy source for BM environment by 

creating a BMAd-Pnpla2-/- mice with impaired BMAd lipolysis [133]. This model highlighted 

importance of BMAT lipolysis in bone homeostasis under conditions of caloric restriction. 

Under these stress condition, BMAT of control mice increased lipid uptake, lipogenesis and 

lipolysis however in BMAd-Pnpla2-/- mice with caloric restriction (CR) this induction of 

adipocyte genes was impaired which led to decrease of energy supply and HSC and osteoblast 

dysfunction. Moreover, RNA seq analysis of BMAT has shown that caloric restriction 

significantly increases the expression of genes involved in extracellular matrix organization 

and skeletal development and that energy from BMAd is essential for facilitating these adaptive 

changes. Proliferation and differentiation of myeloid cell progenitors was also decreased with 
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CR and impaired BMAd lipolysis suggesting important role of BMAT as energy supplier for 

myeloid cells [133]. This unique BMAd-specific knock-out model brought new perspective to 

study the role of BMAT. 

Also, BMAT plays a role in regeneration of HSCs after irradiation by releasing stem cell factor 

in mice [134] showing important role of BMAT for hematopoietic maintenance. Irradiation is 

usually followed by BM transplantation and co-transplantation of HSC together with BM 

preadipocytes showed to be a great approach to cure hematopoietic impairment [135]. 

However, the physiological importance of metabolic roles of BMAT in different conditions is 

still under investigation of several research groups including ours [136, 137].  

 

1.2.4. AT metabolism and its regulation 

In general, AT metabolism represents a critical aspect in the regulation of energy utilization 

and whole-body energy homeostasis because of its primary function to utilize the excess 

calories in the form of TAGs. Similar to peripheral AT, besides a small volume of BMAT in 

the whole body, it has been shown that BMAT also contributes to the energy metabolism, 

particularly in lipid synthesis, storage, and release, involving intricate processes like fatty acid 

(FA) esterification into TAGs [138]. This lipid synthesis is a tightly controlled process, 

essential for maintaining energy homeostasis through ongoing interactions with peripheral 

organs, including extramedullary AT. The process involves FA esterification into TAG, where 

free FA (FFA) are activated into acetyl-CoA, subsequently forming monacylglycerol (MAG) 

and diacylglycerol (DAG) through reactions with glycerol-3-phosphate (G3P) [138]. 

Adipocytes are the primary site for TAG storage in healthy individuals. Notably, reduced 

adipocyte capacity to increase TAG deposition, as seen in conditions like human 

lipodystrophies and obesity, leads to systemic lipid excess and ‘lipotoxicity’, disrupting overall 

glucose tolerance [139]. Additionally, glucose plays a role in enhancing lipogenesis, both by 

stimulating insulin secretion and upregulating lipogenic genes such as FA synthase (Fas), 

lipoprotein lipase (Lpl), acetyl-CoA carboxylase (Acc), elongase of long chain FA family 6 

(Elovl6), stearoyl-CoA desaturase 1 (Scd-1), stearoyl-CoA desaturase 2 (Scd-2), and 

diacylglycerol acyltransferase (Dgat) [91]. 

In contrast, AT lipolysis involves the breakdown of stored TAGs, releasing FFAs and 

glycerol, with key enzymes like adipose tissue triglyceride lipase (ATGL), hormone-sensitive 

lipase (HSL), and monoacylglycerol lipase (MGL) playing crucial roles [140] in lipid 
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metabolism. Two lipolytic pathways in human adipocytes involve catecholamines and 

natriuretic peptides, promoting lipolysis via β-adrenoreceptors and natriuretic peptide receptor 

A [141]. These proteins involved in lipolysis are potential drug targets for treating metabolic 

syndrome and obesity. 

Recent proteomic and metabolomic/lipidomic studies [142] found that human BMAds 

express a range of proteins involved in cholesterol metabolism, but display lower levels of 

lipolytic enzymes, particularly MGL, ATGL, and HSL, compared to subcutaneous adipocytes. 

This suggests a unique lipolytic activity in BMAds and some degree of resistance to lipolytic 

stimuli [142]. Additionally, BMAds have been observed to have higher TAG and MAG levels, 

both saturated and unsaturated, than subcutaneous adipocytes [142], indicating less effective 

MAG hydrolysis. BMAds also exhibit increased free cholesterol content, pointing out a distinct 

lipid composition which may be significant for their role in BMSC differentiation and bone 

homeostasis [142]. However, the study by Scheller et al. using male Sprague-Dawley rats 

indicates that lipolysis in BMAT is both treatment and site-specific. Rodent rBMAds respond 

to nutrient deprivation and β3-adrenergic receptor agonist treatments by undergoing lipolysis, 

while cBMAds are resistant to these stimuli. Interestingly, forskolin, an adenylyl cyclase 

activator, has been shown to activate lipolysis in both rBMAds and cBMAds in rodents [137]. 

Moreover, Scheller et al. discovered a differential lipid utilization pattern between rBMAds 

and cBMAds, noting that cBMAds have a higher content of unsaturated lipids compared to 

rBMAds. This is consistent with the increased levels of unsaturated FA, particularly oleate and 

palmitoleate, in cBMAds. Additionally, there was a higher expression of other desaturases, 

including Fads1 and Fads2, in both genders. A gender-specific variation was observed, with 

increased Scd2 levels in male mice and higher Fads3 levels in females [131]. 

Lipogenesis and lipolysis in adipocytes are regulated by metabolic pathways, including 

insulin signaling, AMP-activated protein kinase (AMPK) activation, and beta-adrenergic 

signaling. While the modulation of insulin signaling in peripheral AT has been extensively 

studied, research into insulin signaling in BMAds is emerging. Experiments involving the 

ablation of the insulin receptor (IR) in aP2-Cre mice have shown significant effects, such as a 

marked reduction in AT mass and protection against obesity [143] and associated glucose 

metabolism dysfunction [144]. However, a study by Qiang et al. found that Adipoq-Cre-

mediated IR knockout in mice led to lipodystrophy and metabolic dysfunction, also confirming 

IR deletion in BMAds [145]. They observed a reduction in the volume of cBMAds in the distal 

tibia of fat-specific IRFKO mice, attributable to decreased adipocyte size rather than number 
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[145]. This suggests that IR loss does not affect the development of BMAds but is essential for 

lipid accumulation in these cells. PET/CT scanning with radiolabeled glucose tracers indicated 

insulin-induced glucose uptake in BM in animals (mouse and pigs), pointing out the insulin 

responsiveness [146, 147]. However, Suchacki et al. reported that BMAT, in both rabbits and 

humans, is resistant (less responsive) to insulin-stimulated glucose uptake compared to 

peripheral WAT. Their studies showed decreased levels of phosphorylated Akt S473 and T308 

in tibial distal BMAT compared to gonadal WAT, with insulin stimulating phosphorylation of 

Akt S473 but not T308 in distal BMAT. This indicates a resistance of BMAT to insulin-

stimulated phosphorylation of Akt at T308 [94].  

These findings highlight the need for further studies to understand BMAT direct role in 

whole-body metabolism. Additionally, the relevance of these findings to human physiology 

needs to be investigated. Further emphasizing the metabolic activity of BM, in vivo tracing 

studies using radiolabeled glucose and lipid tracers in mice have shown that postprandial 

glucose and lipid uptake in the skeleton are comparable to those in other metabolically active 

organs such as the liver, muscle, or AT. These findings highlight BM as an actively 

participating organ in the utilization of energy coming from nutrition, demonstrating its 

significant role in overall metabolic processes. 

 

1.3. Cellular composition of bone marrow 

1.3.1. Stem cells- general overview 

Stem cells are unspecialized cells within the body (AT, BM, brain, blood vessels, skin, teeth 

and heart) characterized by their ability to differentiate into any cell type and their capacity for 

self-renewal. Present in both embryonic and adult stages, stem cells undergo various levels of 

specialization starting as totipotent stem cells heading toward unipotent stage with each step 

reducing their developmental potency. This means a unipotent stem cell has a more limited 

differentiation range compared to a totipotent one [148, 149]. 

Totipotent stem cells possess the most extensive differentiation potential, capable of 

dividing and differentiating into all cells of an organism, including both embryonic and extra-

embryonic structures. The zygote, formed post-fertilization, is a prime example of a totipotent 

cell, with the potential to develop into any of the three germ layers or extra-embryonic 

structures like the placenta. Approximately four days post-fertilization, the inner cell mass of 
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the blastocyst attains pluripotency. This specific part of the blastocyst serves as the origin for 

pluripotent stem cells (PSCs) [148, 149]. 

PSCs can form cells of all germ layers but are incapable of creating extraembryonic 

structures (e.g. placenta). Examples include embryonic stem cells (ESCs), derived from the 

inner cell mass of preimplantation embryos, and induced pluripotent stem cells (iPSCs), 

derived from the epiblast layer of implanted embryos. The spectrum of pluripotency ranges 

from fully pluripotent cells, like ESCs and iPSCs, to cells with reduced potency, such as multi-

, oligo-, or unipotent cells [149]. 

Multipotent stem cells in general, with a more limited differentiation scope than PSCs, 

specialize in specific cell lineages. For instance, HSCs can develop into various blood cell 

types. Upon differentiation, these cells become oligopotent, restricted to cells within their 

lineage [149]. Further, oligopotent stem cells differentiate into a few cell types. An example is 

the myeloid stem cell, capable of dividing into several types of white blood cells but not red 

blood cells [149]. Unipotent stem cells, with the most limited differentiation capacity, possess 

a unique ability to divide repeatedly, making them promising for therapeutic applications in 

regenerative medicine. These cells can only form one cell type, such as dermatocytes, but their 

persistent division enhances their therapeutic potential [150, 151]. 

 

1.3.2. Characterization of cellular microenvironment in bones 

BM is a soft tissue located within bones, constituting about 5% of an adult total body mass 

[152]. It is primarily known as a hematopoietic organ, crucial for the production of new blood 

cells. Besides its hematopoietic role, BM also represents mechanical and immune functions. It 

contains two major cellular types: a) BMSCs, which are key components for bone formation, 

and b) HSCs, responsible for generating various immune cells important for immune responses 

and myeloid precursors giving rise to osteoclasts, important for bone resorption [7, 153] and c) 

other cell types including nerve cells and endothelial cells important for innervation and 

vascularization of BM microenvironment (summarized in Figure 5) [154, 155]. BMSCs 

facilitate bone tissue regeneration through osteoblast differentiation and neovascularization, 

supporting the growth of new tissue [156, 157]. In contrast, HSCs are typically quiescent but 

can become mobilized in response to external stimuli. A significant proportion of HSCs resides 

in BM, with only about 0.01% capable of migrating into the circulation [158]. These circulating 
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HSCs in the peripheral blood are drawn to specific sites by cytokines like SCF (stem cell 

factor), CXCL12 ((C-X-C motif) ligand 12), or IL-8 [159]. 

Hematopoiesis begins in the fetal liver, where HSCs proliferate and then migrate to the 

BM. In adulthood, this migration continues from BM to peripheral blood, ensuring consistent 

hematopoiesis [160]. During HSC migration from BM, the stem cells move from proliferative 

niches to regions within the BM that are more oxygenated and vascularized [161]. In situations 

of stress, injury, or pharmacological intervention, changes in HSC niche formation and 

interactions with BMSCs can lead to increased HSC mobilization and egress. These processes 

are influenced by the metabolic status of the organism, which can be altered by factors like CR, 

obesity, and T2D [162]. However, the impact of metabolic complications on the composition 

of BM, the interactions between HSCs and BMSCs, and the inflammatory status within the 

BM remains insufficiently documented. 

BM is a diverse immune organ, comprising various cell types that perform distinct immune 

functions. HSCs responsible for the production of myeloid and lymphoid precursors, and 

BMSCs known for their immunosuppressive properties [7, 153, 163]. Studies have shown that 

8–20% of BM mononuclear cells are part of the lymphocyte lineage, which includes T cells, B 

cells, and Tregs  [164], while approximately 1% represent plasma cells that contribute to 

antibody production [165]. BM also houses natural killer T cells (NKT) (approximately 0.4–

4%) [166], dendritic cells (1–2%) [167], myeloid progenitor cells (which give rise to 

osteoclasts), megakaryocytes essential for platelet production through thrombopoietin (1%) 

[168], as well as neutrophils (8–15%), eosinophils (0.5–2%), and basophils (0.01–2%). BM is 

a crucial reservoir for neutrophils, facilitating their migration into circulation as an initial 

defense against infection and stress [169]. Additionally, senescent neutrophils are 

phagocytosed by stromal BM macrophages [170]. The composition of immune and progenitor 

cells in BM undergoes changes influenced by age, metabolic status, or inflammatory 

conditions. 

BM vascularization, including blood vessels and sinusoids, creates a barrier between BM 

and peripheral circulation [171]. This microvasculature system allows the release of 

proliferating progenitor cells and secreted molecules from BM into the bloodstream, 

responding to stimulatory signals or physiological conditions that modulate the local 

microenvironment of target tissues [172]. 
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Early in life, many bones contain red BM, rich in hematopoietic activity, which gradually 

decreases with age and turns into yellow “fatty” BM [173]. In adults, red BM is limited to a 

few bones like the sternum, vertebrae, ribs, or pelvic bones, which contribute to hematopoiesis 

[174]. Therefore, the maintenance of bone homeostasis at various locations within the body is 

influenced by the composition of BM, specifically the balance of HSCs and BMSCs. These 

cells collectively contribute to the structural integrity of bones, as well as their mechanical 

strength and immune functionalities [7, 175]. The interaction between these cells activates 

processes such as proliferation, migration, and differentiation of stem cells, coupled with the 

production of various bioactive molecules that create the BM microenvironment [7, 153, 173]. 

The maintenance of this environment is crucial for healthy cell development, immune system 

functionality, and bone homeostasis and whole-body metabolism. 

 

 

 

Figure 5. Cellular composition of healthy BM. The composition of different cell types with HSC 

and BMSC origin within the bone marrow. Figure adapted from [6] and created in Biorender.com. 

 

1.3.3. BMSCs and their differentiation properties 

BMSCs constituting about 0.01–0.1% of total BM cells in adults, have the remarkable 

ability to differentiate into various cell types. These include osteoblasts, adipocytes and 

chondrocytes, all of them important in maintaining bone homeostasis [7, 163]. Additionally, 
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BMSCs support hematopoiesis and play immunoregulatory function [176]. The BMSC 

differentiation process is governed by both intrinsic mechanisms, such as transcription factors, 

cofactors, posttranscriptional, and posttranslational modifications, and extrinsic factors like 

secretory molecules, the BM microenvironment, and metabolic cues both described further [6]. 

Several strategies have been implemented to identify the factors and pathways that govern 

the lineage-specific differentiation of BMSCs towards adipogenesis and osteogenesis. It is 

important to note that BMSCs contain progenitor cells capable of differentiating into both 

adipocytes and osteoblasts [177]. Both, in vitro and in vivo studies have indicated an inverse 

relationship between the osteogenic and adipogenic differentiation pathways in BMSCs. 

Specifically, osteogenic differentiation is associated with a suppression of adipogenesis [178]. 

Moreover, the reduced bone mass typical characteristic trait during aging, obesity or 

osteoporosis is often associated with an increase in BMAT [179-182]. This suggests that the 

signaling pathways activated during osteogenic or adipogenic differentiation might function as 

molecular "switches" [183]. These switches are critical in determining the lineage-specific 

differentiation pathway chosen by BMSCs. Understanding and manipulating these molecular 

switches could be crucial in development of therapeutic interventions for metabolic bone 

diseases, such as aging, obesity, and osteoporosis, where BMSC function is compromised 

[184].  

Differentiation of BMSCs is driven by many factors and regulatory molecules. One of the 

most relevant are transcriptional factors from CCAAT-enhancer binding protein family 

(C/EBP) including C/EBPα, C/EBPβ, C/EBPγ and C/EBPδ. C/EBPβ, in cooperation with 

ATF4, plays a pivotal role in promoting osteogenic differentiation [185, 186]. On the other 

hand, C/EBPα is a key regulatory factor in adipogenic differentiation. The early induction of 

both C/EBPβ and C/EBPδ leads to the expression of C/EBPα, which then interacts with PPARγ 

during the early stages of adipogenesis [120, 187]. C/EBPα and PPARγ act synergistically as 

crucial transcriptional factors to induce the expression of adipocyte-specific genes, such as AP2 

and ADIPOQ, thereby driving the development of a mature adipocytic differentiation 

phenotype [188]. 

PPARγ, a member of the nuclear receptor superfamily, is a critical factor in initiating 

adipogenic differentiation and sustaining the mature state of adipocytes [189]. In vitro 

experiments involving the silencing of PPARγ through siRNA in mature 3T3-L1 adipocytes 

led to a decrease in the expression of adipocyte-specific gene markers, a reduction in lipid 
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accumulation, and diminished insulin responsiveness [190]. Similarly, in vivo experiments 

using a mouse model deficient in PPARγ revealed a decrease in adipogenic differentiation and 

an increase in bone mass [190]. This finding underscores the role of PPARγ in targeting bone 

marrow adiposity (BMA) and enhancing bone formation in vivo. This enhancement in bone 

formation is potentially mediated through the endogenous inhibition of mammalian target of 

rapamycin (mTOR) activity, which in turn inhibits osteoblastic differentiation [191, 192]. 

Osteoblast differentiation of BMSCs is regulated by many factors responsible for whole 

process of extracellular matrix maturation and mineralization of BMSCs [193]. Runt-related 

transcription factor 2 (RUNX2) is a central regulator of osteoblast differentiation and bone 

formation [194, 195]. Regulation of RUNX2 gene expression is crucial regulatory step of 

BMSC differentiation because mutation in this gene leads to downregulation of 

osteoblastogenesis [195]. Moreover, coordinated activity between RUNX2 and the TGF-β/ 

BMP signaling pathways plays an important role in BMSC differentiation. Specifically, Smad 

proteins, which are activated by TGF-β/BMP signaling, are crucial for maintaining osteoblastic 

differentiation in BMSCs. The Smad proteins regulate the expression of various transcription 

factors that are essential for osteoblast development and function (e.g. RUNX2, osterix) [196].  

In addition, as it was already mentioned in chapter 1.3 about regulation of bone 

remodeling, important regulator of BMSC differentiation represents also Wnt/β-catenin 

signaling pathway which promotes osteogenic differentiation [62, 63]. Moreover, osterix is 

another important regulator of osteoblastogenesis. It is a transcriptional factor which functions 

downstream of RUNX2 and it plays an essential role in bone formation [197]. Moreover, 

osterix is important activator of ALP, collagen type 1 and osteocalcin, that are important 

osteogenic markers for mineralization and osteoblast maturation [197, 198]. Further, ALP 

plays important role in matrix mineralization via its phosphatase enzymatic activity [199]. 

However, there are also negative regulators like OPN, DKK1(inhibitor of Wnt signaling) and 

sclerostin [64-66] involved in the regulation of bone resorption via mediating of osteoclast 

attachment to the bone [200, 201].   

Epigenetic modifications, such as histone deacetylation, play a role in BMSC 

differentiation, with increased acetylation during osteoblast differentiation leading to enhanced 

expression of genes like Runx2, BMP-2, osterix, and OPN [202, 203]. Addison et al. identified 

Zfp521 as a critical regulator of lineage specification in progenitor cells, regulating BMP-

induced MSC differentiation coupled with histone modification at the Zfp423 promoter [204]. 
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Recent work of Rauch et al. [205] highlights that, regardless of their origin from BM or AT, 

MSCs differentiating towards adipocytes undergo far more significant transcriptional changes 

and genome remodeling compared to those differentiating into osteoblasts. This finding builds 

upon previous research that showed cultured mouse BMSCs are more closely related to 

osteoblasts than to adipocytes, suggesting a niche-dependent preprograming of these cells 

towards a bone-forming lineage [206]. The study underscores the fact that MSCs, in general, 

necessitate substantial alterations in their transcriptional programming to differentiate into 

adipocytes than to osteoblasts, highlighting the complexity of adipogenic differentiation [205]. 

All these molecules mentioned above (listed in Table 1) represent a part of whole 

regulatory processes of BMSC differentiation. However, cellular metabolism and lifestyle 

changes in the life of individuals may also play a crucial role in bone homeostasis and BMSC 

fate, which may affect bone and whole-body metabolism. 

 

Table 1. Major regulators of BMSC differentiation. Adapted from [6]. 

Regulator Type Regulator Role in Adipogenic 

Differentiation 

Role in Osteogenic 

Differentiation 

Transcription 

Factors 

C/EBP Key regulatory factor in 

adipogenesis. Early 

induction leads to 

expression of adipocyte-

specific genes. 

- 

PPARγ Critical in initiating 

adipogenic differentiation 

and maintaining mature 

adipocyte state. 

 

RUNX2 - Central regulator of 

osteoblast 

differentiation and 

bone formation. 

Osterix - Essential for bone 

formation, downstream 
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of RUNX2, activates 

osteogenic markers. 

Signaling 

Pathways 

Wnt/β-catenin - Promotes osteogenic 

differentiation. 

TGF-β/BMP-2 - Activates Smad 

proteins, crucial for 

osteoblast 

development. 

Enzymes ALP - Important in matrix 

mineralization and 

osteoblast maturation. 

Epigenetic factors Histone 

deacetylation 

- Increased acetylation 

enhances expression of 

osteogenic genes. 

Others Zfp521 - Regulates lineage 

specification and 

BMP-induced MSC 

differentiation. 

 

1.3.4. BMSC metabolism 

The skeletal system is highly multifunctional, playing roles in mechanical support, 

enabling movement, producing blood cells, storing minerals, and regulating endocrine 

functions. This wide array of functions is orchestrated through a complex interplay of various 

cell types, including osteoblasts, chondrocytes, BMAds and stromal cells, all of which originate 

from BMSC. Each type of skeletal cells has unique metabolic needs that align with its specific 

functions and are affected by the constraints of their microenvironment. Specific metabolites 

are essential for maintaining skeletal stem cells, directing lineage allocation, and facilitating 

cellular communication, thereby playing a pivotal role in the overall functioning and health of 

the skeletal system [207-209]. 

In various stem cell models, including pluripotent embryonic stem cells, hematopoietic, 

muscle stem cells, and immune cells, cellular functions and differentiation are significantly 

influenced by the cell metabolic and bioenergetics state [210]. Pluripotent embryonic stem 
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cells, for instance, favor anabolic glycolysis, a trait shared with rapidly proliferating cells [211]. 

Hematopoietic progenitor cells show a differentiation-dependent preference for either 

glycolysis or oxidative phosphorylation (OXPHOS) [212]. However, cultured human BMSCs 

exhibit a highly glycolytic nature [213]. Glycolysis provides not only a source of energy in the 

form of ATP but also carbon for the generation of biomass in proliferating cells [214]. Glucose 

can also contribute to different pathways like pentose phosphate pathway which contributes to 

nucleotide synthesis and reducing molecules for anabolism and oxidative stress mitigation, or 

serine-synthesis pathway to contribute to the biosynthesis of nucleotides, amino acids, and 

lipids [214]. However, the specific roles of these pathways in skeletal stem cells have not been 

extensively studied yet. 

The low oxygen tensions (1–2%) prevalent in the BM [215] may promote a glycolytic 

phenotype [213]. This is suggested by observations that the in vitro expansion of BMSCs under 

ambient oxygen levels (20–21%) progressively increases mitochondrial glucose oxidation, a 

process associated with increased oxidative stress and cellular senescence [213]. In BMSCs the 

transcription factor hypoxia-inducible factor 1α (HIF-1α) plays a crucial role in regulating this 

glycolytic phenotype [216, 217]. Furthermore, the loss of HIF-1α showed negative effect on 

cell survival in bone highlighting the importance of HIF-1α for BM microenvironment 

functionality in conditions of oxygen and nutrient deficiency [217]. Intriguingly, skeletal 

progenitors are often located in perivascular areas within both the BM and periosteum under 

normal conditions [218, 219], raising questions about their potential dependence on HIF-1α 

stabilization and glycolysis in their native niches. Moreover, the exact role of glucose oxidation 

in skeletal stem cells, especially in in vivo environments, remains to be clarified.  

When glucose is predominantly utilized in glycolysis for bioenergetics or biosynthesis, 

other nutrients can support the mitochondrial tricarboxylic acid (TCA) cycle to satisfy cellular 

demands. The TCA cycle not only provides reducing equivalents (NADH and FADH2) for 

oxidative phosphorylation but also supplies metabolic intermediates for biosynthesis and 

cellular signaling [220]. Apart from glucose-derived pyruvate, several other metabolites can 

fuel the TCA cycle by providing acetyl-CoA for oxidation (e.g.  FA or ketone bodies) or acting 

as anaplerotic substrates (e.g. glutamine or odd-chain FAs) [220]. There is still a lack of 

information about role of FA oxidation in skeletal stem cells. This pathway does not contribute 

heavily to cellular ATP production in human BMSCs (approximately 0.5 %) [221]. However, 

recent studies deleting important enzymes involved in FA oxidation like palmitoyltransferase 



42 
 

1a in mouse skeletal stem cells and periosteal stem cells showed no significant changes in cell 

viability, suggesting that their metabolism does not heavily depend on FAs [222]. 

Amino acid metabolism is critically important for cellular energetics and biosynthesis, 

especially in proliferating cells [223]. Human and mouse BMSCs actively take up glutamine 

in culture [224]. The depletion of extracellular glutamine, inhibition of glutaminase (GLS) - 

the enzyme that converts glutamine to glutamate while releasing ammonia - or inhibition of 

glutamate transaminases, which connect glutamine catabolism to both the TCA cycle and 

amino acid synthesis, significantly reduces colony formation and proliferation of mouse 

BMSCs [224]. In culture, BMSCs utilize glutamine for fueling the mitochondrial TCA cycle, 

amino acid synthesis, and glutathione biosynthesis [224, 225]. 

Later, during the differentiation, cells change their metabolic demands according to the 

cell type they change into. As it was already mentioned, glucose is very important metabolite 

for bone cells preserving the “stemness” of proliferating BMSCs [226]. However, there are 

some studies indicating the importance of glucose metabolism as energy source for BMSC 

differentiation [227, 228]. These studies have shown that inhibition of glycolysis has been 

found to significantly suppress osteogenesis in primary BMSCs [227]. Similarly, when 

glycolysis pathways are diminished in BMSC-like ST2 cells, there is a noticeable decrease in 

osteogenesis and mineralization [228]. This highlights the critical role of glycolysis in the 

osteogenic differentiation and function of BMSCs. On the other hand, another study has 

suggested that the osteogenic differentiation of BMSCs requires a metabolic transition from 

glycolysis to an enhanced reliance on mitochondrial OXPHOS [229]. This shift is thought to 

be crucial for ensuring an adequate energy supply required for the osteogenic differentiation 

process. This finding implies that the metabolic requirements of BMSCs may vary significantly 

during their differentiation into specific cell lineages, such as osteoblasts. 

Furthermore, research findings regarding the role of OXPHOS in the osteogenic 

differentiation of BMSCs vary. Some studies have indicated that OXPHOS is activated in 

BMSCs during osteogenic differentiation, potentially through mechanisms such as the 

downregulation of HIF-1 expression or by promoting β-catenin acetylation in C3H10T1/2 cells 

[230]. Inhibition of OXPHOS has been shown to reduce the osteogenic potential of these cells 

[230]. However, opposite results have been reported by Pattappa et al., who found no 

significant change in OXPHOS activity during human MSCs (hMSCs) cell line [231]. Similar 

findings were reported by Esen et al. in ST2 osteoblastic cells [232]. On the other hand, 
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Hofmann et al. observed that OXPHOS supercomplexes are indicative of adipogenic, but not 

osteogenic, differentiation in hMSCs [233]. 

These diverse findings suggest that while OXPHOS is crucial in regulating the osteogenic 

differentiation of C3H10T1/2 cells through mechanisms like intracellular β-catenin signaling 

pathways or HIF1α level modulation, it may not be necessary for the osteogenic differentiation 

of human MSCs and ST2 cells. However, OXPHOS appears to contribute to the adipogenic 

differentiation supporting the cells with energy for histon acetylation and activation of 

adipogenic programs [234]. These differences of BMSC metabolism between adipo and osteo 

pre-commited BMSC were also documented in recent paper by Tencerova et al. [207] where 

they also observed these metabolic differences which may be a consequence of different 

metabolic demands of organism. They also compared metabolic response of immortalized 

BMSC cell line with adipose-derived stem cell line 3T3-L1 which showed that during 

adipogenic conditions pre-committed BMSC responds in the same trend to insulin stimulation 

as 3T3-L1 cells in terms of analysis of lipid content within the cells [207]. Moreover, the 

similarity in metabolic difference of osteoblast-like cells and 3T3-L1 cells was documented by 

Guntur et al. [235], where they showed preference of OXPHOS as energy source by 3T3-L1 

cells compared to glycolysis preference by osteoblast-like cells.  

FA and amino acid metabolism play crucial roles in the differentiation of BMSCs. For FA 

metabolism, it has been established that they serve as a significant energy source for skeletal 

progenitor cells, second only to glucose [236]. Studies have shown that long-chain saturated 

FAs like palmitate can inhibit osteogenic differentiation in hMSCs [237, 238], a process that 

can be mitigated by oleate [238, 239]. Conversely, arachidonic acid tends to favor adipogenic 

differentiation while inhibiting osteogenic differentiation [240]. Enhancing FA oxidation 

promotes osteogenic differentiation, whereas its suppression can favor chondrogenic 

differentiation [222]. FA-specific receptor GPR120 is present in BMSCs and increases during 

osteogenic induction, indicating FA role in facilitating bone formation [241]. 

Regarding amino acid metabolism, glutamine is pivotal in BMSC differentiation [242]. It 

serves not only as an energy source but also as a donor for various biosynthetic processes. 

Glutamine metabolism, particularly through the TCA cycle, provides ATP necessary for 

BMSC energetic and synthetic demands during osteogenic differentiation [224, 243]. The 

enzyme GLS and glutamine metabolite α-ketoglutaric acid (αKG) also enhance the osteogenic 
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potential of BMSCs, with the latter reducing histone methylations [224, 244]. These insights 

into glutamine metabolism could offer new therapeutic avenues for bone loss treatments. 

 

1.4. Obesity and metabolic complications in relation to bone homeostasis 

1.4.1. Characterization of obesity and T2D 

Obesity is a global epidemic affecting millions of people of all ages and socioeconomic 

statuses. According to the World Health Organization (WHO), the prevalence of obesity nearly 

tripled between 1975 and 2016, indicating a disturbing upward trend 

(https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight). Obesity is  

characterized as a complexed metabolic disease caused by imbalance between energy intake 

and energy expenditure [245]. From medical point of view, Body Mass Index (BMI) is used to 

define whether your body weight is healthy based on your weight and height [246]. The health 

implications of obesity are extensive and multifaceted. It is a major risk factor for numerous 

chronic diseases, including cardiovascular diseases (like heart disease and stroke), which are 

leading causes of death worldwide. Obesity is also linked to a higher incidence of certain 

cancers, musculoskeletal disorders like osteoarthritis, osteoporosis and respiratory problems 

such as sleep apnea [247].  

One of the most significant health concerns associated with obesity is its link to T2D, a 

chronic condition characterized by insulin resistance and high fasting blood glucose levels. The 

relationship between obesity and T2D is well-established, with the former being a major risk 

factor for the development of the latter [248]. Obesity leads to increased circulating lipid levels 

and inflammation, which contribute to insulin resistance. When the body cells become resistant 

to the action of insulin, blood sugar levels rise, paving the way for T2D [248]. 

T2D is a metabolic disorder that results in high blood sugar, insulin resistance, and a relative 

lack of insulin- at the beginning there is a high insulin level, which with longer chronic 

prevalence of T2D leads to impairment of insulin production [249], which is opposite to type 

1 diabetes characterized by inability of beta cells to produce insulin. The failure of β-cells, 

losing approximately 80% of their functionality, coupled with insulin resistance in muscle 

tissues and the liver, forms a detrimental trio at the heart of T2D physiological aberrations 

[250]. The onset of T2D is often gradual and can develop over many years. Symptoms may 

include increased thirst, frequent urination, hunger, fatigue, blurred vision, and slow-healing 

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
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sores or frequent infections. Risk factors for T2D include obesity, physical inactivity, genetics, 

age, increased VAT and certain health problems such as high blood pressure [248]. 

However, it is well known, that obesity and T2D cause AT dysfunction characterized by 

increased size of adipocytes, adipokine secretion from AT and ectopic fat accumulation [251]. 

Ectopic fat refers to the accumulation of TAGs within organs not primarily designed for fat 

storage, such as the liver, skeletal muscle, heart, pancreas [252], and notably, bones [135]. This 

abnormal fat deposition can disrupt the normal function of cellular microenvironment within 

the organs, leading to complications like osteogenic and hematopoietic regeneration, which is 

a common precursor to various metabolic disorders [135]. 

 

1.4.2. Obesity and impact on bone homeostasis 

Obesity can lead to a systemic inflammatory state that disrupts the balance of bone 

remodeling, resulting in dysregulated bone homeostasis and subsequent bone loss. This 

disruption is driven by two primary mechanisms: (i) obese AT releases pro-inflammatory 

mediators that diminish osteoblast activity while promoting osteoclast differentiation and bone 

resorption; and (ii) during obesity, the differentiation of BMSCs towards the osteogenic lineage 

is inhibited, whereas adipogenic differentiation is favored [253, 254]. The hypertrophic AT 

enhances the expression and secretion of cytokines like TNF-α, IL-1β, IL-6 and the infiltration 

of M1-like macrophages and other immune cells [255]. Whether acting independently or 

synergistically, these cytokines can activate intracellular signaling pathways leading to bone 

degradation. 

TNF-α is well known for its pro-osteoclastic effect, enhancing the formation of 

multinucleated TRAP-positive cells alongside RANKL [256, 257]. Previous studies have 

demonstrated that TNF-α stimulates osteoclast precursors in obese mice fed a HFD and 

increases RANKL expression in BM macrophages [258, 259]. Additionally, HFD-fed mice 

exhibit lower trabecular numbers and thickness and reduced trabecular bone volume compared 

to their lean counterparts [260]. Conversely, TNF-α knockout mice fed with HFD experienced 

less bone loss, fewer femoral osteoclasts, and increased RUNX2 expression in BMSCs than 

HFD-fed wild-type mice [260]. The upregulation of RANKL by TNF-α in stimulated 

osteocytes further promotes osteoclast differentiation, both in vitro and in vivo [261]. TNF-α 

also affects osteoblast activity; it reduces the expression of osteogenic transcription factors 

RUNX2 and osterix in osteoblasts or BMSCs undergoing osteogenic differentiation, leading to 
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decreased mineralization and expression of bone markers such as OCN and ALP [259, 262]. 

Moreover, TNF-α induces the upregulation of miR-150-3p in osteoblasts, which in turn 

decreases β-catenin expression, a crucial transcription factor for osteogenesis [263]. TNF-β 

similarly exerts a harmful effect on bone by reducing the expression of RUNX2, collagen type 

I, OCN, and diminishing mineralization during BMSC osteoblastic differentiation [264]. 

Elevated levels of IL-1β in the bloodstream are indicative of the chronic, low-grade 

inflammation typical of obesity and its related conditions [265]. Moreover, IL-1β is recognized 

for its ability to promote osteoclast migration and bone resorption [266-268]. When combined 

with RANKL, IL-1β significantly boosts osteoclast formation in vitro by increased TRAP 

staining and the upregulation of osteoclast-specific markers such as cathepsin K, OSCAR, 

NFATC1, Cfos, and DC-STAMP [267-271]. 

While osteoblasts are primarily known for synthesizing the extracellular matrix, IL-1β has 

been found to increase the production of metalloproteases by these cells [272]. Yang et al. 

demonstrated that IL-1β elevates the expression of MMP-9 and MMP-13 in osteoblasts [273], 

further exacerbating bone degradation in the context of inflammatory conditions. Additionally, 

IL-1β can disrupt the production of hormonal factors by bone tissue, including FGF23, which 

plays a crucial role in regulating serum levels of vitamin D and phosphate [274, 275]. An 

overactive FGF23 response can lead to disrupted mineralization processes, contributing to bone 

fragility [276]. 

In vivo model of bone loss using the application of neutralizing IL-6 antibodies 

demonstrated a protective effect against osteoporosis, indicated by improvements in bone 

mineral density, trabecular number, and thickness [277]. The inhibition of IL-6 resulted in a 

decreased ratio of RANKL/OPG in osteoblasts and reduced osteoclast differentiation within a 

microgravity model [277]. Additionally, IL-6 was found to suppress osteoblast activity through 

the downregulation of the osteogenic transcription factor RUNX2 [277, 278]. Osteoblasts 

lacking IL-6 showed increased activity of ALP and higher expression of RUNX2 compared to 

wild-type. Furthermore, these IL-6 knockout mice fed with HFD displayed a significant 

increase in trabecular bone volume, number, and thickness compared to HFD-fed wild-type 

mice, highlighting critical role of IL-6 in bone metabolism and its potential as a therapeutic 

target for enhancing bone health in obesity-related osteoporosis [279]. 

Hyperglycemia and HFD lead not only to increased osteoclast activity but it also contributes 

to alterations in BM and immune function stimulating neutrophil activation [181, 280, 281]. 
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Morbid obesity increases circulating neutrophils, enhancing their inflammatory potential [282]. 

High glucose conditions also promote thrombocyte maturation in the liver and BM, impacting 

megakaryocyte activation [283]. Furthermore, obesity increases eosinophil number in BM of 

mouse model of allergic asthma, affecting their ability to move to the site of the allergic 

reaction [284]. Study by Liu et al. [285] highlighted the impact of obesity on BMSC 

mobilization and the selective migration of specific immune cells. 

However, recent works by Tencerova et al. [180, 181] have reported that obesity does not 

necessarily lead to increased inflammatory responses in the BMSCs and HSCs of HFD male 

mice or obese men, compared to their lean controls. Further, Trotter et al, showed no changes 

of inflammatory genes in BM of HFD mice compared to lean [286]. However, another study 

using 5-week-old male mice on HFD, showed not only higher rates of osteoclast precursors but 

also increased osteoclast formation, bone resorption activity, and elevated expression of factors 

critical for osteoclastogenesis such as RANKL, TNFα, and TRAP [258]. Moreover, acute 

exposure to dietary FAs increased osteoclastogenic activity in circulating monocytes and 

cytokine secretion [287]. However, study by Tencerova et al. using HFD in 12-week-old 

C57BL/6 male mice [181] showed no significant changes in osteoclast activity or number. 

Conversely, a clinical study in obese subjects indicated a reduction in both bone resorption and 

formation, suggesting a decrease in bone turnover [180]. 

As we described in previous chapters, BMSC differentiation may function as molecular 

switch between osteoblast and adipocyte differentiation. However, during obesity, 

differentiation capacity of BMSCs is altered in favor of adipocyte formation over osteoblast 

and chondrocyte differentiation [181]. This shift impairs bone homeostasis and affects the 

production of secretory factors that influence neighboring cell functions in the BM [135, 288]. 

Recent studies have showed negative effect of increased BMA on bone homeostasis in both 

mouse and humans [180, 181, 289-291]. Results from experiments using C57BL/6J mice and 

12 or 20 weeks long HFD intervention showed deleterious effect of the HFD on bone 

microstructure and increased BMAT compared to control diet [181]. Moreover, differentiation 

potential of BMSC was shifted toward adipocyte differentiation after HFD intervention 

compared to control. Similar results were observed in the human study using obese male 

individuals with increased insulin signaling and adipocyte progenitors in BM 

microenvironment suggesting mechanism of obesity-associated bone fractures [180]. From the 

metabolic point of view, these changes increased use of glucose and OXPHOS by BMSC which 

leads to increased production of reactive oxygen species (ROS) and cellular exhaustion 
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resulting in increased senescent phenotype of cells in obese individuals compared to lean 

controls. Moreover, the senescent cellular phenotype is typical also for AT-MSCs of obese 

individuals [292] which highlights importance of studying of BMSC in context of treatment of 

T2D and obesity [180]. 

In context of effect of obesity on whole bones, there are evidences of negative impact of 

HFD on bone mechanical properties and bone microstructure. Several in vivo studies are 

showing decreased bone strength, stiffness and fracture toughness using 3-point bending test 

of femurs [293], reduced bone mass [294-296], trabecular density [297], trabecular bone 

volume, bone mineral content and quality [298] by HFD in male mice. Studies are also 

reporting smaller effect of HFD on cortical bone caused by strengthening of this bone part by 

increased body weight load and by the fact that trabecular bone exhibits higher bone surface to 

volume ration then cortical. However, decreased bone mechanical properties together with 

increased BMA are two major factors contributing to increased fracture risk in obese and T2D 

patients [180, 181]. 

To sum up, obesity has a negative effect on bone homeostasis, considering its impact on 

structural, mechanical properties and cellular changes, differentiation capacity and their 

molecular functions (summarized in Figure 6), which need to be studied in more details in 

connection to interventional studies. 
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Figure 6. The impact of obesity on bone structure and differentiation fate of BMSC and HSC. 

Changes in BM homeostasis due to obesity involve alterations in the cellular composition and the profile 

of bioactive molecules secreted by HSCs and BMSCs. These modifications are linked to broader 

systemic effects that influence whole-body metabolism and inflammation. Figure adapted from [6] and 

created in Biorender.com. 

 

1.4.3. Comparison of peripheral adipose tissue and BMAT in response to 

metabolic complications 

In the previous chapter, we summarized the effect of obesity on BMAT biology and bone 

health describing increased adiposity within BM and decreased inflammatory response. Thus, 

it indicates that there are some metabolic differences between BMAT and peripheral fat in 

response to obesity. 

Peripheral AT reacts on increased caloric intake related to obesity by hyperplasia (increased 

number) and hypertrophy (increased size) of adipocytes. Even though, hyperplasia is typical 

also for “healthy” fat expansion, however hypertrophy usually leads to lipid dysfunction 

associated with increased cell death, inflammation and other pathologies [299]. This pro-

inflammatory phenotype of obesity is caused by ectopic storage of FFAs in non-adipose organs 

like liver or muscle [300]. These toxic lipids can disrupt the function of several critical cellular 

organelles, including mitochondria, the endoplasmic reticulum (ER), and lysosomes [301-303]. 
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Chronic obesity and excessive nutrition lead these organelles into a state of dysfunction, 

creating a domino effect where the malfunctioning of one organelle adversely impacts the 

others, resulting in cellular damage, systemic dysfunction, and ultimately, cellular apoptosis. 

The resulting systemic inflammation and increased ROS production exacerbate the situation. 

Immune cells are recruited to the inflamed regions in an attempt to mitigate the damage, yet 

these cells can also contribute to the inflammation originating from the affected sites. The 

inflammation, fueled by ER stress and lysosomal dysfunction, relies on overloaded calcium 

(Ca2+) and ROS as signaling messengers [302, 303]. This inflammatory environment is a key 

factor in the development of insulin resistance, highlighting the intricate link between cellular 

stress, systemic inflammation, and metabolic disease [304].  

On the other hand, the expansion of BMAT associated with obesity does not impair insulin 

sensitivity in BMAds, pointing to an important contrast to the reduced insulin sensitivity 

observed in peripheral AT under similar conditions, but without pro-inflammatory condition 

in BM, even though hyperplasia and hypertrophy occur in BMAT under obesogenic conditions 

too [120, 305]. Notably, adults with morbid obesity and T2D, characterized by elevated serum 

insulin levels, show increased BMAT volume at critical skeletal sites like the lumbar spine and 

femoral metaphysis, compared to non-diabetic individuals [306]. 

This set of evidence suggests that changes in insulin receptor functionality or insulin levels 

play a significant role in regulating BMAT development, however, there are huge differences 

between response of peripheral and bone adipocytes to obesogenic conditions.  

 

1.5. Treatment of obesity and T2D in relation to bone health 

1.5.1. Classification of obesity and T2D treatment 

When obesity and T2D is diagnosed in patients, first line treatment is mainly based on 

reduction of accumulated fat by healthy lifestyle changes like physical activity, diet 

intervention or lifestyle changes [307, 308]. In line with this treatment, pharmacological 

treatment is used to enhance overall well-being of individuals with obesity and T2D targeting 

specific metabolic or inflammatory pathways impaired in these disorders, indicating that 

multifaceted approach is necessary to tackle the complexities of this metabolic disorder [309]. 
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In addition, huge global incidence of obesity has created a constant need for new drugs for 

this disease. There are several approaches in development of new pharmacological treatments 

for this disease which will be discussed in the following chapter. 

 

1.5.2. Non-pharmacological and pharmacological interventions 

Optimal management of obesity and diabetes focuses on maintaining plasma glucose levels 

and weight gain within the normal physiological range to a healthy, non-diabetic individual, 

while avoiding the risk of hypoglycemia. In a healthy person, normal weight gain and plasma 

glucose levels are influenced by dietary nutrient intake, physical activity, and hormones that 

regulate glucose homeostasis (insulin) and satiety (leptin) which should be consequently taken 

to account during obesity and diabetes management [310, 311]. Moreover, these strategies lead 

also to improve negative impact of obesity on bone metabolism and obesity-induced bone 

fragility [312-314].   

To reduce the load of increased caloric intake, exercise is often used to protect against 

obesity [313]. Exercise has been shown to effectively normalize body weight, decrease body 

fat, enhance glucose metabolism, and reduce markers of systemic inflammation in mouse 

models of diet-induced obesity [315, 316] because of mechanical stimulation induced by 

exercise to promote bone remodeling and healthy bone homeostasis. Recent studies using 12 

or 14 week-long voluntary exercise (running wheels) C57BL/6 male mouse model of obesity 

showed improved bone volume in tibia and vertebra, trabecular parameters (BMD, trabecular 

number, trabecular thickness) in tibia, bone mechanical and material properties and decreased 

BMAT-induced by obesity [317, 318].  

Further, many modifications in the diet have been made to reveal potential dietary 

supplements which can positively affect whole body metabolism and decrease negative side 

effects of obesity also on bones [224, 319]. Glutamine, a nonessential amino acid, plays a 

crucial role in regulating oxidoreductase activity and inflammation [320]. Among the 

components of a protein-enriched diet, the inclusion of glutamine has shown to have 

beneficially impact on bone metabolism, underscoring its significance in nutritional strategies 

aimed to improve bone health [224]. Glutamine metabolism is fundamental in controlling the 

proliferation of BMSCs, their allocation to specific lineages, and the differentiation of 

osteoblasts [224]. Previous studies showed improved BMD, trabecular and cortical architecture 

of bones of Balb/C female mouse using monosodium glutamate [321].  
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Further, changing composition of diet in terms of fat content (i.e. enrichment of omega-3 

polyunsaturated FAs (omega 3- PUFAs) showed positive effect on whole-body metabolism 

and bone. Emerging evidence highlights that the promotion of a "healthy adipocyte" phenotype 

can be influenced by several natural factors, including physical activity, calorie restriction, and 

particular dietary constituents, notably omega-3 PUFAs. Long-chain omega-3 PUFAs, such as 

eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), have been 

shown to offer broad health benefits [322]. These include acting as natural hypolipidemics, 

reducing hepatic lipid accumulation [323], increasing plasma levels of adiponectin [324], 

ameliorating low-grade inflammation in obesity [325], and enhancing intestinal FA oxidation 

[326]. Furthermore, omega-3 PUFAs reduced adiposity which one and limit adipocyte 

proliferation in male rodent obesity models [327, 328], and similar effects on obesity reduction 

have been observed in human studies [329, 330]. 

Additionally, both animal and human studies have shown that omega-3 PUFAs positively 

influence bone health in various pathological conditions, including osteoporosis, obesity, and 

aging [183, 331]. Previous studies showed inhibitory effect of omega-3 PUFAs on 

osteoclastogenesis and thus positive impact on bone remodeling [332, 333]. This body of 

research underscores the potential of dietary interventions, especially those involving omega-

3 PUFAs, in managing and preventing diseases related to lifestyle factors. However, there is 

still lack of studies showing effect of omega-3 PUFA on BMAT phenotype which can help to 

better understand if this dietary intervention helps also reduce negative effects of obesity or 

metabolic complications. 

From the clinical perspective, weigh reduction is considered as key step to revers metabolic 

abnormalities caused by obesity and T2D [334, 335]. However, the increasing body of evidence 

showed that using CR to reduce weight is often coupled with negative side effects on skeletal 

system such as decreased BMD and increased BMAT [336-339]. Therefore, using the 

approaches with slower weight reduction needs to be considered to avoid these side effects, 

Thus, lifestyle modifications including diet intervention and exercise showed to have a positive 

effect on bone turnover markers [340] and BMD [341] in patients with T2D. From the 

nutritional interventions eating of food with low glycemic index is often used [342, 343], as 

well as different kinds of diets like Mediterranean diet (MD), primarily plant-based, is known 

for its health benefits, particularly in cardiovascular diseases and cancer [344]. Moreover, 

positive effects of MD on BMD were showed, however these results might be due to 

composition of the diet consisting olive oil, fruits, vegetable and fish rich in anti-inflammatory 

and antioxidant nutrients [334, 345, 346]. 
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In this chapter we showed positive effects of non-pharmacological approach in obesity and 

T2D management in animals and humans. However, in many cases, lifestyle interventions are 

not enough to achieve weight loss and improved glucose and bone metabolism, thus alternative 

options as pharmacological treatment have to be considered. 

 

1.5.3.  Classical treatment of metabolic disorders and its side effects on bone 

The management and treatment of obesity and diabetes typically start with lifestyle 

modifications which are combined with pharmacological treatment. In T2D is primarily 

managed with drugs that enhance insulin secretion or its activity. Conventional first-line 

therapies for T2D include biguanides, such as metformin, which increase insulin sensitivity, 

and sulfonylureas, which boost insulin secretion [347]. Sulfonylureas were also among the first 

classes developed for T2D management. Their insulin sensitizing effect is mediated directly 

by stimulation of pancreatic β-cells [348]. They represent second-line of treatment of T2D. 

Further, thiazolidinediones (TZDs) target multiple intracellular metabolic pathways to 

enhance insulin action and improve insulin sensitivity. They function both as nuclear 

transcription regulators and insulin sensitizers, illustrating their dual role in diabetes 

management [349]. The use of TZDs as PPARγ agonists is indicated for their ability to enhance 

insulin sensitivity, thereby aiding in the control of blood sugar levels in patients with T2D. 

Moreover, TZDs are able to affect metabolic processes through binding of mitochondrial 

proteins, particularly mitochondrial pyruvate carrier (MPC) (pyruvate transport via MPC is 

summarized in Figure 7) [350, 351]. Although the effectiveness of TZDs through PPARγ is 

known [352-354], there are also studies on PPARγ-independent effects of TZDs in which 

PPARγ KO mice were used [355, 356]. These studies confirm inhibition of MPC, resulting in 

inhibition of complex I of the respiratory chain, which uses pyruvate as a substrate. Divakaruni 

et al. also found that two classical TZDs, pioglitazone and rosiglitazone, affect the ADP/O2 

ratio in human myocytes and mouse primary myoblasts, which may lead to a shift toward 

anaerobic metabolism [356]. Research by Colco et al. additionally demonstrated that 

pioglitazone is also able to bind to the mitochondrial protein mitoNEET (mitochondrial 

membrane-associated protein (mito) containing the amino acid sequence Asn-Glu-Glu-Thr 

(NEET)), which is associated with complex I of the respiratory chain. It follows that this TZD 

is capable of inhibiting mitochondrial metabolism not only through MPC but also through the 

protein mitoNEET [357]. On the contrary, the study by Rabøl et al. showed a different effect 
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of pioglitazone and rosiglitazone on mitochondrial metabolism, where pioglitazone increased 

the level of respiration and rosiglitazone decreased it in muscle cells [358]. 

 

 

 

Figure 7. Pyruvate transport to mitochondria. Schematic figure showing how pyruvate is 

transported into the mitochondrial matrix via MPC protein in the inner mitochondrial membrane (Figure 

created in Biorender). (Abbreviations: α-KG, alpha keto-glutarate; GLUT, glucose transporter; IMS, 

inner mitochondrial membrane; MCT, monocarboxylate transporter; MPC, mitochondrial pyruvate 

carrier; OAA, oxaloacetate; OMM, outer mitochondrial membrane;  SucCoA, succinyl-coenzyme A) 

 

These two TZDs were approved as monotherapy drugs in conjugation with lifestyle 

modification like exercise, diet or weight reduction. However, rosiglitazone went through 

critical examination and The US Food and Drug Administration (FDA) highlighted 

cardiovascular risks coupled with using of this drug (http://wayback.archive-

it.org/7993/20161022203147/http://www.fda.gov/NewsEvents/Newsroom/PressAnnounceme

nts/2007/ucm109026.htm.). Even though all the restrictions have been withdrawn in 2013 

(https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-

requires-removal-some-prescribing-and-dispensing-restrictions) the use of rosiglitazone 

remained controversial and its usage declined significantly [359]. 
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TZDs as insulin sensitizers act primarily by targeting intracellular metabolic pathways to 

enhance insulin action and increase insulin sensitivity in critical tissues such as muscle and fat 

[360]. These drugs function by increasing adiponectin levels, which is a cytokine secreted by 

fat tissue known for its role in improving insulin sensitivity and promoting FA oxidation and 

improving adipogenic potential of fat cells. Additionally, TZDs reduce hepatic 

gluconeogenesis and facilitate insulin-dependent glucose uptake in muscle and fat tissues [349, 

361]. The primary mechanism through which TZDs achieve their effects is by binding PPARγ 

[361]. The binding of TZDs to PPARγ induces a conformational change that alters the 

expression of various genes involved in the regulation of metabolism, including lipoprotein 

lipase, glucokinase, and fatty acyl-CoA synthase [362]. In addition to their role in glycemic 

control and the improvement of insulin sensitivity, TZDs have potential anti-inflammatory and 

anti-cancer properties. Research has shown that these drugs may slow the progression of medial 

intimal thickening and decrease coronary intimal hyperplasia. They also exhibit beneficial 

effects on endothelial function, atherogenesis, fibrinolysis, and ovarian steroidogenesis [349]. 

Some studies have suggested that activation of PPARγ receptors might induce apoptosis in 

cancer cells. However, these additional mechanisms of TZDs are still under investigation due 

to contradictory results and the presence of potential confounders [349]. 

Unfortunately, TZDs have several side effects, particularly when used for a long time. One 

of the significant side effects of TZDs is dose-related fluid retention, which can occur in up to 

20% of patients [349, 360]. There have also been reports indicating that TZDs can cause an 

increase in intravascular volume, potentially leading to congestive heart failure [363]. Notably, 

the risk of heart failure and associated mortality is higher with rosiglitazone compared to 

pioglitazone. This difference in risk profiles further emphasizes the need for careful 

consideration and monitoring when prescribing TZDs, especially in patients with existing 

cardiovascular concerns [363]. 

Another notable side effect associated with TZD treatment is weight gain, which can be 

attributed to several mechanisms. Adipocytes, which have the highest concentration of PPARγ 

receptors in the body, are significantly affected by TZDs. Firstly, TZDs upregulate PPARγ 

receptors in the central nervous system, which can lead to increased feeding behavior [364, 

365]. Additionally, TZD agents contribute to the expansion of AT mass by promoting the 

maturation of preadipocytes into mature adipocytes [366] and by increasing fat storage through 

the enhanced movement of free FAs into cells. This is connected also with increased 
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cardiovascular risk of this treatment [367]. Fluid retention associated with TZD use also 

contributes to weight increase [353]. 

Another side effect caused by TZD treatment is increased fracture risk [368-370]. The 

underlying mechanisms for this increased fracture risk and bone density reduction are thought 

to involve the PPARγ activation and the down-regulation of insulin-like growth factor. Also, 

it has been shown that TZD increase accumulation of Advanced Glycation End Products 

(AGEs), compounds that are the products of non-enzymatic reactions between reducing sugars 

and proteins, lipids, or nucleic acids [371], which leads to impaired bone  increased bone 

fracture risk [372]. These processes can divert the differentiation pathway of osteoblasts 

towards adipocytes instead of bone-forming cells, leading to bone loss [368, 373]. 

Interestingly, the fractures associated with TZD use are more commonly observed in the distal 

extremities, such as the forearm, wrist, ankle, foot, and tibia, rather than in the axial skeleton, 

which includes the hip, pelvis, and femur. These include postmenopausal females and patients 

who are concurrently taking medications such as glucocorticoids or proton pump inhibitors. 

This increased risk necessitates careful consideration and monitoring of bone health in patients 

undergoing TZD treatment, especially those with additional risk factors for fractures [370, 374, 

375]. 

 

1.5.4. Modern approaches in treatment of obesity and diabetes in consideration 

to bone metabolism     

Obesity and diabetes, particularly T2D, is indeed a complex chronic endocrine disorder that 

has become a significant global health challenge [376]. Currently, main pharmacological 

treatment for T2D includes the administration of insulin or insulin-like agents for those who 

require it, and oral hypoglycemic agents [377, 378].  

There are many different classes of pharmacological treatment currently on the market using 

different approaches like nano-technology, stem cell therapy or novel lifestyle modifications 

[379]. Alpha-glucosidase inhibitors work in the gastrointestinal tract to reduce glucose 

absorption, thus lowering blood glucose levels [380]. Drugs affecting the incretin system have 

recently increased attention of the clinicians and scientists, including glucagon-like peptide-1 

(GLP-1) analogues, which promote early insulin release from the pancreas in the treatment not 

only T2D but also obesity. GLP-1 are a class of drugs used for the treatment of T2D [381]. 

They mimic the effects of the GLP-1 hormone, which stimulates insulin secretion after eating, 
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helping to regulate blood sugar levels, reducing body weight and promote satiety. In T2D, the 

natural release and response of this hormone can be impaired. There are several drugs approved 

by FDA from this class, which differ in dosage and administration [381-384]. However, effect 

of this class of drug is still under the examinations in context of cardiovascular and fracture 

risk, and the impact on bone metabolism. Previous studies of GIP effect on bones showed 

promising results showing decreased osteoclastogenesis using human osteoclastic cells [385]. 

Another relatively novel class of antidiabetic drugs is the sodium-glucose cotransporter-2 

(SGLT2) inhibitors [386]. SGLT2 is crucial in glucose reabsorption in the kidneys. Inhibiting 

this transporter leads to glucosuria, which can help reduce hyperglycemia in diabetes patients 

[387]. However, studies have shown controversial results of SGLT2 on bone fracture risk. 

There are studies showing, that SGLT2 may promote osteoclastogenesis via secondary PTH 

increase [388] and cause mineral structure damage. On the other hand, there are studies 

showing decreased risk of major osteoporotic fractures (0,3%) with SGLT2 compared to GLP-

1 treatment [389]. 

Indeed, while the development of novel treatments for T2D is essential, it is also crucial to 

refine existing therapies to enhance their safety and efficacy. First generation of TZDs, 

including pioglitazone and rosiglitazone, are known for their high insulin-sensitizing effects 

and direct inhibiting of MPC in mitochondria, however, these drugs vary in their ability to bind 

and activate the PPARγ transcription factor, a mechanism associated with significant side 

effects that have constrained the development of new treatments. As a result, one strategic 

approach in T2D treatment development involves improving these existing medications [390]. 

The goal is to retain their beneficial insulin-sensitizing effects while minimizing their adverse 

side effects.  

Thus, “second generation” of TZDs shows promise in modulating MPC activity with 

reduced direct interaction with PPARγ, aiming to retain beneficial effects while minimizing 

adverse outcomes. MSDC-0160, also known as PNU-91325, is a pioneering modulator of 

mitochondria target of TZDs (mTOT) [391, 392] referred to as "PPARγ-sparing." As a member 

of “second generation” of TZDs, MSDC-0160 demonstrates significantly reduced potency in 

activating PPARγ—about 20 times less than pioglitazone [393]. In a Phase 2 clinical trial, 

MSDC-0160 doses of 100–150mg achieved reduction of hemoglobin A1c comparable to 45mg 

of pioglitazone over 12 weeks [392]. Despite its "PPARγ-sparing" label, MSDC-0160 at these 

doses still induced typical PPARγ activation effects, including fluid retention, weight gain, and 

elevated adiponectin levels, but these effects were approximately half as pronounced as those 
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observed with pioglitazone. MSDC-0160 is now being developed for neurodegenerative 

diseases rather than T2D [394, 395].  

Meanwhile, a related compound, MSDC-0602K, showed promise as an effective insulin 

sensitizer in rodent studies and demonstrated positive outcomes in an unpublished phase 2 

diabetes trial (NCT01280695). MSDC-0602K, a novel TZD analog with minimal PPARγ 

activation, was studied for its effect on insulin resistance in obese mice by Chen et al. [396]. 

This study showed, that treatment significantly enhanced multi organ insulin sensitivity, 

reduced adipose tissue inflammation, and corrected hepatic metabolic issues, notably by 

decreasing hepatic lipogenesis and gluconeogenesis. The beneficial outcomes of MSDC-

0602K in reducing insulin resistance pathways were observed even in liver-specific PPARγ 

knockout mice. This suggests the drug's effects on hepatocytes and metabolic processes like 

lipogenesis and gluconeogenesis are independent of PPARγ activation, highlighting a PPARγ-

independent mechanism of action for MSDC-0602K's therapeutic effects [396]. Further, 

Fukunaga and colleagues compared effect of MSDC-0602K and rosiglitazone on skeletal 

homeostasis in BM isolated macrophages and 6 months old male C57BL/6 mice. This study 

showed reduced osteoclast induction and no effect on bone microstructure and BMAT with 

MSDC-0602K compared to rosiglitazone [397]. Moreover, recent study by Bardova et al. [398] 

showed additive positive effect using omega-3 PUFAs and MSDC-0602K in C57BL/6N male 

obese mice. The study highlighted the synergistic effects of omega-3 PUFA and MSDC-0602K 

on the metabolism of diet-induced obese mice, emphasizing the importance of TAG/FA cycling 

in WAT. It also revealed that the two TZDs differentially affected WAT gene expression and 

metabolism, with these effects being influenced by the presence of omega-3 PUFAs, 

suggesting a nuanced interaction between dietary components and pharmacological 

interventions in modulating AT function and overall metabolic health [398]. 

To sum up, omega-3 PUFAs together with second generation TZD MSDC-0602K showed 

significant positive effect in treatment of diet induced negative effects on whole-body 

metabolism and bones. However, there is still missing knowledge about the effect of these 

treatments on bone and BMAT metabolism under the obesogenic conditions. Thus, the main 

focus of this thesis would be to bring novel insights in this area of research comparing first and 

second generation of TZDs together with non-pharmacological treatment with omega-3 PUFAs 

on bone metabolism and effect on BMAT in vitro and in vivo.  
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2. Hypothesis and specific aims 

Obesity and T2D are characterized by multiorgan complications, including reduction of 

bone density/quality and abnormal accumulation of fat in the periphery as well as in the BM. 

These changes are caused by disruption of bone homeostasis by increased bone resorption and 

adipogenic differentiation of BMSC over osteoblastogenesis. 

Several approaches have been applied in treatment of metabolic diseases, like non-

pharmacological (dietary intervention or physical activity) and pharmacological (e.g. insulin, 

metformin, TZD etc.). Dietary intervention using omega-3 PUFAs as non-pharmacological 

treatment showed multiple beneficial effect on whole body metabolism as well as on bone and 

BMSC properties in animal and clinical studies. However, this was also not well studied in 

obesogenic conditions. Further, TZDs are antidiabetic drugs that bind to PPARγ promotor 

which leads to improved insulin sensitivity, on the other hand, it also causes side effects by 

undesired increased fat accumulation in periphery and in the bones contributing to bone 

fragility and fracture risk. Thus, novel analog of TZDs, MSDC-0602K has been developed 

with the same insulin sensitizing effect but with lower affinity to PPARγ. This drug is already 

in phase 2 of clinical trials (NCT01280695), however there is still lack information about effect 

of this drug on bone and bone marrow adiposity in obesity. 

Thus, in this thesis, we tested both approaches, non-pharmacological and pharmacological, 

using HFD-induced obesity mouse model to investigate the effect of omega-3 PUFA and 

MSDC-0602K supplementation in HFD diet on obesity-induced bone impairment and fragility 

risk.  

The objectives of the thesis were divided in 3 main aims: 

 

 AIM 1: To study the effect of dietary interventions on bone and fat metabolism in 

obese mice. 

 

 AIM2: To investigate the effect of novel TZD analog MSDC-0602K on bone and 

BMAT metabolism in mouse model of obesity 

 

 AIM 3: To study potential differences in the mechanism of action of classical TZDs 

and new analog MSDC-0602K in BMSCs 
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3. Results 

3.1.  AIM 1: To study the effect of dietary interventions on bone and fat metabolism 

in obese mice. 

 

Reference: Benova A, Ferencakova M, Bardova K, Funda J, Prochazka J, Spoutil F, Cajka T, 

Dzubanova M, Balcaen T, Kerckhofs G, Willekens W, van Lenthe GH, Charyyeva A, Alquicer 

G, Pecinova A, Mracek T, Horakova O, Coupeau R, Hansen MS, Rossmeisl M, Kopecky J, 

Tencerova M. Omega-3 PUFAs prevent bone impairment and bone marrow adiposity in mouse 

model of obesity. Commun Biol. 2023 Oct 14;6(1):1043. doi: 10.1038/s42003-023-05407-8. 

PMID: 37833362; PMCID: PMC10575870. 

Summary: One of the complications of obesity includes an increased accumulation of fat 

within the bones, leading to an increased risk of fractures. The primary causes of obesity are 

excessive caloric intake or a diet enriched in saturated and trans-unsaturated FAs, which are 

associated with an increased BMI and negatively affect bone and fat metabolism. Previous 

research by Tencerova et al. [181], along with other previous studies [298, 399], have shown 

that obesity compromises bone quality and alters the phenotype of BMSCs due to enhanced 

adipogenesis and a senescent microenvironment, resulting in increased bone fragility. 

Addressing obesity, T2D, and the associated risk of bone fractures presents a significant 

challenge to healthcare systems, typically requiring lifestyle modifications such as dietary 

changes or increased exercise. 

Omega-3 PUFAs, including DHA and EPA, are essential dietary components due to their 

numerous health benefits. Both animal and human studies have revealed omega-3 PUFAs 

positive effects on bone health under various conditions such as osteoporosis, obesity, and 

aging. Nonetheless, the influence of omega-3 PUFAs on BMSC metabolism and BMA in 

obesity has yet to be fully explored. 

Thus, in the present part of the thesis we showed a positive effect of 2-month long omega-3 

PUFA supplementation in HFD on cortical and trabecular bone microstructure of tibia and L5 

vertebra, mechanical bone strength of femur and BMAT composition in proximal tibia in male 

C57BL/6N mice compared to the HFD group. Moreover, in vitro experiments with primary 

BMSCs isolated from mice fed with HFD supplemented with omega-3 PUFAs exhibited a 

reduction in adipocyte differentiation but an increase in osteoblast differentiation. This shift 
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was accompanied by a less senescent phenotype and a decrease in osteoclast formation, and 

bioenergetic phenotype indicating a more favorable BM microenvironment that supports bone 

formation. Our findings emphasize the positive impact of an omega-3 PUFA-enriched diet on 

bone and cellular metabolism, suggesting its potential applicability in the treatment of 

metabolic bone disorders. 

 

Author’s contribution: The author of this thesis was mainly involved in the design of in vivo 

and in vitro experiments, discussion of the results with the rest of the authors of manuscript, 

writing of the manuscript and performing following experiments: analysis of the µCT data, 

isolation of primary BMSCs, assays related to measurement of BMSC differentiation 

phenotype, measurement of cellular metabolism by Seahorse, isolation, differentiation and 

TRAP staining of osteoclast and in vitro experiments with omega-3 PUFA treatment on 

BMSCs. 
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3.2.  AIM2: To investigate the effect of novel TZD analog MSDC-0602K on bone and 

BMAT metabolism in mouse model of obesity 

 

Reference: Benova A, Ferencakova M, Bardova K, Funda J, Prochazka J, Spoutil F, Cajka T, 

Dzubanova M, Balcaen T, Kerckhofs G, Willekens W, van Lenthe GH, Alquicer G, Pecinova 

A, Mracek T, Horakova O, Rossmeisl M, Kopecky J, Tencerova M. Novel thiazolidinedione 

analog reduces a negative impact on bone and mesenchymal stem cell properties in obese mice 

compared to classical thiazolidinediones. Mol Metab. 2022 Nov;65:101598. doi: 

10.1016/j.molmet.2022.101598. Epub 2022 Sep 11. PMID: 36103974; PMCID: PMC9508355. 

 

Summary: To treat metabolic diseases like obesity and T2D, one of the first line medication 

given to the patients are insulin sensitizing drugs, including TZDs. However, the side effects 

associated with the first generation of TZDs (pioglitazone, rosiglitazone), such as weight gain, 

cardiovascular issues, increased BMA and increased bone fragility, have limited their clinical 

application. The negative impact of these drugs on bone health is particularly concerning, partly 

due to their activation of PPARγ, which promotes adipocyte differentiation and osteoclast 

activation both peripherally and, in the BM. This highlights the need for further research to 

understand the specific effects of antidiabetic treatments on bone and fat metabolism. 

Thus, a new "PPARγ-sparing" TZD analog, MSDC-0602K (a second-generation TZD), was 

developed to minimize TZDs adverse effects on bone and fat metabolism. MSDC-0602K is 

designed to reduce direct PPARγ binding but maintains its inhibitory action on the MPC, which 

is thought to contribute to its positive effects on energy metabolism and glucose uptake. 

Clinical trials (phase 2b) of MSDC-0602K together with previous studies showed promising 

results, lowering glucose and insulin levels. Moreover, minimized negative side effect on bone 

parameters in aged male mice were also observed [397]. However, the effects of this novel 

TZD analog on bone metabolism under obesogenic conditions remain unexplored.  

Therefore, in the present part of the thesis we evaluated effect of MSDC-0602K and 

pioglitazone on bone and BMSC characteristics in a diet-induced obesity model in male 

C57BL/6N mice after 2 months of treatment. Our findings demonstrated that MSDC-0602K 

significantly enhanced bone health in obese mice, as evidenced by an increased presence of 

smaller BMAds in the tibia compared to those treated with pioglitazone. Additionally, primary 

BMSCs isolated from mice treated with MSDC-0602K, as well as human BMSCs, showed a 

reduction in adipocyte differentiation and an increase in osteoblast differentiation. This was 
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coupled with a decrease of inflammatory response of mHSCs and senescent markers in 

mBMSCs compared to the same cell types treated with pioglitazone. Surprisingly, 

measurement of respiration of primary mBMSCs showed increased glycolysis and maximal 

respiration in cells obtained from MSDC-0602K treated mice compared to pioglitazone group, 

suggesting potential difference in cellular metabolism and nutrient utilization by MSDC-

0602K compared to pioglitazone. 

Our research offers novel perspectives on the efficacy of MSDC-0602K treatment in obese 

mice, highlighting its lack of negative impact on bone quality and BMSC metabolism in 

comparison to traditional TZDs. Thus, these findings emphasize the potential of MSDC-0602K 

in clinical use for treating both metabolic disorders and bone diseases, suggesting a promising 

alternative for future clinical applications. 

 

Author’s contribution: The author of this thesis was mainly involved in design of in vivo and 

in vitro experiments, data analysis and discussion of the results with the rest of the authors of 

manuscript, writing of the manuscript and performing following experiments: µCT data 

analysis, isolation of BMSC, measurement of assays to determine BMSC differentiation 

phenotype, measurement Seahorse experiments, performing glucose uptake assay to determine 

metabolic preference of human BMSCs, in vitro testing of human BMSCs differentiation 

phenotype and metabolic profile (Seahorse measurements) in response to pioglitazone, 

rosiglitazone or MSDC-0602K supplementation of differentiation media. 
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3.3.  AIM 3: To study potential differences in the mechanism of action of classical 

TZDs and new analog MSDC-0602K in BMSCs 

 

Reference: Benova A, Ferencakova M, Bardova K, Funda J, Prochazka J, Spoutil F, Cajka T, 

Dzubanova M, Balcaen T, Kerckhofs G, Willekens W, van Lenthe GH, Alquicer G, Pecinova 

A, Mracek T, Horakova O, Rossmeisl M, Kopecky J, Tencerova M. Novel thiazolidinedione 

analog reduces a negative impact on bone and mesenchymal stem cell properties in obese mice 

compared to classical thiazolidinediones. Mol Metab. 2022 Nov;65:101598. doi: 

10.1016/j.molmet.2022.101598. Epub 2022 Sep 11. PMID: 36103974; PMCID: PMC9508355. 

 

Summary: TZDs are insulin sensitizing drugs with dual mechanism of action. Firstly, they are 

PPARγ agonist and their high affinity to this transcription factor leads to increased insulin 

sensitivity in various tissues like muscle and AT. Second mechanism of action is coupled with 

binding and inhibiting of MPC proteins in mitochondria which leads to metabolic changes of 

the cells. However, binding of PPARγ is coupled with increased adiposity in periphery and 

also in the bones which consequently leads to increased fracture risk. Thus, novel TZD analog 

MSCD-0602K with its low affinity to PPARγ was designed to avoid the side effects caused by 

binding of this transcription factor and the mechanism of action via MPC inhibition should be 

preserved. 

Following our previous results in mice where we showed comparison of the effect of two 

generations of TZDs on mouse bones and primary BMSCs in obesogenic conditions, we aimed 

to study whether these changes are caused by the same mechanism of action of these drugs as 

in the peripheral AT [349]. Thus, to compare the mechanism of action of these drugs in bones 

and in the peripheral AT, we chose two cell lines: 3T3-L1 to mimic conditions in peripheral 

AT and hBMSC-TERT (further just hBMSC) cell line to see how it works in bones. Moreover, 

to confirm the MPC inhibiting effect of the drugs we decided to use specific MPC inhibitor 

UK5099. 

Firstly, we proved that response of hBMSCs to the TZD treatment is similar with response of 

primary BMSCs by measuring effect of TZDs and MSDC-0602K on differentiation potential 

of the cells and cellular metabolism. Further, we measured cellular metabolism, mitochondrial 

respiration also in 3T3-L1 cells after acute treatment with TZDs, MSDC-0602K and UK5099, 
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where we observed opposite effect of first generation TZDs which decreased maximal 

respiration in hBMSCs, while increased in 3T3-L1 cells versus MSDC-0602K similarly as by 

UK5099. To understand the different effect of TZD analogs in cellular metabolism between 

AT-MSCs and BMSCs, we tested whether different nutrient preferences after acute treatment 

with TZDs, MSDC-0602K and UK5099 would explain their contribution to cellular 

metabolism. Glucose and glutamine uptake assays showed that TZD treatment (pioglitazone) 

in AT-MSCs favored glucose over glutamine uptake, while MSDC-0602K-treated BMSCs 

preferred glutamine. These experiments confirmed different metabolic responses to TZD 

treatments in periphery and bone cells. These changes were also confirmed by gene expression 

of markers of glutamine metabolism. All these data were published together with mouse 

experiments with TZDs and MSDC-0602K from aim 2 in [400]. To further understand the 

metabolic differences behind the treatment with classical TZD pioglitazone and MSDC-

0602K, we preformed fluxomic experiments in hBMSCs using 13C-labeled glucose and 

glutamine tracers. 

 

3.3.1. Unpublished materials and methods: 

Cell transfection using siRNA system 

hBMSCs were transfected with the siRNA, targeting MPC1 (ID#: s28488) as well as non-

targeting siRNA (siRNA negative control, Scr cat#: AM4635) were purchased from Ambion 

(Life Technology Inc). siRNA was transfected to hBMSCs at a final concentration of 10 µM 

by Lipofectamine2000 (Invitrogen) as previously described [401] and according to the 

manufacturer instructions. Transfection cocktail was subsequently replaced after 7 hours with 

normal culture media. 48 hours post transfection culture media was replaced with adipogenic 

or osteogenic differentiation media and further molecular analysis after 7 days of 

differentiation was performed as described previously [400]. 

 

13C-labeled nutrient tracing in hBMSCs 

hBMSCs were seeded at the density 25 000 cells/cm2 on 6-well plate in standard cultivation 

media containing minimal essential media (Thermo Fisher Scientific, Watham, MA, USA), 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Thermo Fisher Scientific, 

Watham, MA, USA). Next day, cultivation media was replaced with cultivation media 
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containing 30 µM pioglitazone/ rosiglitazone/ MSDC-0602K or 2µM UK5099. After 24 hours, 

cells were washed with PBS and media containing 5,5 mM 13C-labeled glucose (Cambridge 

Isotope laboratories- cat.n. CLM-1396-0) or 2 mM 13C-labeled glutamine (Cambridge Isotope 

laboratories- cat.n. CLM-1822-H), 10 % dialized FBS (Gibco, cat n. A33820-01). After 72 

hours, all wells were washed with 0,9 % NaCl and immediately frozen in liquid nitrogen and 

stored in -80°C till the subsequent analysis. 

 

Metabolomic and lipidomic analysis 

Data analysis from 13C-labaled nutrient tracing of glucose and glutamine in hBMSCs was 

performed as described previously in the paper Lopes et al. [402]. 

 

3.3.2. Results: 

To test if MPC proteins are differently expressed, we measured gene expression of MPC1 and 

MPC2 during hBMSC differentiation into adipocytes and osteoblasts. We observed increased 

MPC2 gene expression during the osteoblast differentiation, while MPC1 was slightly 

increased during adipo differentiation (Figure 8A-B). Also, we observed that MPC1 is more 

abundant in hBMSCs compared to MPC2 (Figure 8C). 

 

 

 

Figure 8. Differences in gene expression of MPC1 and MPC2 during hBMSC differentiation. Gene 

expression profile of A) MPC1 and B) MPC2 during adipo and osteo differentiation of hBMSCs in day 

1, 3, 6, 9 and 12. Data are presented as fold change of gene expression normalized to AD D1; C) Relative 

mRNA levels of MPC1 and MPC2 in hBMSCs. Data are presented as mean of 2 CT ± SEM (n= 2). 

 



85 
 

Further, we performed hBMSC transfection using two different siRNAs (MPC1#1 and 

MPC1#2, see Figure 9A) to silence MPC1 subunit (MPC1 KD (knock-down)) of MPC dimer. 

Both MPC1 siRNAs showed high transfection efficacy, with more robust effect using siRNA 

MPC1#2 (more than 90%), which we chose for further in vitro experiments (MPC1#2, further 

just MPC1). Unfortunately, testing of various siRNAs targeting MPC2 did not show sufficient 

efficacy as showed in Figure 9B, thus we decided to exclude it from the study.  

Further to test the hypothesis if MPC inactivation in hBMSCs has an effect on differentiation 

potential of the cells, we investigated the effect of MPC1 KD on adipocyte and osteoblast 

differentiation. We also measured gene expression of MPC2 in transfected cells, to show that 

this subunit does not compensate the effect of silencing of MPC1 and we observed just small 

increase of MPC2 in osteo differentiation of MPC1 KD compared to Scr OB hBMSCs (Figure 

9C-D). 
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Figure 9. Efficacy of MPC transfection in hBMSCs and comparison of MPC1 and MPC2 gene 

expression after hBMSC cell transfection. A) Efficacy of MPC1 and B) MPC2 siRNA transfection. 

Analysis of gene expression of MPC1 and MPC2 in transfected hBMSCs in C) osteo and D) adipo 

differentiation at D7. Data are presented as mean ± SEM (n= 5 per group; 3 independent experiments); 

t-test: *** p< 0.0001.  

 

We found that MPC1 KD increased osteoblast (Figure 10A) and decreased adipocyte 

differentiation in hBMSCs (Figure 10B) measured by ALP activity and Nile red after 7 days 

of differentiation compared to Scr hBMSCs. This was supported by the gene expression of 

adipogenic (PPARG, CEBPA and ADIPOQ) and osteogenic marker (ALPL) (Figure 10C-D).  
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Figure 10. Effect of MPC1 KD on hBMSC differentiation. Measurement of A) ALP activity in osteo 

differentiated hBMSCs and B) quantification of adipogenesis of hBMSCs via Nile red staining at D7 

of differentiation. Data are presented as mean fold change ALP activity in osteoblast or Nile red in 

adipocytes from each experimental group ± SEM (n= 3 independent experiments); t-test: ns. Gene 

expression analysis of C) adipogenic (PPARG, CEBPA, ADIPOQ) and osteogenic (ALPL) markers at 

D7 of differentiation. Data are presented as mean ± SEM (n= 2 per group).  

 

Moreover, to test whether the effect of MPC inactivation on hBMSC differentiation (via TZD 

treatments or siRNA) affect also hBMSC metabolic responses, we tested insulin response of 

hBMSC measured by activation of AKT proteins (p-T308-AKT/totalAKT and p-S473-

AKT/totalAKT). 48h-long treatment with pioglitazone and MSDC-0602K (1µM) showed 

upregulation of AKT signaling in pioglitazone treatment, while MSDC-0602K treatment 

decreased insulin response (Figure 11A-C). Further testing of hBMSC MPC1 KD cells (Figure 

11D-F) confirmed similar insulin response as MSDC-0602K treated cells suggesting the 

mechanism of action of MSDC-0602K via MPC1 inhibition. 
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Figure 11. Comparison of pioglitazone, MSDC-0602K and MPC1 KD on insulin sensitivity of 

hBMSCs. A) Representative western blots and B-C) densitometry evaluation of images representing 

results of insulin stimulation (100 nM, 15 minutes) of p-Thr308-AKT/Total AKT and p- Ser473-

AKT/Total AKT in hBMSCs treated with 1µM pioglitazone and MSDC-0602K for 48 hours. D) 

Representative western blots and E-F) densitometry evaluation of images representing results of insulin 

stimulation (100 nM, 15 minutes) of p-Thr308-AKT/Total AKT and p- Ser473-AKT/Total AKT in 

hBMSCs transfected with MPC1 siRNA (n= 1).  

 

Further, based on our previous data on different nutrient preferences between pioglitazone and 

MSDC-0602K treatment in hBMSCs, we performed in vitro experiment with isotopically 

labeled glutamine and glucose (13C-glutamine and 13C-glucose) to trace metabolic fluxes of 

these nutrients in hBMSCs after 72h TZD treatment in order to define differences in metabolic 

pathways involved in nutrient utilization and downstream cellular metabolism affected by these 

treatments (Figure 12). 

Using LC-MS measurement of isotope labeled metabolites after 72 hours long in vitro 

treatment of hBMSCs revealed that glutamine utilization via glutaminase (GLS) was increased 

in MSDC-0602K treatment compared to pioglitazone. On the other hand, glucose metabolic 

flux into pyruvate was enhanced in pioglitazone treatment. Further, MSDC-0602K treatment 

contributed more to production of other TCA metabolites, including acetyl-CoA by converting 
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citrate via ATP-citrate synthase (ACLY) compared to pioglitazone treatment in hBMSCs. 

ACLY is important enzyme participating in FA biosynthesis. Thus, further analysis revealed 

indeed that MSDC-0602K treatment further utilized acetyl-CoA and oxalacetate to form citrate 

in mitochondria by citrate synthase (CS) more profoundly than in pioglitazone treatment 

possibly contributing to lipogenesis. However, we need to perform more analysis using 

different tracers (e.g. palmitate) to further investigate the differences on the level of lipid 

utilization and contribution to de novo lipogenesis using different TZD treatments as our in 

vivo data in HFD mice also showed differences on the level of BMAd size in bones of MSDC-

0602K and pioglitazone treated HFD mice. Further, increased conversion rate of alpha-

ketoglutarate in mitochondria to succinate via alpha-ketoglutarate dehydrogenase (OGDH) and 

thus contributing to NADH production in MSDC-0602K treatment compared to pioglitazone. 

As NADH directly providing electrons for the respiratory chain, these findings could support 

our data from bioenergetics with increased respiratory rate in MSDC-0602K treated BMSCs 

compared to cells treated with pioglitazone. 

Interestingly, fluxomic data revealed different activation of phosphoenolpyruvate 

carboxykinase (PEPCK), a key enzyme in gluconeogenesis (process of glucose production) in 

mitochondria and cytosol. While cytosolic PEPCK activity did not show any difference 

between MSDC-0602K and pioglitazone treatment, mitochondrial PEPCK activity was more 

pronounced in MSDC-0602K suggesting compensatory mechanism to inhibition of MPC1.  
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Figure 12. Analysis of 13C-labeled glucose and glutamine in hBMSCs treated with MSDC-0602K 

and pioglitazone.  The overview presents the metabolic flux values relative to the activity of PDH. 

Simplified metabolic reactions are listed on the left, with abbreviated names of enzymes (if available) 

on the right. The flux values are indicated by diamond symbols. Confidence intervals (ranging from 5% 

to 95%) are depicted by colored lines: blue for the control group treated with vehicle, green for the 

MSDC group, and red for the pioglitazone group. Data are expressed as metabolic flux values relative 

to the activity of PDH. (Abbreviations: Gln: glutamine, Glu: glucose, Cit: citrate, AcCoA: Acetyl-

Coenzyme A, Oac: oxaloacetate, Suc: succinate, Pyr: pyruvate, GLS: glutaminase, ACLY: ATP-citrate 

synthase, OGDH: alpha-ketoglutarate dehydrogenase, CS: citrate synthase, PEPCK: 

phosphoenolpyruvate carboxykinase; MPC1: mitochondrial pyruvate carrier 1) 

 

These preliminary results are showing different responses of bone and AT cell precursors to 

first and second generation of treatment. Moreover, inhibiting of MPC1 protein in hBMSCs 

showed similar response as MSDC-0602K treatment but not to pioglitazone suggesting 

differences in mechanism of action of these drugs in bones and in the periphery. Further, 

fluxomic analysis confirmed increased glutamine metabolism with MSDC-0602K and showed 

differences between MSDC-0602K and pioglitazone in activation of different enzymes used in 

TCA cycle. However, further research is needed to fully explain these findings. 
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Author’s contribution: The author of this thesis designed of the in vitro experiments under 

the supervision of supervisor Dr. M. Tencerova and perform the experiments in the aim 3. 
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4. Discussion 

The complex interplay between metabolic diseases such as obesity and bone health is an 

area of significant clinical interest, particularly due to the adverse effects of obesity on bone 

quality and the risk of fractures [403]. Our research explores this interplay through two 

different but complementary approaches: the dietary supplementation with omega-3 PUFAs 

and the pharmacological intervention with the novel TZD analog, MSDC-0602K in mouse 

model of obesity. These studies aimed to elucidate the potential of these interventions in 

mitigating obesity-induced bone fragility and to shed light on their underlying mechanisms. 

Our investigation into the non-pharmacological approach of omega-3 PUFA 

supplementation revealed its beneficial effects on metabolic and bone parameters in an HFD-

induced obesity mouse model. Omega-3 PUFAs have been shown to modulate various aspects 

critical to bone health, including calcium metabolism, prostaglandin synthesis, and the balance 

between osteoblast and osteoclast activities [404]. Our findings indicate that omega-3 PUFA 

supplementation not only improves metabolic parameters but also enhances bone quality by 

reducing BMA, promoting osteoblast differentiation, decreasing osteoclast differentiation and 

senescence in BMSCs. These results underscore the potential of omega-3 PUFAs in the 

prevention and treatment of metabolic bone diseases, offering a non-pharmacological strategy 

to counteract obesity-induced bone impairment. 

The pharmacological component of our research focuses on MSDC-0602K, a second-

generation TZD designed to minimize the adverse effects associated with classical TZDs, such 

as pioglitazone [396]. This novel analog exhibited a weak affinity to PPARγ, aiming to reduce 

the detrimental impacts on bone health while maintaining its beneficial metabolic effects. Our 

study demonstrated that MSDC-0602K, in comparison to pioglitazone, had a less harmful 

effect on bone microarchitecture and BMSC properties in the context of diet-induced obesity. 

Additionally, we observed different effects of MSDC-0602K on cellular metabolism between 

human BMSCs and AT-MSCs, highlighting the nuanced impact of systemically administered 

drugs on various tissues. 

Both approaches were studied in vivo using 12-week-old male C57BL/6N mice fed with 

HFD supplemented with omega-3 PUFAs (enriched with DHA and EPA), pioglitazone and 

MSDC-0602K during 8-week long dietary intervention. The experimental designed together 

with doses of the tested drugs have been chosen according to the previously published studies 

focusing on the effect of dietary intervention on peripheral AT [398, 405, 406]. Although, 
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previous research comparing lean and HFD mice indicated that among classical TZDs, 

rosiglitazone notably impacts bone health by suppressing bone formation, enhancing 

osteoclastogenesis, and promoting BMAT more than pioglitazone [368, 407-410], our study 

used pioglitazone in comparison to MSDC-0602K. This choice was made because pioglitazone 

still remains in clinical use as PPARγ agonist available for treating T2D patients [411, 412]. 

Previous animal studies using omega-3 PUFA diet supplementations showed ambigous 

results depending on the design and experimental conditions. For example, study using 1% 

DHA-enriched diet reported increased lumbar bone density and cortical bone volume using 10-

week-long treatment in 6-week-old female Sprague-Dawley rats [413] which match our results 

showing improvement of cortical and trabecular parameters in L5 vertebrae with 12-week-long 

omega-3 PUFA dietary supplementation of HFD fed male mice. Although, administering the 

same treatment to 3-week-old C57BL/6J male and female mice [404] or 6-week-old male 

diabetic Zucker rats [414] did not result in alterations in bone phenotype as assessed by dual-

energy X-ray absorptiometry (DXA) after 9 weeks of treatment. This discrepancy may be 

attributed to the less sensitive methodology used for evaluating bone structure and the 

difference in animal models of metabolic diseases. On the other hand, longer dietary treatment 

with omega-3 PUFAs ranging from 20 to 24-weeks consistently demonstrate the beneficial 

impact of omega-3 supplementation on bone phenotype, highlighting its significance in the diet 

[332, 415, 416]. Further, positive effect of 10-month-long omega-3 PUFA supplementation of 

diet in mouse model of senile osteoporosis was shown in context of age-related bone loss 

caused by reducing BMAT [417]. Our data using omega-3 PUFA dietary supplementation of 

HFD fed mice showed positive effect of this treatment by decreased BMA and improved bone 

microstructure and mechanical properties of bones even after 2-month intervention. 

Further analysis of primary BMSC isolated from treated animals revealed decreased 

adipogenesis and increased osteogenesis by omega-3 PUFA supplementation. These beneficial 

effects of omega-3 PUFAs were also supported by decreased senescent phenotype of BMSC, 

decreased inflammatory response of HSCs by decreased NFκB and increased insulin 

signalling. These findings support results from in vitro studies using C3H10T1/2 and 

RAW264.7 cells, which showed the inhibition of RANKL and PPARγ pathways using omega-

3 PUFAs [332, 418-420] and study reporting omega-3 induced changes in plasma membrane 

of BMSCs leading to increased osteoblast differentiation [421]. 
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Previous studies are pointing out inhibitory effect of omega-3 PUFAs on osteoclastogenesis 

[332, 333, 422]. Thus, we compared osteoclastic differentiation of BM cells from HFD treated 

mice with HFD supplemented with omega-3 PUFAs and we observed, decreased number, 

TRAcP activity and size of osteoclast caused by omega-3 supplementation which showed 

positive effect of this diet on bone formation. However, further more detailed studies are 

needed to reveal resorptive activity of osteoclast depending on number of nuclei or their size. 

Differentiation potential of the cells is tightly connected with cellular metabolism. Thus, 

testing of bioenergetics profile in primary BMSCs isolated from HFD + omega-3 PUFA treated 

mice showed quiescent metabolic phenotype (low glycolytic and respiratory activity) 

compared to HFD BMSCs with increased energetic profile, which is opposite to the response 

of peripheral AT to omega-3 PUFA treatment [423]. Additionally, the metabolic adjustments 

in BMSCs were linked to reduced ROS production and senescence, indicating that omega-3 

PUFAs may protect the BM microenvironment from the detrimental impacts of an obesogenic 

diet by decreasing of the metabolic activity of primary BMSCs. This could facilitate the 

preservation of stemness and minimize epigenetic alterations within BMSCs [424]. These 

results were confirmed by metabolomic and lipidomic analysis of plasma and BM samples 

from treated mice, showing increase EPA and DHA and decreased levels of prostaglandin not 

only in plasma but also in BM, which supports evidence on positive effect of omega-3 PUFAs 

on bone homeostasis and correlates with previous studies showing increased bone formation 

[414, 425, 426]. 

Parallelly, investigation of pharmacological treatment with pioglitazone in HFD-fed rodents 

for 4 to 6 weeks showed negative impact on vertebrae microstructure, decreased chondrocyte 

differentiation and increased BMA compared to the controls [410, 427, 428]. However, 6-

month long treatment of lean mice with MSDC-0602K showed beneficial effect of this analog 

on bone mechanical properties and microstructure compared to pioglitazone [397]. Our 

findings nicely correlate with previous studies [181, 298] with observations on changes in 

BMA, improved bone microstructure and bone mechanical properties, decreased adipogenic 

differentiation and cellular senescent phenotype studied in pharmacological intervention over 

a short 2-moth long period. However, we did not observe significant negative impact of 

pioglitazone on bone microstructure compared to HFD which could be caused by using 

C57BL/6N male mouse strain and shorter dietary intervention compared to previous studies 

[181, 298]. Even though, MSDC-0602K treatment demonstrated a beneficial impact on the 

mechanical properties of the femur when compared to mice treated with pioglitazone. This 
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improvement could be due to alterations in collagen content, as osteoblast-differentiated 

primary BMSCs from the HFD + MSDC-0602K group exhibited a higher expression of 

Col1a1, a collagen marker, than those from the HFD + pioglitazone group. Moreover, these 

results could be explained also by increased distribution of smaller BMAds with MSDC-0602K 

treatment compared to pioglitazone, analysed using contrast enhanced µCT and Hexabrix 

staining of BMAT within proximal tibias. This can be caused by increased lipolytic activity of 

BMAds which may promote lipid turnover and utilization of these lipids by BMSCs in the form 

of small lipid droplets. Supporting this, we observed a downregulation of metabolic gene 

expression, including Insr, Pparγ2, and Cd36, in BMSCs from the HFD + MSDC-0602K 

treated mice compared to the HFD + pioglitazone group, indicating a possible increased 

sensitivity to lipolytic rather than lipogenic signals. Also, differentiation of BMSCs from HFD 

+ MSDC-0602K group cells towards adipocytes was decreased and osteoblastic differentiation 

was increased compared to pioglitazone group confirming reduced PPARγ activation with 

MSDC-0602K. Moreover, parameters like senescence, inflammatory or insulin response of 

primary BMSCs and HSCs were improved with novel TZD compared to pioglitazone 

suggesting less detrimental effect on bone and BM microenvironment with this treatment. 

Additionally, the same analysis of cellular metabolism was performed to compare 

metabolism of primary BMSCs from HFD + MSDC-0602K treated mice with cells from HFD 

+ pioglitazone treated mice. Surprisingly, cellular respiration as well as glycolysis were 

increased with MSDC-0602K compared to pioglitazone which was confirmed also in hBMSC 

cell line where we also used MPC inhibitor UK5099. These results may suggest different 

utilization of nutrients in these cells contributing to the mitochondrial TCA cycle, thus we 

compared our findings with the same experiment performed on peripheral AT-MSCs where 

MSDC-0602K and UK5099 inhibited respiration. Previous finding showed that activity of 

MPC in mitochondria are able to determine which type of nutrients mitochondria oxidize, 

affecting cellular function and determining cell fate [429, 430]. Recent studies in brown 

adipocytes have demonstrated that inhibiting MPC results in enhanced mitochondrial 

respiration, thereby promoting lipid cycling and energy expenditure through the uptake of fatty 

acids and glutamine [431]. However, these observations were made in isolated mitochondria, 

in contrast to our study, which examines data from intact cells. 

Based on our results showing increased osteo differentiation by MSDC-0602K treatment 

we wondered, if it affects glutamine metabolism in hBMSCs which is usually associated with 

increased osteoblastogenesis [224]. Interestingly, MSDC-0602K-treated hBMSCs showed 
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reduced glucose uptake but increased glutamate levels, a by-product of glutamine metabolism, 

compared to those treated with pioglitazone. This was associated with the upregulation of genes 

involved in glutamine metabolism in cells treated with MSDC-0602K versus pioglitazone. 

Thus, experiments using peripheral AT-MSC cell line 3T3-L1 showed opposite results of 

increased preference of glucose over glutamine supporting the hypothesis, that positive effect 

of MSDC-0602K on bones may be due to metabolic changes leading to regulation of stem cell 

fate and increased bone formation. These metabolic changes can be caused also by mechanism 

of action via MPC inhibition of MSDC-0602K, which we confirmed by several experiments 

(Figure 8-11) using MPC1 KD hBMSCs. These results showed increased osteoblast and 

decreased adipocyte differentiation as well as decreased response to insulin stimulation of 

MPC1 KD hBMSCs, which is similar to our results from primary mouse BMSCs isolated from 

MSDC-0602K treated mice supporting the hypothesis that this novel analog works via MPC 

inhibition in bone. Moreover, inhibition of MPC dimer in inner mitochondrial membrane is 

well known for its effect on cellular metabolism for example in C2C12 myoblasts in terms of 

increased amino acid utilisation, especially glutamine, when other metabolites are abundant 

due to MPC inhibition [429]. Further, these results were supported by data from fluxomic 

analysis of 13C labelled glucose and glutamine in hBMSCs showing increased glutamine 

utilisation with MSDC-0602K treatment compared to pioglitazone, which supported our 

hypothesis, that positive effect of MSDC-0602K on bones is possibly mediated by increased 

glutamine metabolism in bones. These data are in line with previous finding showing negative 

effect of GLS deletion mice by decreased bone formation and hBMSC osteo differentiation 

[224, 432, 433]. Further, increased glutamine utilisation can contribute to increased bone 

quality also by proline synthesis (synthetized from glutamine via glutamate) [434], which is 

important amino acid for collagen production, as proline represents 10 % of amino acids in 

collagen molecule [435]. Previous studies are also showing that glutamine is precursor for de 

novo synthesis of glutathione, antioxidant molecule which helps to balance redox system within 

cells [432]. In context of our findings, we hypothesized that MSDC-0602K treatment led to 

less senescent BM microenvironment compared to pioglitazone can be caused by increased 

glutathione synthesis with MSDC-0602K. However, further analysis of glutathione levels in 

BM cells (BMSCs and HSCs) treated with MSDC-0602K are needed to fully confirm this 

hypothesis. 

Furthermore, fluxomic analysis showed also increased glucose utilisation by pioglitazone 

compared to MSDC-0602K treated hBMSCs supporting our previous data showing increased 
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glucose uptake with pioglitazone treatment. Interestingly, further analysis of glucose 

production by PEPCK (gluconeogenic enzyme) activity in cytosol and mitochondria revealed, 

that its enzymatic activity in cytosol is not changed while in mitochondria there is increased 

PEPCK activity in MSDC-0602K treated hBMSCs compared to pioglitazone which may 

compensate inhibition of MPC1 in this cells. Fluxomic analysis also showed increased 

production of metabolites linked with NADH production like succinate, explaining increased 

mitochondrial respiration measured in hBMSCs from MSDC-0602K group. Moreover, 

MSDC-0602K increased production of other TCA cycle related metabolites like acetyl-CoA. 

Further analysis showed that acetyl-CoA together with oxaloacetate were further used for 

citrate production in mitochondria in MSDC-0602K treated hBMSCs more profoundly than 

with pioglitazone treatment, which can further contribute to lipogenesis which is in line with 

previous results studying MPC KD in C2C12 myoblasts [429]. These results are showing 

potential connection with our in vitro data from analysis of BMAT size in proximal tibia of 

MSDC-0602K and pioglitazone treated HFD- fed mice. However, further analysis of the effect 

of TZD and novel analog MSDC-0602K on lipid metabolism and de novo lipid synthesis are 

needed to see potential difference between these treatments in bones. 

To sum up, our study offers comprehensive perspective on addressing metabolic bone 

disease by two different approaches: non-pharmacological using omega-3 PUFAs and 

pharmacological with MSDC-0602K. While MSDC-0602K represents a promising 

pharmacological pathway with reduced skeletal risks, omega-3 PUFAs offer a dietary method 

with multiple positive effects on bones homeostasis. Unlike previous studies investigating 

effect of MSDC-0602K or omega-3 PUFAs on bone, here we conduct complex study using in 

vivo and in vitro analysis, including measurement of bone microstructure, BMA and cellular 

and molecular properties of various cell types within BM microenvironment. Our studies 

described the intricate mechanisms through which these interventions operate, from altering 

BMSC differentiation pathways to reshaping the cellular metabolism within BM niche. 

However, there are also some limitations in our studies, as we used 2 month-long dietary 

intervention in both studies using C57BL/6N male mouse model which did not manifest so 

pronounced negative changes in bones in obesogenic conditions compared to control. In 

addition, we tested this novel analog only in males, thus further study in females is needed to 

see future perspective of this treatment in women with metabolic complications associated with 

osteoporosis. Even though, we observed positive effect of omega-3 and MSDC-0602K 
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treatment compared to HFD which highlight their potential in treatment of metabolic bone 

diseases (Figure 13).  
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5.  Conclusion and future perspective 

 

In conclusion, this thesis provides comprehensive analysis investigating the effect of non-

pharmacological and pharmacological approaches in the treatment of metabolic diseases with 

respect to bone homeostasis and fat metabolism. The main conclusions are: 

i) Omega-3 PUFA treatment in HFD mice prevented negative side effect of obesogenic 

conditions on metabolic and bone health, alongside decreased BMA and enhanced 

differentiation potential and reduced senescence in BMSCs. Moreover, this study 

showed decreased osteoclastogenesis by omega-3 PUFA supplementation in HFD, 

which highlights a positive effect of this dietary supplement on bone remodeling.  

These findings emphasize the positive impact of omega-3 PUFAs on bone and 

cellular metabolism, suggesting their potential application in the treatment of 

metabolic bone disorders. 

ii) Second study investigating potential of MSDC-0602K as novel analog of TZD in 

treatment of metabolic diseases showed reduced side effects on bone using this novel 

analog compared to classical TZD, pioglitazone. Moreover, this study brought 

detailed insight on BMAT composition using novel contrast enhanced agent 

Hexabrix allowing visualization both BMAT and bone microstructure by contrast 

enhanced µCT compared to previously used staining with osmium tetroxide (OsO4). 

Additionally, detailed analysis of cellular differentiation and metabolism of primary 

BMSCs isolated from treated mice showed positive effect of MSDC-0602K on 

osteoblastogenesis showing high potential of this drug in treatment of bone related 

metabolic complications. 

iii) Studying differences in mechanism of action of MSDC-0602K and pioglitazone in 

hBMSCs and AT-MSCs showed opposite metabolic responses in terms of increased 

preference of glutamine over glucose in hBMSCs and increased glucose uptake by 

AT-MSCs. These findings are showing potential of MSDC-0602K to target different 

metabolic pathways within distinct parts of organism. Further analysis of mechanism 

of MSDC-0602K in hBMSCs using MPC1 siRNA confirmed MPC inhibition effect 

of this treatment leading to decreased adipo differentiation and increased osteo 

differentiation, which is in line with our previous results from mouse study. In 

addition, fluxomic data analyzing different effect of MSDC-0602K and pioglitazone 

in hBMSCs showed increased glutamine and decreased glucose utilization with 
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MSDC-0602K treatment compared to pioglitazone. Thus, increasing glutamine 

metabolism within bones leads to improved bone homeostasis suggesting MSDC-

0602K as potential drug for treatment of bone and metabolic disorders. 

 

 

Figure 13. Concluding scheme showing main results from thesis. (Created in Biorender.com) 

(Abbreviations: BMAds, Bone marrow adipocytes; BMSC, Bone marrow skeletal cells; PUFAs, 

Polyunsaturated fatty acids; TZDs, Thiazolidinediones) 

 

This thesis is bringing two potential strategies of treating negative effects of metabolic 

diseases on bones. However, further studies are needed to better understand the effect of 

omega-3 PUFAs on osteoclastogenesis as well as detailed steps of mechanism of MSDC-

0602K in bone cells compared to AT-MSCs. Moreover, this study also opens new opportunity 

for further research of potential synergistic effect of these treatments in treating of metabolic 

bone diseases.   
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