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ABSTRACT 

 

Chronic glucocorticoids (GCs) excess and disrupted circadian rhythm lead to 

Cushing’s Syndrome (CS), a severe clinical condition delineated by insulin 

resistance (IR), dyslipidaemia, cardiovascular disease, osteoporosis and 

impaired immune system. Mesenchymal stem cells (MSCs) are multipotent 

cells, able to differentiate into adipocytes, chondrocytes, and osteoblasts, and 

in recent years, it has been demonstrated their involvement in the onset and 

development of different pathologies. As undifferentiated progenitors of 

adipocytes and osteoblasts, MSCs may display the detrimental effects of GCs 

excess and they could be involved in IR and osteoporosis issues. In this line, 

the involvement of MSCs in CS was studied in three different and 

independent tasks, in which the mechanisms underlying these comorbidities 

were investigated. MSCs were isolated from the skin of healthy control 

subjects (C-MSCs) and of patients affected by Cushing Syndrome, both 

exogenous (EXO-MSCs) and endogenous (ENDO-MSCs) CS and used to 

evaluate their role in the onset of CS comorbidities. 

In addition, MSCs were isolated from patients affected by exogenous CS but 

treated with steroid sparing (EXO-SS-MSCs). 

The results showed that MSCs could be a prominent new model to study IR. 

In the TASK1, the exposure of C-MSCs to constantly high concentrations of 

GCs significantly decreased glucose uptake by blocking GLUT-4 

translocation and improved lipolysis when the exposure to GCs was 

prolonged. Furthermore, in TASK3 mitochondrial dysfunctions were 

detected in MSCs isolated from Cushing patients. These data displayed that 

the excessive fragmented mitochondrial network destroyed the mitochondrial 

membrane potential, increased ROS levels and decreased ATP production, 

promoting the hypothesis that impaired mitochondrial metabolism could also 

contribute to the development of IR.  



 
 

The outcomes of TASK2 demonstrated the involvement of MSCs in 

osteoporosis. MSCs isolated from Cushing patients showed a reduced 

capacity to differentiate into osteoblasts, with concomitant decreased ALP 

activity, poor matrix mineralization, and a tardive expression of genes related 

to osteoblastogenesis. Despite their poor differentiation capacity, the ratio 

RANK-L/OPG was higher in EXO-CS-MSCs, resulting in enhanced bone 

resorption by promoting differentiation and maturation of PBMCs into 

osteoclasts. On the contrary, the long-term effects of GCs in patients with 

endogenous CS resulted in depressed osteoclast activity.      

Moreover, the results of TASK2 and 3 confirmed the ability of steroid 

sparing treatments in reducing the effects of GCs long-term therapy also at 

stem level: osteoblastogenesis and mitochondrial functions of EXO-SS- 

MSCs were closer to those observed in C-MSCs than EXO-MSCs.  

In conclusion, this thesis highlights the impact of GCs excess on MSCs, that 

represent a new cellular model to study CS. The involvement of MSCs in IR, 

osteoporosis and potentially other related Cushing’s comorbidities sets the 

stage for new studies aimed to understand the specific mechanisms that 

driving these issues, and it could be a new starting point for more specific 

and targeted therapy.   
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1. INTRODUCTION 

 

1.1. Mesenchymal stem cells (MSCs) 

In recent years, stem cell research has gained the upper hand and numerous 

studies have described their classification, their behavior and their use in 

therapeutic approaches. Stem cells are unspecialized cells, able to 

differentiate into different cell lines and to self-renew[1]. Stem cells are 

located in both embryo and adult organisms with different steps of 

specializations: 

- Totipotent stem cells have the highest differentiation potential and 

can divide and differentiate into cells of the whole organism. Zygote 

is one example of a totipotent cell.  

- Pluripotent stem cells are able to differentiate into any of the three 

germ layers: ectoderm, mesoderm and endoderm. These cells can not 

give rise to an adult organism, because they do not have the potential 

to contribute to extra-embryonic tissues.  

- Multipotent stem cells can differentiate into a limited number of cell 

lineages. An example of a multipotent stem cell is the hematopoietic 

cell which can develop into several types of blood cells.  

- Oligopotent stem cells have the ability to differentiate into only 

certain types of cells, such as vascular stem cells that can give rise to 

either smooth muscle or endothelial cells. 

- Unipotent stem cells differentiate into a single cell type. Hepatocytes, 

for example, are unipotent. The ability of the liver to regenerate from 

a minimum of 25% of its original mass is attributed to this property; 

other examples are given by unipotent cubic or cylindrical stem cells 

present at the level of the germinal layer of the epidermis.  

Given the ethical problems associated with the use of embryonic stem cells, 

research has focused on the study of adult stem cells. These are multipotent 
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stem cells and allow the healing and the growth of the tissues. Among many 

types, mesenchymal stem cells (MSCs) are a great interest of study [2].  

1.1.1. Classification of MSCs 

“Mesenchymal stem cells” is a term coined by Arnold I. Caplan in 1991 to 

indicate cells derived from mesenchyme, an embryonic connective tissue [3]. 

Morphologically they are long and thin and present a small cell body with a 

large nucleus and an evident nucleolus [4].  The International Society for 

Cellular Therapy (ISCT) defines MSCs as a heterogeneous population of 

cells characterized by plastic adherence, fibroblast-like morphology, 

differentiation capability into mesodermal cell types, including osteoblasts 

(bone cells), chondrocytes (cartilage cells), and adipocytes (fat cells). 

Cultured MSCs also express on their surface CD73, CD90 and CD105, while 

they lack the expression of CD11b, CD14, CD19, CD34, CD45, CD79a and 

HLA-DR surface markers [5].  

MSCs have been extensively studied over the past 30 years for their 

interesting cell biology and their clinical potential, including tissue repair, 

regenerative medicine, and cell-based therapies for various diseases [2]. 

1.1.2. Differentiation capability 

MSCs were isolated for the first time from bone marrow as adherent cells 

able to differentiate into osteoblasts [6]. Today, MSCs can be isolated from 

different tissues such as adipose tissue, umbilical cord, peripheral blood, 

placental tissue, synovial fluid, skin and dental pulp. Their great 

differentiation potential and the ease collection get MSCs valuable sources 

for possible clinical applications in regenerative medicine [7]. In fact, their 

ability to differentiate into osteocytes and chondrocytes makes them 

promising candidates in bone regenerative therapy. Different studies sustain 

that exogenous MSCs can play a modulatory role in fracture healing by 

recruiting other cell types and increasing vascularization and modulating 
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immunological responses [8]. Furthermore, it has been reported that MSCs 

display the capacity of trans-differentiation. For example, they could be used 

in diabetic therapy as it has been proved their capacity to differentiate into 

endocrine pancreatic cells able to secrete glucagon and insulin [9]. Sasaki et 

al. also demonstrated that MSCs are involved in wound repair because of 

their ability to differentiate into skin cells [10]. Recent studies showed the 

ability of MSCs to differentiate into neuron-like cells [11,12], but doubts 

remain about their functionality [13]. The clinical use of MSCs is not merely 

dependent on their differentiation capacity, but the secretion of cytokines, 

chemokines and growth factors emphasize their therapeutic potential.  

1.1.3. Immunomodulatory effects of MSCs  

Over the past decade, attention has shifted towards the ability of MSCs to 

produce factors and cytokines that stimulate innate tissue repair, modulate 

inflammation and suppress tumour growth [14]. MSCs secrete many 

immunomodulatory factors, such as Interleukin-6 (IL-6), Nitric oxide (NO), 

Indoleamine 2,3-dioxygenase (IDO), Prostaglandin E2 (PGE2) [15,16]. 

Although the mechanisms must be still clarified, MSCs exert 

immunomodulatory functions through interaction with immune cells such as 

lymphocytes, macrophages, monocytes, dendritic cells (DCs) and 

neutrophils. The interaction can occur through either cell-cell contact or 

through the paracrine action of MSCs. To assist anti-inflammatory effects, 

MSCs can migrate to the site of injury and polarize macrophages in M2 

phenotype by PGE2 activity [17]. PGE2 also inhibits the production of 

Tumor necrosis factor alpha (TNF-α) by mast cells and the cytotoxic activity 

of natural killer lymphocytes [18]. The secretion of IL-6 and IL-8 suppresses 

the apoptosis of neutrophils and inhibits the activity of DCs [19]. 

Furthermore, MSCs can reduce T and B cells proliferation trough the 

inhibition of cell cycle between G0 and G1 phases [20,21].  
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Figure 1. Immunomodulation and multipotency properties of MSCs. 

MSCs are able to modulate the immune systems and to reduce inflammation 

by secreting different factors. Further, MSCs can be used in regenerative 

medicine for tissue repair because of  their capability to differentiate in bone, 

cartilage, and adipose cells.  

1.1.4. MSCs & disease 

Despite their role in immunomodulation, MSCs may also be involved in the 

onset of some pathologies. In the past years our research group demonstrated 

that MSCs display an altered immune profile in different diseases such as 

psoriasis, atopic dermatitis, leiomyoma, idiopathic pulmonary fibrosis (IPF), 

and Cushing’s syndrome. In psoriasis and atopic dermatitis, MSCs isolated 

from skin biopsies of patients showed an imbalance of Type 2 vs Type 

1/Type 17 T helper cells (Th2 vs Th1/Th17) profile related to the 

pathogenesis [22–24]. In lung disease, MSCs also present altered secretory 

and immunomodulatory properties that can contribute to the onset of the 

disease. Specifically, in IPF, different factors, such as TNF-α and 

Transforming growth factor β -1 proprotein (TGF-β1) promote the 
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differentiation of MSCs in myofibroblasts, that are responsible of fibrotic 

aspects of IPF [25,26]. MSCs may also support the chronic inflammation in 

leiomyoma. A profiling miRNAs analysis conducted on MSCs isolated from 

myometrium of patients with leiomyoma showed that out of more than 2000 

miRNAs only 15 miRNAs were dysregulated, all involved in pathways 

related to uterine fibrosis [27]. To date, the study of MSCs in pathogenetic 

processes is still little known and requires numerous clarifications. At the 

same time, however, these data confirm that MSCs could be a much more 

efficient therapeutic target, as they themselves could primarily drive towards 

an inflamed and stressed microenvironment, compromising the differentiated 

cells functions. 

1.2. Cushing’s Syndrome  

Cushing’s syndrome (CS) is a complex disease caused by a prolonged 

exposure to glucocorticoids (GCs) as well as cortisol, a steroid hormone 

produced mainly by the zona fasciculata located into the adrenal gland cortex 

[28].  

1.2.1.  Cortisol  

1.2.1.1. Biosynthesis 

The secretion of cortisol is under the control of hypothalamus, a part of brain 

responsible for linking the nervous system to endocrine system via pituitary 

gland. The hypothalamus releases Corticotropin-releasing hormone (CRH), 

a peptide hormone, which stimulates pituitary gland to produce and secrete 

Adrenocorticotropic hormone (ACTH) into the blood. ACTH reaches adrenal 

glands and induces the synthesis of cortisol and other glucocorticoids as well 

as Mineralocorticoid aldosterone, and Dehydroepiandrosterone [28]. More 

precisely, ACTH increases the levels of cholesterol in the inner membrane of 

mitochondria and induces its conversion into pregnenolone, a precursor of 

cortisol [29]. Cortisol follows a circadian rhythm that is regulated by the 
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master circadian oscillator (pacemaker) in the suprachiasmatic nucleus 

(SCN), located in the hypothalamus. Generally, normal individuals present 

very low levels of cortisol in the evening (lower limit 30nmol/L), that build 

up overnight and peak in the morning (upper limit 500nmol/L), followed by 

a slowly decline throughout the day [30]. 

 

Figure 2. Cortisol biosynthesis. ACTH stimulates steroid cells of zona 

fasciculata of the adrenal glands to produce cortisol. In mitochondrial inner 

membrane of steroid cells, cholesterol is converted to cortisol via regulation 

of the steroidogenic regulatory proteins. 

1.2.1.2. Immune response 

GCs are involved in immune response as immunosuppressors. In stress 

conditions, immune cells secrete IL-1, IL-6 and TNF-α, which stimulate the 

hypothalamus to secrete CRH, that in turn promotes the production of 

cortisol by adrenal glands. Cortisol inhibits the production of IL-12, 

Interferon gamma (IFN-γ) and TNF-α by antigen-presenting cells (APCs) 

and T helper cells (Th1 cells). GCs also downregulate IL-2 receptor (IL-2R) 
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on the surface of T-cells, that is crucial to induce a Th1 cellular immune 

response. This inactivation improves a shift towards Th2 dominance and the 

secretion of IL-4, IL-10, and IL-13 by Th2 cells, resulting in a general 

immunosuppression and it favours a B-cell mediated antibody immune 

response [31]. Through this process cortisol regulates the immune response 

to prevent an over-activation of inflammation.  

1.2.1.3. Metabolism 

Cortisol is released in response to stress, but at the same time it plays a key 

role in the metabolism of glucose, proteins and lipids. Cortisol is also 

involved in bone formation and immune response [28,32]. GCs enter the cells 

and they are activated by the 11β-hydroxysteroid dehydrogenase type 1 (11β-

HSD1) or deactivated by 11β-HSD2. Activated GCs bind the Glucocorticoid 

receptor (GR), that is located into the cytoplasm, and it is associated with 

Heat shock protein 90 (HSP90) chaperone complex. After binding to cortisol, 

GR dissociates from HSP90 and enters the nucleus, where the GR is recruited 

to specific genomic sequences, called glucocorticoid response elements 

(GREs). The GR:GRE association triggers a number of transcriptional 

factors able to modulate the transcription of genes involved in different 

process [33]. 

Glucose metabolism 

GCs regulate different aspects of glucose homeostasis by promoting 

gluconeogenesis and glycogenesis in the liver, inhibits glyceroneogenesis in 

adipocytes, and reduce glucose uptake in skeletal muscle and white adipose 

tissue (WAT) resulting in an increase of glucose concentration into the blood 

[34–37]. On the other hand, insulin, a hormone secreted by pancreatic β cells, 

exerts opposite functions on these physiological processes by inhibiting 

gluconeogenesis and promoting glucose utilization in skeletal muscle and 

WAT.  
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Cortisol stimulates the production of glucose mainly through the 

transcription of genes involved in the gluconeogenesis pathway: Pyruvate 

carboxylase (PC), Phosphoenolpyruvate carboxykinase, cytosolic (PEPCK-

C), Fructose-1,6-bisphosphatase 1 (FBP1), 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase 1 (PFKFB1), Glucose-6-phosphatase 

catalytic subunit 1 (G6PC) and G6P transporter. 

On the other hand, cortisol inhibits the glucose uptake in skeletal muscle and 

WAT by counteracting the effects of insulin. GCs, in fact, inhibits the 

translocation of Solute carrier family 2, facilitated glucose transporter 

member 4 (GLUT-4) to the cell membrane. Cortisol also decreases the 

tyrosine 608 phosphorylation of Insulin receptor (IR) and the expression of 

insulin receptor substrate protein family (IRS1). At the same time, in the liver, 

GCs increase the gene expression of enzymes involved in ceramide synthesis, 

that interfere with insulin signalling [33].   

In liver and muscle, cortisol also activates glycogen phosphorylase to divide 

glycogen into glucose-1-phosphate and glucose in glycogenolysis process 

[38].  

As its role in these opposite processes, a physiological concentration of GCs 

is crucial for a correct glucose turnover.  

Lipid metabolism   

During fasting, the free fatty acids (FFA) obtained from the hydrolysis of 

triglycerides (TG) are released by adipocytes and carried to the liver, where 

they are reconverted into TG; therefore, returning to the adipocytes as FFA, 

by hydrolysis of a lipoprotein lipase (LPL), they can be converted back into 

TG and reaccumulated. This mechanism is known as triacylglycerol cycle, 

and it is crucial to maintain a constant concentration of FFA in the blood to 

have source of energy immediately usable in case of emergency. The 

triacylglycerol cycle is controlled by GCs by regulating PEPCK, that 
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converts oxaloacetate into phosphoenolpyruvate, a fundamental step into TG 

synthesis in the liver. On the other hand, GCs suppress TG synthesis in the 

adipose tissue, increasing FFA concentration in the blood [39]. It has been 

demonstrated that GCs stimulate the transcription of genes involved in 

lipolysis pathway such as Hormone-sensitive lipase (LIPE), (Lipoprotein 

lipase) LPL and Patatin-like phospholipase domain-containing protein 2 

(PNPLA2, known also as ATGL), which divide TG into FA and glycerol 

[40]. At the same time, GCs are involved in the synthesis of fatty acids. In 

particular, GCs promote the transcription of Acetyl-CoA Carboxylase 1 and 

2 (ACC-α and ACC-β), enzymes that regulate the FA synthesis [41]. 

Bone homeostasis 

Bone homeostasis is the result of a cross-talk between osteoblasts, 

responsible for bone matrix deposition, and osteoclasts, assigned to bone 

resorption. GCs can regulate the bone homeostasis in a cell-type specific 

manner. In fact, different studies proved that GCs in osteoblasts are necessary 

to maintain the bone mass. The inactivation of GCs in osteoblasts and 

osteocytes reduces cortical and trabecular bone mass. Furthermore, a GR 

deficiency inhibits early osteoblasts progenitor markers (Runt-related 

transcription factor 2 (RUNX2) and Transcription factor Sp7, (OSX1)) and 

causes a decreased bone mass. In contrast, osteoclasts are not affected by 

GCs in physiological conditions [42]. 

1.2.2. Cushing’s Syndrome: causes & comorbidities. 

The most common causes of CS are related to the prolonged use of GCs in 

the treatments of other disease (exogenous CS), such as asthma and 

rheumatoid arthritis, to induce immunosuppression. Although more rarely, 

high cortisol levels may be due to its overproduction by the adrenal glands 

(endogenous CS), following the appearance of tumours in the pituitary or 

adrenal glands.  Both exogenous and endogenous CS lead to a collection of 
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symptoms, as well as a round red face, abdominal obesity and thin arms and 

legs, high blood pressure, weak muscles, weak bones, acne, fragile skin that 

heals poorly, irregular menstruations and infertility, hirsutism, mood changes 

and headaches. CS’s symptoms are related to metabolic syndromes: insulin 

resistance (IR), obesity, hypertension, elevated levels of triglycerides and 

osteoporosis [43]. 

Figure 3. Cushing’s syndrome comorbidities. Chronically elevated 

concentrations of GCs lead to complications of the clinical picture of CS. 

Patients manifest cognitive impairment, hepatic steatosis, hyperglycaemia, 

cardiovascular disorders, osteoporosis, myopathy, infertility, altered immune 

response, and poor wound healing.  

1.2.2.1. IR & lipolysis 

In CS the metabolism of glucose is impaired, resulting in diabetes mellitus 

(Type 2) and cardiovascular disorders.  Type 2 diabetes is linked to IR which 

can be supported by a reduced insulin secretion. The excess of GCs leads to 

the development of IR in the body, especially in skeletal muscle and WAT. 
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The development of IR in CS is related to multiple mechanisms of action of 

GCs in different tissues. These can be summed in:  

- Reduced glucose uptake in WAT and skeletal muscle 

- Increased gluconeogenesis 

- Reduced insulin secretion by pancreatic β cells 

Adipose tissue is specialized in the storage of fatty acids. The adipose 

tissue is involved in glucose homeostasis through lipogenesis, de novo 

fatty acid synthesis from glucose, allowing fat storage as TAG. Elevate 

concentrations of fats stored into WAT are observed in lipodystrophies, 

obesity, or IR and it leads to the ectopic accumulation of fat in other 

tissues such as skeletal muscle, liver and pancreas [44].  Long-term 

exposure to GCs causes a lipodystrophy characterized by an increase of 

visceral adipose tissue (VAT) and a decrease of the sub-cutaneous 

adipose tissue (SCAT) [45]. Elevated levels of GCs increase 

adipogenesis, through preadipocyte differentiation rather than adipocyte 

hypertrophy, inhibits TG synthesis in adipocytes  and promotes lipolysis, 

with a consequent increase of elevated concentrations of FFA and 

glycerol in the blood [46–49]. Although the molecular mechanisms 

driving GC’s effects are still poorly understood, different studies 

demonstrated that GCs increase 11b-HSD1 expression in the WAT 

amplifying the detrimental impact of long-term exposure to GCs [50–52]. 

In skeletal muscle and WAT, glucose enters cells through a specific 

glucose transporter GLUT-4. After insulin stimulation, GLUT-4 

translocates from the cytosol to the membrane, leading to increased 

GLUT-4 density and glucose transport. GCs treatments reduce the 

insulin-induced glucose uptake with a downregulation of GLUT-1 

expression and a decreased translocation of GLUT-4 to the plasma 

membrane. Additionally, it has been demonstrated that treatments with 

dexamethasone (DEX) decreased the expression and phosphorylation of 
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IRS-1, indicating a direct impact of GCs on insulin signalling [53]. Acute 

GCs treatments also induce the early expression and phosphorylation of 

CCAAT/enhancer-binding protein alpha (C/EBPα), a pro adipogenic 

transcription factor and increase the expression of Peroxisome 

proliferator-activated receptor gamma (PPAR-γ), involved in the 

differentiation of white preadipocytes [54–56]. GCs also impact the 

secretion of leptin and adiponectin by the adipose tissue [57], which in 

loop, modulates the GCs production by the Heparanase (HPA1) [58]. In 

addition, GCs promotes pro-inflammatory M1 and anti-inflammatory M2 

macrophage recruitment in adipose tissue via the secretion of TNF-α, C-

C motif chemokine 2 (MCP-1), and IL-6 [59].  

At the same time, GR pathway is over-activated in liver, leading to IR 

with increased blood glucose levels and an associated lipogenesis. GCs 

enhance gluconeogenesis in liver by promoting the expression and the 

activity of PEPCK enzyme, which is involved in the neoformation of 

glucose. After the binding to GCs, GR acts in synergy with different 

factors, such as peroxisome proliferator-activated receptor γ-coactivator 

1-α (PGC-1-α), [60]. PGC-1-α expression (PGC1A) is necessary to 

promote the activation of PEPCK. Furthermore, PGC-1-α regulates the 

expression of IRS1/2 in hepatocytes, preparing the response to insulin 

during the fast-to-fed transition [61]. GCs treatments can also act on 

hepatic metabolism through the activation of other targets such as an 

increase in adenosine monophosphate-dependent kinase (AMPK) 

activity, involved into hepatic lipogenesis.  

In the end, GCs exposure alters β cell function, with a decrease of glucose 

sensitivity and insulin secretion, resulting into β cell death. DEX treatments 

reduce response of β cell to glucose by decreasing GLUT-2 protein level [62], 

and the insulin release through the upregulation of Serine/threonine-protein 
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kinase (SGK1), which increases repolarizing activity of K+ channels, 

reducing then Ca2+ channels activity and insulin vesicles exocytosis [63]. 

1.2.2.2. Osteoporosis 

Long-term GCs therapy is the most common cause of secondary 

osteoporosis, which leads to an increased risk of fractures [64,65]. 

Osteoporosis is a systemic skeletal disorder characterized by low bone mass 

and micro-architectural deterioration of bone tissue, due to an imbalance 

between bone resorption and bone formation [66,67]. In physiological 

conditions, bone is constantly undergoing remodelling. Bone homeostasis is 

based on two main types of cells: osteoblasts and osteoclasts, responsible for 

deposition and resorption of the bone matrix respectively. The balance 

between these two cell types is regulated by several hormones, including 

parathyroid hormone (PTH), vitamin D, growth hormone, steroids, and 

calcitonin, as well as several bone marrow-derived membrane and soluble 

cytokines and growth factors such as Macrophage colony-stimulating factor 

(M-CSF), Receptor activator of nuclear factor kappa-B ligand (RANK-L), 

Vascular endothelial growth factor (VEGF) and IL-6 family [68].  

Calcium metabolism regulates bone turnover:  deficiency of calcium and 

vitamin D leads to impaired bone deposition. At the same time parathyroid 

glands react secreting PTH, which increases bone resorption to ensure 

sufficient calcium in the blood. In contrast, thyroid releases calcitonin, 

antagonist of PTH, that allows the resorption of calcium and increases bone 

deposition [69]. 

Osteoclasts activation is regulated by RANK-L [66].  RANK-L is produced 

by osteoblasts and lymphocytes and binds RANK (Receptor activator of 

nuclear factor κB) located on monocytes surface, inducing osteoclastogenesis 

and bone resorption. Osteoblasts also produce Osteoprotegerin (OPG) that 

competes with RANK to bind RANK-L, inhibiting bone resorption.  
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Osteoporosis may be caused by:  

- Reduction of bone matrix formation 

- Excessive bone resorption 

Figure 4. Bone remodelling in healthy conditions and osteoporosis. Bone 

formation and resorption are mainly regulated by the interplay between 

osteoblasts and osteoclasts. Osteoblasts secrete RANK-L and OPG that 

regulate osteoclasteogenesis and osteoblastogenesis processes. RANK-L 

binds RANK, located on monocytes surface, and induce osteoclasts 

formation. OPG enhances osteoblastogenesis by blocking RANK-L and 

monocyte fusion.   Under osteoporosis conditions, the imbalance shifts 

toward greater osteoclasts formation and thus bone resorption overlays bone 

deposition, resulting in a higher frequency of fractures.  

Different studies demonstrated that GCs inhibit osteogenesis [70,71]. In 

particular, MSCs isolated from bone marrow and treated with GCs showed 

impaired osteogenesis [72]. GCs also suppress proliferation and 

differentiation while induce apoptosis of osteoblasts and osteocytes, resulting 

in a low bone mass [73,74]. Moreover, GCs reduce the amount of RANK-L 
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secreted by osteoblasts and osteocytes. In turn, this increases the RANK-

L/OPG ratio and enhances bone resorption by osteoclasts [75–77].  

On the other hand, excessive GCs improve osteoclasteogenesis during the 

initial phases of the therapy. GCs promote osteoclasts differentiation and 

proliferation and increase bone resorption [78–81]. However, the long-term 

therapy with GCs shows contrasting effects. Some studies reported that long-

term GCs treatments reduce osteoclasts activity due to disrupted cytoskeleton 

of the osteoclasts [81,82] or induce osteoclast apoptosis, while others 

reported that GCs do not affect osteoclast apoptosis at all [83,84].  

 

1.2.2.3. Mitochondrial dysfunctions 

Mitochondria play a key role in cellular metabolism. The main role of 

mitochondria is the production of Adenosine triphosphate (ATP), by 

oxidizing the major products of glucose: pyruvate and Nicotinamide adenine 

dinucleotide (NADH), which are produced in the cytosol [85]. Mitochondria 

functions are determined by their morphology and by the expression levels 

of enzymatic complexes involved in oxidative phosphorylation [86]. 

Mitochondria produce a small amount of superoxide anion radicals (O2
-), but 

an imbalance between the production and the removal of the superoxide 

radicals cause mitochondrial damages [87,88]. Mitochondrial dysfunctions 

may lead to IR in pancreas, skeletal muscle, fat and liver [89–91]. In beta 

pancreatic cells for example, the overexpression of PGC-1-α induced by GCs 

stimulates mitochondrial biogenesis and respiratory activity, but at the same 

time increases oxidative stress and impairs insulin secretion in response to 

glucose [92]. It was observed that DEX-treated mice displayed alteration in 

hepatocytes mitochondrial DNA (mtDNA), which led to an increase of ROS 

production and a reduction of ATP synthesis [93]. Furthermore, another 

study showed that in SCAT of Cushing’s patients the expression of 
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mitochondrial proteins NADH-ubiquinone oxidoreductase chain 5 (MT-

ND5), NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly 

factor 2 (NDUFA12), Succinate dehydrogenase [ubiquinone] flavoprotein 

subunit, mitochondrial (SDHA), Cytochrome c (CYC1), Cytochrome c 

oxidase subunit 4 isoform 1, mitochondrial (COX4I1), Dihydrolipoyllysine-

residue acetyltransferase component of pyruvate dehydrogenase complex, 

mitochondrial (DLAT) and Citrate synthase (CS) was significantly decreased 

[94]. 

1.3. MSCs and Cushing’s syndrome 

The involvement of MSCs in Cushing’s syndrome is still poorly understood. 

In our previous work we demonstrated that MSCs isolated from skin biopsies 

of Cushing’s patient secreted decreased levels of cytokines and genes related 

to wound healing [95], backdating the onset of this pathology at stemness 

level. 

Physiological levels of GCs are essentials for normal osteoblasts and 

adipocytes differentiation. However, long-term exposure to GCs 

compromises the differentiation capability of MSCs. In vitro studies 

demonstrated that mouse BM-MSCs treated with DEX differentiate more 

into adipocytes than osteoblasts [96]. Low concentrations of DEX promote 

the proliferation of BM-MSCs, whereas increased levels inhibit their 

proliferation [97]. GCs also attenuate the osteoblast cell cycle by the Tumor 

suppressor p53 activation [98]. On the other hand, GCs excess induces the 

expression of PPAR-γ and C/EBP members (C/EBPα, β, and δ), which 

promote adipogenic differentiation and decrease osteoblastogenesis in BM-

MSCs [99,100]. Despite these studies clarify the shift between osteogenic 

and adipogenic differentiation, the role of MSCs in metabolism and bone 

dysfunctions has to be further studied.  
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2. AIM OF THE STUDY 

Relevant comorbidities and clinical problems in CS represent a high risk for 

acute complications. Although there are therapeutic recommendations for 

most of these comorbidities, new prospective studies are necessary to 

optimise them. Since, among the others, bone and fat are compromised by 

CS’s comorbidities and cells of both these tissues derive from MSCs, these 

mesenchymal cells represent a promising model to better understand the 

development of CS’ comorbidities and a promising new therapeutic target.  

As matter of fact, this PhD work presents three main tasks in which the 

involvement of MSCs in CS was evaluated. 

TASK1: Establish an in vitro mesenchymal stem cell model of chronic 

hypercortisolism 

A regular circadian rhythm of cortisol levels is essential for a variety of 

physiological processes, such as metabolism, immune response, 

cardiovascular activity and brain function. In CS the circadian rhythm of GCs 

is compromised, and a constant high concentration of GCs is detected in 

serum and saliva of these patients. Given its longer half-life (36 hours), 

elevated concentrations of DEX are the most widely glucocorticoids used in 

in vitro studies of CS. However, none of these studies considers the circadian 

rhythm of GCs and the difference between physiological and pathological 

level variations during the day. Therefore, to mimic the circadian cortisol 

rhythm and chronic hypercortisolism, MSCs isolated form abdominal skin 

biopsies were isolated and treated in vitro with two different GCs systems; 

subsequently, glucose uptake, IR and FFA metabolism were evaluated.  

TASK2: GCs effects on osteoblasts and osteoclasts differentiation in CS 

Osteoporosis is one of the main comorbidities in CS. A functional crosstalk 

between osteoblasts and osteoclasts is crucial for the bone homeostasis. In 

osteoporosis this crosstalk is compromised, and it results in an imbalance of 
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osteoblasts/osteoclasts activity. To date, despite the effects of glucocorticoids 

on bone cells has received lots of attention, the mechanisms that inhibit 

osteoblastogenesis are not completely understood and few studies were 

conducted on human MSCs. To better understand the osteoblasts/osteoclasts 

imbalance in CS, MSCs and PBMCs were isolated from skin biopsies and 

blood of Cushing patients and differentiate into osteoblasts and osteoclasts, 

respectively. Differentiation capability and cellular activity were then 

evaluated in both cell types.  

TASK3: Mitochondrial alterations in MSCs of Cushing’s patients 

The link between mitochondria and metabolic dysfunction is compelling, but 

far from completely understood. Mitochondria functions are determined by 

their morphology and their activity in oxidation-reduction processes. To 

assess mitochondrial efficacy in CS, some of mitochondrial parameters 

(related to morphology and function) were analyzed in MSCs isolated from 

skin biopsies of CS patients.  
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3. MATERIALS AND METHODS 

3.1. Patients enrollment and ethical statement 

These studies were conducted in collaboration with the Clinic of 

Endocrinology, Clinic of Dermatology and Clinic of Plastic and 

Reconstructive Surgery of Università Politecnica delle Marche.  

For the TASK1, seven abdominal skin biopsies were collected from four 

healthy males and three healthy females (age matched 42.3 ± 3.4) undergoing 

abdominoplasty. The main demographical and clinical characteristics of 

enrolled patients are summarized in Table 1a. 

Five heathy subjects and fifteen Cushing’s patients were enrolled for the 

study 2 and 3 and skin biopsies from the back were collected. Cushing’s 

patients were divided into three subgroups summarized in Table 1b.  

(a) 

Case Age Sex Mean 

fasting 

glucose 

mmol/L 

Mean 

glycosylated 

haemoglobin 

mmol/mol 

Mean 

fasting 

insulin 

pmol/L 

Mean total 

cholesterol 

mmol/L 

Mean 

HDL 

cholesterol 

mmol/L 

Mean 

triglycerides 

mmol/L 

1 45 M 5.2 36 35.5 4.1 1.6 1.1 

2 48 M 4.9 27 28.4 4.7 1.1 1.4 

3 39 M 5.7 39 127.1 5 0.9 2 

4 37 M 5.2 35 82.9 5. 1.3 2 

5 47 F 5.6 33 115.6 5.1 1.6 1.9 

6 36 F 5.2 31 30.8 5 1.9 1.3 

7 44 F 4.9 37 32.4 4.7 1.7 1.7 

Mean 42  5.3 34 64.7 4.8 1.4 1.6 

SD ±4  ±0.2 ±3 ±43.2 ±0.3 ±0.3 ±0.3 
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(b) 

Case Age Sex Group 24h Urinary cortisol 

time xULN 

Disease duration 

from diagnosis 

(months) 

1 59 F C-PBMCs/MSCs   

2 63 F C-PBMCs/MSCs   

3 67 M C-PBMCs/MSCs   

4 46 F C-PBMCs/MSCs   

5 50 M C-PBMCs/MSCs   

6 51 F ENDO-PBMCs/MSCs 4.5 36 

7 49 F ENDO-PBMCs/MSCs 4 30 

8 33 F ENDO-PBMCs/MSCs 4 12 

9 49 M ENDO-PBMCs/MSCs 5 12 

10 50 F ENDO-PBMCs/MSCs 4.5 30 

    Type, dose and 

duration of steroid 

treatment 

 

11 65 F EXO-PBMCs/MSCs Oral Prednisone 25 

mg/daily – 24 weeks 

 

12 58 F EXO-PBMCs/MSCs Oral Prednisone 25 

mg/daily – 24 weeks 

 

13 65 M EXO-PBMCs/MSCs Oral 

Methylprednisolone 16 

mg/daily – 36 weeks 

 

14 57 M EXO-PBMCs/MSCs Oral Prednisone 25 

mg/daily – 24 weeks 

 

15 54 F EXO-PBMCs/MSCs Oral Prednisone 25 

mg/daily – 24 weeks 

 

    Type, dose and 

duration of steroid 

treatment 

Type, dose and 

duration of steroid 

sparing 

16 65 F EXO SS-PBMCs/MSCs Oral Prednisone 12,5 

mg/daily – 24 weeks 

Oral Azathioprine 100 

mg/daily − 24 weeks 

17 69 F EXO SS-PBMCs/MSCs Oral Prednisone 10 

mg/daily – 24 weeks 

Oral Azathioprine 150 

mg/daily − 24 weeks 

18 59 M EXO SS-PBMCs/MSCs Oral 

Methylprednisolone 8 

mg/daily – 36 weeks 

Oral Mycophenolate 

sodium1440 mg/daily 

– 36 weeks 

19 74 M EXO SS-PBMCs/MSCs Oral Prednisone 12,5 

mg/daily – 24 weeks 

Oral Azathioprine 100 

mg/daily − 24 weeks 

20 54 F EXO SS-PBMCs/MSCs Oral Prednisone 10 

mg/daily – 24 weeks 

Oral Azathioprine 150 

mg/daily − 24 weeks 

 

Table 1. Demographical and functional characteristics of enrolled patients 

for TASK1 (a), and TASK2 and 3 (b). 

All patients provided their written informed consent to participate in the 

study, which was approved by the institutional ethics committees (NR 2021- 

218) and conducted in accordance with the Declaration of Helsinki. 
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3.2. Isolation of MSCs and cell culture 

Skin biopsies were mechanically fragmented in small pieces (2-3mm3) and 

cultured with MSCGM bullet kit (Mesenchymal Stem Cell Growth Medium, 

Lonza, Verviers, Belgium) at 37°C and 5% of CO2 [101–103]. MSCs 

morphology and growth were evaluated by phase-contrast microscopy (Leika 

DM IL, Leika® Microsystems GmbH, Germany) and medium was replaced 

2 times/week. Once confluence was reached, cells were detached by using 

1X Trypsin-EDTA (Lonza) and viability was assessed by an automated cell 

counter (Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA). Cells were then cultured in DMEM/F-12 (Dulbecco’s Modified 

Eagle’s Medium/Hams F-12 50/50 Mix, Corning, New York, USA) with 

10% of FBS (Fetal Bovine Serum, Corning), 1X of Penicillin/Streptomycin 

and 1X of Glutamine (Lonza). 

3.3. Characterization of MSCs  

After samples collection, cells isolated from skin biopsies were characterized 

by testing the minimal criteria identified by Dominici for mesenchymal 

definition: plastic adherence, fibroblastic morphology, immunophenotype 

and multipotency [5].  

Immunophenotype 

MSCs’ immunophenotype was analyzed by flow cytometric analysis. 1x106 

cells for each sample was incubated with a primary antibody (mouse anti-

human; 10μg/106 cells) conjugated with FITC (fluorescein isothiocyanate) 

for 40min at room temperature and in the dark. The primary antibodies 

(Becton Dickinson, New Jersey, USA) against HLA-DR (Cat. No. 555560), 

CD14 (Cat. No. 555397), CD19 (Cat. No. 555412), CD34 (Cat. No. 555821), 

CD45 (Cat. No. 561865), CD73 (Cat. No. 561254), CD90 (Cat. No. 561969), 

CD105 (Cat. No. 561443) were used. Flow cytometric analyses were carried 

out with FACSCalibur Flow Cytometer: 3-Color (Becton Dickinson) 
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equipped with a 15mW laser. 10000 events were acquired per sample and 

cells were gated according to physical parameters and histograms developed 

by using FlowJo™ Software (available online at https://www.flowjo.com/) 

with the percentage of positive events. Furthermore, the expression of CD9 

(Cat. No. 555371) was evaluated as distinguishing marker between 

fibroblasts and mesenchymal cells.  

Multipotency 

The osteogenic, chondrogenic and adipogenic differentiation of MSCs was 

induced by using the commercial STEMPRO® Osteogenesis (Cat. No. 

A1007201), Chondrogenesis (Cat. No. A1007101) and Adipogenesis (Cat. 

No. A1007001) Kits (GIBCO, Invitrogen) respectively. Cells cultured in 

DMEM/F-12 with 10% FBS were used as a negative control. All the images 

were captured using an optical microscope (Nikon Eclipse 600, Nikon, 

Milan, Italy). 

Osteogenic differentiation 

For osteogenic differentiation, 15000 cells/well were seeded on 24-well 

coverslips and cultured for 21 days.  

Alkaline phosphatase (ALP) activity and Alizarin Red staining were assessed 

at 7 and 21 days of differentiation, respectively. For ALP, cells were 

incubated for 10min in 0.1M TBS pH 9.5 buffer solution (100 mM Tris–HCl 

pH 9.5, 100 mM NaCl and 10 mM MgCl2) and then with 0.02% 5-Bromo-

4-chloro-3-indolyl phosphate disodium salt (BCIP), 0.03% Nitroblue 

tetrazolium chloride (NBT) and 50mM levamisol in 0.1MTBS, pH 9.5 

(Sigma-Aldrich, St. Louis, Missouri, USA) at 37°C. For Alizarin Red 

staining, cells were previously fixed with 4% paraformaldehyde (PFA) at RT 

for 15min and then incubated with 2% Alizarin Red-S solution (Thermo 

Fisher Scientific) for 30-40min at RT and in the dark.  

Chondrogenic differentiation 
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For chondrogenic differentiation, 1×106 cells/sample was centrifuged at 1200 

rpm for 5min to obtain pellets which were cultured for 20 days in 

chondrogenic differentiation medium. At the end of the differentiation 

period, the pellets were fixed in 4% PFA for 24h. The samples were 

dehydrated, embedded in paraffin and cut with a microtome to obtain 5µm 

sections. The sections were rehydrated and exposed to a Safranin-O solution 

(0.1g in 100% EtOH, working dilution 1: 2 dH2O) for 5min.  

Adipogenic differentiation 

15000 cells/well were cultured in adipogenic differentiation medium for 14 

days. Subsequently, cells were fixed with 4% PFA at RT for 30min and 

incubated with 60% isopropanol for 5min and then with 500μl of Oil Red 

work solution (6mL of Oil Red stock solution 0.5% w/v + 4mL H2O) for 

30min at RT protected from light.  

3.4. TASK1  

3.4.1. In Vitro Reproduction of Circadian Rhythm and Chronic 

Excess of GCs 

To reproduce in vitro the circadian rhythm of GCs and its dysfunction in CS, 

cells were treated with two different GCs regimens: some were given low, 

circadian-decreasing GCs doses (Low and Decreasing Exposure, LDE), 

some were exposed to persistently high GC doses (High and Constant 

Exposure, HCE), as shown in Figure 1A. In detail, LDE cells were first 

exposed (8:00 a.m. - 9:50 a.m.) to 500nM hydrocortisone 

(MedChemExpress, MCE, Monmouth Junction, NJ, USA) and then to 

decreasing concentrations by replacing the medium with a fresh medium 

containing 250nM hydrocortisone (9:50 a.m. - 01:50 p.m.) and 100nM (01:50 

p.m. - 05:50 p.m. and 05:50 p.m. - 08:00 a.m.) of hydrocortisone [104]. To 

mimic CS, HCE cells were exposed to 500nM hydrocortisone for 24/24 
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hours. The 500nM hydrocortisone medium was replaced with fresh medium 

at the same time as the physiological condition medium was changed. 

3.4.2. Daily experimental design   

To study the effects of GCs excess in vitro on glucose uptake and IR, cells 

were starved and exposed three times/day to 10mM glucose with or without 

prestimulation with 1μM insulin (Sigma-Aldrich, St. Louis, Missouri, USA) 

to resemble daily food uptake as resumed in Figure 1B. Cells derived from 

each single patient were divided into six experimental groups (Exp): 

1) GLU: Cells exposed to glucose; 

2) INS+GLU: Cells stimulated with insulin before glucose exposure; 

3) LDE+GLU: LDE cells treated with glucose; 

4) HCE+GLU: HCE cells treated with glucose; 

5) LDE+INS+GLU: LDE cells stimulated with insulin before glucose 

exposure; 

6) HCE+INS+GLU: HCE cells stimulated with insulin before glucose 

exposure. 

In detail, cells were starved overnight with Advanced DMEM/F-12 w/o 

glucose (Lonza) with 0.5% FBS. At 8:00 a.m., starvation medium was 

replaced for 30min with a new medium containing hydrocortisone 500nM in 

groups exposed to GCs. After washing, the cells were glucose starved for 

40min with KRPH buffer (20mM HEPES, 5mM KH2PO4, 1mM MgSO4, 

1mM CaCl2, 136mM NaCl and 4.7mM KCl, pH 7.4) containing 2% BSA 

(Sigma-Aldrich) and hydrocortisone. Groups 2, 5 and 6 were then stimulated 

for 20min with 1μM of insulin. Finally, 10mM glucose were added, and the 

time sampling was after 20min. The same protocol starting with starvation 

for 2h in Advanced DMEM/F-12 w/o glucose was repeated two times during 

the day, and the hydrocortisone concentration in the medium of LDE and 
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HCE cells varied according to the experimental design. To evaluate the long-

term impact on metabolism and IR, the experiment was performed for three 

days with repeated sampling times after glucose administration: T1, T2 and 

T3 at 9:50 a.m., 1:50 p.m., 5:50 p.m. of the first day; T4, T5 and T6 at 9:50 

a.m., 1:50 p.m., 5:50 p.m. of the second day; T7 at 1:50 p.m. of the third day. 

The entire experiment was repeated 3 times.  
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Figure 5. (a) In vitro reproduction of preserved versus abolished GC 

circadian rhythm. (b). Daily experimental design. 
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3.4.3. XTT assay 

XTT assay (Sigma-Aldrich) was initially performed to assess that the 

repeated starvation steps and treatments would not affect cell viability. 3x103 

cells/well for Groups 1, 2, 4 and 6 derived from the 7 patients were plated in 

a 96-well plate in triplicate and treated as previously described. Another 

experimental group was included as a control, consisting of cells 

continuously cultured in starvation medium (STARVED CTRL). The XTT 

assay was performed at the end of each day (T3, T6 and T7 sampling times) 

following the manufacturer’s instructions and absorbance was detected by 

using microplate reader (Thermo Fisher Scientific, Multiskan GO Microplate 

Spectrophotometer).  

3.4.4. Glucose uptake assay 

Glucose uptake assay was first performed to evaluate the response of MSCs 

to insulin; subsequently, the potential effects of both GC regimens on glucose 

uptake were evaluated. For the glucose uptake assay (Sigma-Aldrich), 3x103 

cells/well were plated in a 96-well plate and treated according to the above 

protocol; after insulin stimulation, 10mM of 2-deoxyglucose (2-DG) was 

added for 20min, and a colorimetric assay was performed following the 

manufacturer’s instructions. The readings were detected at 420nm in a 

microplate reader.  

3.4.5. GLUT-4 translocation in MSCs 

1.5x104 cells were seeded on coverslips for groups 1,2,5 and 6 and treated as 

previously described. A T5 cells were fixed with 4% PFA at RT for 30’ and 

permeabilized for 30min with 0,1% of Tryton 100X (Sigma-Aldrich). 

Subsequently, cells were incubated overnight at 4°C with anti-GLUT-4 

antibody (1:50, Cat. No. SC-53566, Santa Cruz Biotechnology, Dallas, 

Texas, USA) followed by treatment for 30min with a goat anti-mouse FITC-

conjugated antibody (1:1000, Cat. No. F-2761, Invitrogen). Finally, 
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coverslips were mounted on glass slides in Vectashield (Vectorlabs, CA, 

USA), and images were acquired by confocal microscopy (Zeiss 

LSM510/Axiovert 200M microscope with an objective lens at 20× 

magnification). Line scans were acquired excluding nuclear regions, and 

GLUT-4 fluorescence was analyzed by calculating the fluorescence ratio 

between the edge and the centre of the cell [105]. 

3.4.6. Gene expression in IR development 

To investigate the mechanisms involved in IR, the expression of LIPE, 

ATGL, IL-6 and TNF-α, was evaluated by semi-quantitative Real-time PCR 

(RT-PCR) analysis. For each patient, 2.5x105 cells/well belonging to groups 

5 and 6 were seeded in triplicates in a 6-well plate and treated following the 

experimental design. Pellets were collected at T2 and T7, as representing 

acute and chronic exposure to GCs. RNA extraction, cDNA synthesis and 

qRT-PCR were carried out as described below. The primer sequences are 

summarized in Table 2. 

Gene Forward 5’-3’ Reverse 5’-3’ 

GAPDH CCCTTCATTGACCTCAACTACATG TGGGATTTCCATTGATGACAAGC 

LIPE AGCCTTCTGGAACATCACCGAG TCGGCAGTCAGTGGCATCTCAA 

ATGL CCCACTTCAACTCCAAGGACGA GCAGGTTGTCTGAAATGCCACC 

IL-6 ATTCTGCGCAGCTTTAAGGA AACAACAATCTGAGGTGCCC 

TNF-α CGAGTCTGGGCAGGTCTACTTT AAGCTGTAGGCCCCAGTGAGTT 

 

Table 2. IR primer sequences. 

RNA extraction and cDNA synthesis 

Total RNA was extracted from each pellet with Total RNA Purification Plus 

Kit (Norgen Biotek Corporation, Thorold, Canada) by following 

manufactures’ instructions. RNA concentration (ng/µl), the ratio 260/280 

(protein contamination index) and the ratio 260/230 (phenol contamination 
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index) were measured by Thermo Scientific™ NanoDrop™ One/OneC 

Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific). cDNA 

synthesis was performed by following manufacturer’s instructions of All-In-

One 5X RT MasterMix (Applied Biological Materials-abm, Richmond, 

Canada). For each sample 200ng of RNA were used.  

Semi-quantitative RT-PCR 

For qRT-PCR, 1µl of cDNA for each sample was analyzed in duplicate for 

all genes. The MIX for each sample contains 5µl of SsoFast™ EvaGreen® 

Supermix (Bio-Rad, Hercules, California, USA), 3.8µl of deionized water 

and 0.2µl of forward and reverse primers. Subsequently the amplification and 

analysis were performed with Real-time Mastercycler ep realplex 

(Eppendorf, Hamburg, Germany). The general protocol includes a first 

incubation at 95 °C for 2min followed by 45 cycles of 95 °C for 15sec and 

60 °C for 1min, 3min at 95°C followed by 45 cycles of 20sec at 95°C 

(denaturation), 20sec at T melting depending on the primer used (annealing) 

and 20sec at 72°C (elongation). At the end of each cycle the emission of 

fluorescence was monitored, and mRNA expression was calculated by the 

2−ΔΔCt method [106].  

3.5. TASK2 

The TASK2 was investigated in 2 steps:  

STEP1: Evaluation of the ability of PBMCs isolated from blood samples of 

healthy subjects and Cushing patients to differentiate into osteoclasts.  

STEP2: Evaluation of the ability of MSCs isolated from skin biopsies of 

healthy subjects and Cushing patients to differentiate into osteoblasts. 

3.5.1. STEP1: PBMCs isolation e differentiation into osteoclasts 

5mL of blood samples for each patient were collected at the Endocrinology 

Clinic of Università Politecnica delle Marche in EDTA collecting tubes. 
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PBMCs extraction was performed by density gradient centrifugation for 

separation of PBMCs by using Ficoll(R)-Paque PREMIUM (Scientific 

Laboratory Supplies Ltd, Nottingham, England). In detail, fresh blood was 

diluted 1:1 with 1X PBS and carefully layered onto a 4mL of Ficoll-Paque 

solution and subsequently centrifuged at 400g for 30min at RT w/o brakes. 

After the centrifuge the upper layer containing plasma and platelets was 

drawed off using a sterile pipette, and PBMCs layer was collected and 

transferred to a sterile centrifuge tube. After 2 washes with 1X PBS PBMCs 

were cultured in MEM α w/o phenol red (Gibco, Thermo Fisher Scientific). 

To induce osteoclasts differentiation, 25ng/mL RANK-L (Human 

Recombinant RANK-L, STEMCELL Technologies, Vancouver, Canada) 

and 25ng/mL M-CSF (Human Recombinant M-CSF, STEMCELL) were 

added to the culture medium. Medium was replaced 2 times/week and all the 

experiments were performed after 14 days of differentiation. Cells cultured 

in medium w/o factors were used as negative control. 

3.5.2. STEP1: Osteoclasts morphology and activity 

To evaluate the differentiation into osteoclasts and their activity, after 14 days 

of culture cells were analyzed for Tartrate-resistant acid phosphatase 5b 

(TRAcP), Cathepsin K, acting ring formation, resorption pits and C-terminal 

telopeptides of Type I collagen (CTX-I) realise.  

TRAcP 

TRAcP is one of several bone metabolic biomarkers that are specifically 

secreted by osteoclasts [107,108] and has been used as biomarker of bone 

resorption. TRAcP is a good indicator of osteoclast number in human blood 

monocyte-derived osteoclasts. For TRAcP staining, 2.5x106 cells were plated 

on coverslips in triplicate for each patient and after 14 days of culture acid 

phosphatase enzymatic staining was performed (Sigma-Aldrich) following 

manufactures instructions. Nuclei were marked with DAPI Nuclear 
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Counterstains (4',6-Diamidino-2-Phenylindole, Dihydrochloride, Cat. No. 

D1306, 1.1000, Thermo Fisher Scientific). All the images were captured 

using an optical microscope. The analysis was performed on 5 fields/sample. 

TRAcP positive cells were counted in both differentiated and not 

differentiated groups, and the percentage calculated on the total number of 

cells/field. For the analysis, not differentiated group percentage mean has 

been subtracted from differentiated samples. Only cells with more than 3 

nuclei were considered for the analysis. 

Cathepsin K  

Cathepsin K is responsible for the degradation of type I collagen in 

osteoclast-mediated bone resorption. To analyze the expression of Cathepsin 

K, 2.5x106 cells were plated on coverslips in triplicate for each patient and 

after 14 days of culture an immunocytochemistry was performed. In detail, 

cells were first fixed with 4% PFA and then permeabilized with 0,1% Triton 

X100. Subsequently, cells were incubated overnight at 4°C with anti-

cathepsin K monoclonal antibody (1:100, Cat. No. SC- 48353, Santa Cruz 

Biotechnology). After washing in PBS 1X, cells were immunostained using 

the streptoavidin-biotin-peroxidase technique (LSAB universal peroxidase 

kit, Dako Cytomation, Milan, Italy), and were incubate with 3,3-

diaminobenzidine (DAB). Coverslips were then counterstained with Meyer’s 

haematoxylin, dehydrated, and mounted with Dako Cytomation Glycergel 

mounting medium. All the images were captured using an optical 

microscope. The analysis was performed on 5 fields/sample and Cathepsin K 

positive cells with more than 3 nuclei were counted. The percentage was 

calculated for both differentiated and not differentiated samples on the total 

number of cells/field. The percentage mean of not differentiated group has 

been subtracted from differentiated samples.  

Actin ring formation 
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Rapid cytoskeletal reorganization is essential for osteoclast function. Bone 

resorption occurs within the sealing zone, which is formed by an actin ring 

structure. This can be identified as a solid circular belt like formation and 

consists of an actin filament core [109]. To assess the formation of actin ring, 

2.5x106 cells were plated on coverslips in triplicate for each patient and after 

14 days of culture an immunofluorescence (IF) was performed. More 

specifically, cells were first fixed with 4% PFA for 30min at RT and then 

permeabilized with 0.1% Triton X100 for 10min. Subsequently, cells were 

incubated with Phalloidin-TRITC (1.1000, Cat. No. P1951, Phalloidin-

tetramethylrhodamine B isothiocyanate, Sigma-Aldrich) for 45min at RT and 

protect from the light. After 3 washes, nuclei were counterstained with DAPI 

Nuclear Counterstains (1:1000). Fluorescence was detected using an optical 

microscope. The analysis was performed on 5 fields/sample and actin ring 

positive cells (nuclei >3) were counted in differentiated and not differentiated 

samples. The percentage was calculated by considering the total number of 

cells/field and the mean percentage of not differentiated group has been taken 

off from differentiated samples.   

Resorption pits and CTX-I measurement  

To measure osteoclasts activity, 2.5x106cells/well were plated in triplicate 

and differentiated. After 14 days, cells were detached with 10X Trypsin and 

seeded onto bone slices (BioVendor, Brno, Czech Republic) and cultured in 

presence of RANK-L and M-CSF. After 96 h, medium was collected and 

analysed for CrossLaps® for Culture (CTX-I) ELISA assay (BioVendor) 

following manufactures instructions, while the bone sections were sonicated  

in 0.25 mol/L NH4OH for 30min, thereby removing all cells, washed in 

distilled water, stained with Coomassie brilliant blue and the images were 

captured with optical microscope). CTX-I fragments were detected using a 

microplate reader.  

3.5.3. STEP2: MSCs differentiation into osteoblasts 
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To assess differentiation into osteoblasts, MSCs were cultured with StemPro 

Osteogenesis Differentiation Kit (Gibco, Thermo Fisher Scientific) for 21 

days and medium was replaced 2 times/week. Cells cultured in DMEM/F-12 

were used as negative control.  

 

Figure 6. Schematic representation of osteoblastogenesis. MSCs 

differentiate into osteoblast following multiple steps: commitment to 

osteoblastic lineage, proliferation and maturation of preosteoblasts, matrix 

deposition (osteoid) by osteoblasts, and bone matrix mineralization with 

calcium phosphate deposition and formation of hydroxyapatite crystals (new 

bone). Osteoblastogenesis is regulated by a cascade activation of 

transcriptional factors such as RUNX2 and Bone morphogenetic protein 

(BMP) that induce the expression of Alkaline phosphatase (ALPL), Collagen 

alpha-1 and -2 (I) chain (COL1A1 and COL1A2), specific markers of 

osteoblasts differentiation during early stages, and followed by Collagen 

alpha-1(III) chain (COL3A1), Sphingosine-1-phosphate phosphatase 1 

(SPP1), Osteonectin (ON also known as SPARC), Osteocalcin (BGLAP) and 

Bone sialoprotein 2 (IBSP) in tardive (late) stages of differentiation.  
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MSCs differentiation capacity was evaluated by ALP activity, bone matrix 

mineralization, collagen deposition, and analysis of genes and proteins 

related to osteoblastogenesis.  

ALP activity 

ALP is an early osteogenic marker of bone formation and bone calcification 

[110]. To evaluate ALP activity, 2x104 cells were seeded in triplicate on 

coverslips for each patient and differentiate into osteoblast. After 7 (T7) days 

of differentiation ALP staining and IF were performed. ALP staining was 

carried out as described in 3.3. paragraph. 5 fields for each sample were 

acquired by optical microscope. The positive percentage area of both 

differentiated and not differentiated groups (negative control) was then 

quantified through Fiji ImageJ (available online on 

https://imagej.net/software/fiji/downloads) for each field. For the analysis, 

the percentage mean of negative controls was subtracted from differentiated 

samples.   For IF, cells were fixed and permeabilized as described above. 

Cells were then incubated overnight at 4°C with Anti-Alkaline Phosphatase 

monoclonal antibody (1:100, Cat. No. Ab126820, abcam, Cambridge, United 

Kingdom), followed by 30min of incubation with a goat anti-mouse FITC-

conjugated antibody (1.1000, Invitrogen). Subsequently, cells were 

incubated with Phalloidin-TRITC for 45min and after 3 washes, nuclei were 

counterstained with DAPI Nuclear Counterstains (1:1000). Fluorescence 

images (5 fields/sample) were acquired by optical microscope. Fluorescence 

quantification was analyzed through Fiji ImageJ   

Mineralization 

The Alizarin Red-S assay is considered the gold standard for quantification 

of bone matrix mineralization. 2x104 cells were seeded in triplicate on 

coverslips for each patient and differentiate into osteoblast. After 21 (T21) 
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days Alizarin Red staining was caried out as described above (3.3. paragraph) 

and images were acquired with optical microscope. A photometric 

quantification of Alizarin Red-S concentration was then performed. 250µL 

of 10% acetic acid were added to each well and 200µL of the supernatant 

were then transferred to a 96-well plate for photometric measurement. 

Absorbance was detected at 480nm with microplate reader and Alizarin Red-

S concentration was analysed.  

 Collagen deposition 

Osteoblasts differentiation is associated with processing of type I procollagen 

to collagen I under the effect of ascorbic acid, and progressive deposition of 

a collagenous extracellular matrix (ECM). Collagen deposition was 

monitored through Sirius Red before (T0), and after 7 (T7) and 21 (T21) days 

of differentiation. Briefly, 2x104 cells were seeded in 24-well in triplicate for 

each patient and induced to differentiate into osteoblasts. At every time 

sampling cells were fixed overnight in methanol at -18°C. After 3 washes 

with PBS 1X cells were incubated for 2h at RT with 0.1% solution of Picro-

Sirius Red (Direct Red 80, Sigma-Aldrich). Cells were then washed twice 

with 0.1% aqueous solution of acetic acid and images were acquired with an 

inverted microscope (Leica microsystem, Wetzlar, Germany). A photometric 

quantification of Sirius Red concentration was then performed. 250µL of a 

0.1 N aqueous solution of sodium hydroxide by shaking in a tilting shaker 

for 1h, and subsequently 200µL of the eluted stain solution were transferred 

to 96-well plates. The optical density (OD) was detected with microplate 

reader at a wavelength of 530nm. 

Analysis of genes expression and proteins involved in osteoblast 

differentiation 

Osteoblast differentiation follows different stages: (1) cell proliferation, (2) 

ECM secretion and matrix maturation and (3) matrix mineralization [111]. 
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As shown in Figure 6, the first stage was determined by the expression of 

RUNX2, followed by the increase of the expression of ALPL, COL1A1, 

SPARC and BGLAP, that were detected by qRT-PCR and WB analysis at T0, 

T7 and T21. RANK-L/OPG axis was also detected through WB analysis.  

Gene expression was carried out as described above in paragraph 3.4.6. The 

primer list was summarized in Table 3.  

Gene Forward 5’-3’ Reverse 5’-3’ 

GAPDH CCCTTCATTGACCTCAACTACATG TGGGATTTCCATTGATGACAAGC 

ALPL GCTGTAAGGACATCGCCTACCA CCTGGCTTTCTCGTCACTCTCA 

RUNX2 ACTCGTCCGCACCGACAGCC TACCTCTCCGAGGGCTACCACC 

COL1A1 GTGCTAAAGGTGCCAATGGT CTCCTCGCTTTCCTTCCTCT 

COL3A1 TGGTCTGCAAGGAATGCCTGGA TCTTTCCCTGGGACACCATCAG 

SPARC CAAGAAGGGCCACAAGCTC TGTTGTCCTCATCCCTCTCA 

BGLAP GACTGTGACGAGTTGGCTGA GCCCACAGATTCCTCTTCTG 

 

Table 3. Osteoblastogenesis primer sequences 

For WB analysis, 2x105 cells were seeded in 6-well plates in duplicate for 

each sample and induced to differentiate.  At T0, T7 and T21 cells were 

detached and washed with cold PBS. Pellets were lysed with Ripa buffer 

(Tris-HCl 50Mm pH7.4, NaCl 150mM, Triton X100 1%, SDS 0,1%) 

supplemented with 1mM PMSF, protease inhibitor cocktail, Phostop (all by 

Sigma-Aldrich). Protein concentration was measured with DC Protein assay 

(BioRad) following manufacturing instruction. 10µg of proteins were loaded 

onto a Bolt 4-12% Bis-Tris Plus precast gel (Invitrogen) and transferred to 

0,2μm nitrocellulose membrane (BioRad). Nonspecific binding sites were 

blocked with 5% skin milk in TBS buffer and nitrocellulose stripes were then 

incubated overnight at 4°C with primary antibodies: Anti-RUNX2 antibody 

(1:1000, Cat. No. HPA022040, Sigma-Aldrich); anti-Alkaline Phosphatase 

monoclonal antibody (1:1000, Cat No. Ab126820, abcam, Cambridge, 
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United Kingdom), anti-COL1A1 (Cat. No. SC- 293182), anti-RANK-L (Cat. 

No. SC-52950), anti-M-CSF (Cat. No. SC- 365779) (1:250, Santa Cruz 

Biotechnology), and GAPDH (1:10000, Cat. No. 60004-1-Ig, Proteintech, 

Manchester, United Kingdom). Subsequently, membranes were incubated 

with secondary antibodies goat anti-rabbit HRP conjugated antibody 

(1:10000, Cat. No. 31460, Invitrogen) or goat anti-mouse HRP conjugated 

antibody (1:15000, Cat. No. A90-116P, Bethyl Laboratories, Montgomery, 

TX, USA) for 2h at RT. Clarity Western ECL substrate (BioRad) was used 

for detection with Alliance Mini HD9 (Uvitec, Cambridge, UK). 

Densitometric analysis was performed by using Fiji-ImageJ software. 

3.6. TASK3 

The mitochondrial alterations, related to morphology, mitochondrial 

membrane potential (ΔΨ), ROS and ATP production, were evaluated in 

MSCs isolated from skin biopsies of healthy subjects and Cushing patients.  

3.6.1. Mitochondria morphology  

To evaluate the mitochondrial morphology, 3x104 cells were plated in 

triplicate on 13-mm coverslips. After 3 washes with PBS 1X cells were fixed 

in 4% formaldehyde for 30min at RT, then permeabilized with 0.1% Triton 

X-100 in PBS for 30min at RT and blocked with PBS containing 2% BSA 

for 15min. Subsequently, cells were incubated with ATP5I (ATP synthase 

subunit e, mitochondrial) primary antibody (1:100, Cat. No. ab122241, 

Thermo Fisher Scientific) for 2h at RT followed by incubation with 

AlexaFluor488-conjugated secondary antibodies (1:1000, Cat. No. A21206, 

Thermo Fisher Scientific). Coverslips were mounted with ProLong Diamond 

Antifade Mountant (Thermo Fisher Scientific) and images were acquired 

with Zeiss LSM510/Axiovert 200M confocal microscope with an objective 

lens at 63× magnification. Acquired images were then analyzed by using Fiji-

ImageJ software. 2D analysis of mitochondrial function, morphology and 
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network characteristics was performed by measuring form factor, aspect 

ratio, branches and branches junctions [112].  

3.6.2. ROS production 

Cellular and mitochondrial ROS production were assessed by CM-

H2DCFDA (General Oxidative Stress Indicator) and MitoSOX™ Red 

Mitochondrial Superoxide Indicators, respectively (Invitrogen). For both 

experiments 7.5 x104 cells were plated in in triplicate for each sample in a 96-

well. After 24h, cells were incubated with 5µM of CM-H2DCFDA or 5 µM 

of MitoSOX ™ Red diluted in HBSS/Ca/Mg for 30min at 37°C protect from 

the light. To normalize the fluorescence, cells were also stained with DAPI 

Solution (1:1000). Three washes with PBS were performed and fluorescence 

intensities were detected at 340/465nm for Hoechst, at 485/535nm for CM-

H2DCFDA and at 535/590nm for MitoSOX by microplate ELISA plate 

reader (Sunrise™ Absorbance Reader; Tecan Group Ltd). CM-H2DCFDA 

and MitoSOX Red quantification has been reported as the ratio of CM-

H2DCFDA / MitoSOX to DAPI fluorescence.  

3.6.3. ΔΨ measurements 

ΔΨ was measured by loading cells with tetramethyl rhodamine methyl ester 

(TMRM, Invitrogen). 7.5 x104 cells were plated in triplicate for each sample 

in a 96-well. After 24h, cells were incubated with 25nM of TMRM for 20min 

at 37°C protect from the light. Fluorescence intensities were then detected at 

535/590nm by microplate ELISA plate reader. Successively, basal levels 

were normalized on fluorescence by adding 1µM of FCCP (carbonyl cyanide 

p-trifluoromethoxyphenylhydrazone), a strong uncoupler of oxidative 

phosphorylation and fluorescence intensities were measured again after 

5min.  To normalize the fluorescence, cells were also stained with DAPI 

Solution (1:1000). Fluorescence quantification has been reported as the ratio 

of TMRM to DAPI fluorescence.  
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3.6.4. Mitochondrial ATP levels 

To study mitochondrial metabolism, mitochondrial ATP levels were detected 

by the use of luciferase [113]. 3x104cells were seeded in triplicate onto 13mm 

glass coverslips and transfected for 24h with mtLuc cDNA (4μg/mL, kindly 

offered by Prof. P. Pinton, Signal Transduction’s lab) and cell luminescence 

was measured in a luminometer. The system comprises a perfusion chamber 

above a hollow metal cylinder, which is temperature-controlled by a couple 

of tubes connected to a thermostatic group and is continuously perfuse with 

solutions via a peristaltic pump. Cells were constantly perfused with a 

modified Krebs-Ringer buffer (135mM NaCl, 5mM KCl, 0,4mM KH2PO4, 

1mM MgSO4, 20mM HEPES and 5,5 mM of glucose; pH 7.4) supplemented 

with 1mM CaCl2. The emission of light has been detected by using a photon 

counting detector (Hamamatsu Photonics, Japan).  Under these conditions, 

the background light output was lower than 100 count per seconds (cps). The 

subsequent perfusion of luciferin solution (modified KRB solution 

supplemented with 25μM luciferin; Beetle Luciferin, Potassium Salt, 

Promega, Madison, Wisconsin, USA) to the cell population activates 

luciferase, which catalyses light production in the presence of ATP, Mg2+ and 

O2, and hence increases the signal detected (cps), until reaches a plateau in 

several seconds that indicates the ATP content in mitochondria. 

Mitochondrial Ca2+ accumulation triggers ATP synthesis in mitochondria. 

Thus, the perfusion of cells by CMS (Ca2+ mobilizing solution) promotes 

mitochondrial ATP synthesis and this results in an increase in cps value until 

the recement of a second plateau. To evoke Ca2+ discharge from the 

endoplasmic reticulum and rapid Ca2+ accumulation inside mitochondria 

100μM of Bradykinin (Sigma-Aldrich) were used as CMS. ATP production 

was expressed as the ratio between the plateau reached upon Ca2+ dependent 

stimulation and the plateau reached in the first part.  
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3.7. Statistical Analysis  

GraphPad Prism 6 Software was used for statistical analysis. Data are 

expressed as the mean ± standard deviation (SD). For parametric analysis all 

experimental groups were first tested for normal distribution by the Shapiro–

Wilk test [114] and comparison between 2 groups was performed by unpaired 

Student’s t-test. For multiple comparisons, the one-way ANOVA test 

(Tukey’s multiple comparisons test) was used. Significance was set at p value 

< 0.05.  
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4. RESULTS 

4.1. MSCs characterization 

MSCs were isolated from skin biopsies and characterized according to 

Dominici’s criteria [5]. As resumed in Table 4, MSCs of TASK1 and 

TASK2/3 were positive for CD73, CD90 and CD105, and negative for HLA-

DR, CD14, CD19, CD34 and CD45, and presented a very low expression of 

CD9, confirming the specific immunophenotype of MSCs.  

 TASK1 TASK2/3 

 MSCs C-MSCs ENDO-MSCs EXO-MSCs EXO SS-MSCs 

CD73 + + + + + 

CD90 + + + + + 

CD105 + + + + + 

CD14 - - - - - 

CD19 - - - - - 

CD34 - - - - - 

CD45 - - - - - 

HLA-

DR 

- - - - - 

CD9 +/- +/- +/- +/- +/- 

 

Table 4. MSCs immunoprofiling. Antigens expressed by more than 90% of 

the cell population were considered positive (+); Expression percentages 

lower than 2% were evaluated as negative (-).   

As shown in Figure 7 cells were also able to differentiate towards osteogenic, 

chondrogenic and adipogenic lineages. After 7 days of osteogenic 

differentiation, MSCs showed ALP activity, and after 14 days, cells were 

strongly positive for Alizarin Red staining. MSCs differentiation into 

adipocytes occurred after 21 days, as evidenced by the presence of lipid 

vacuoles after Oil Red staining. Chondrogenic differentiation was achieved 
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after 30 days, as shown by Safranin-O staining (Figure 7a).  Figure 7b 

represents the differentiation of C-MSCs, ENDO-MSCs, EXO-MSCs and 

EXO SS-MSCs towards chondrogenic and adipogenic lineages as the 

osteogenic was studied in depth during this work and results displayed later. 
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Figure 7. MSCs multipotency. (a) Representative images of MSCs isolated 

from abdominal skin of healthy subject (C-MSCs) enrolled in TASK1 and 

induced to differentiate toward osteogenic lineage as assessed by ALP and 

Alizarin Red-S staining (scale bar 100μm); chondrogenic lineage as indicated 

by Safranin-O staining (scale bar 100μm) and adipocyte lineage as confirmed 

by Oil red staining (scale bar 100μm). (b) Representative images of MSCs 

isolated from back skin of C-MSCs and Cushing patients (ENDO-, EXO-, 

EXO SS-MSCs) differentiated toward adipocyte lineage as demonstrated by 

Oil red staining (scale bar 100μm) and chondrogenic lineage as indicated by 

Safranin-O staining (scale bar 100μm).  
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4.2. TASK1  

4.2.1. Treatments with starvation and GCs don’t affect cellular 

viability 

To assess that the repeated starvation steps and treatments did not affect cell 

viability, XTT analysis was performed at the end of each day of treatments 

(T3, T6 and T7 sampling time). Experimental groups w/o GCs treatments 

(GLU and INS+GLU) and with the highest concentration of GCs 

(HCE+GLU and HCE+INS+GLU) were compared to STARVED CTRL 

(cells continuously cultured in starvation medium). The results reported in 

Figure 8 displayed that the viability of STARVED CTRL was initially 

increased compared to the other groups. Although repeated manipulations 

caused a proliferation block earlier than starvation alone, the different 

treatments did not interfere with vitality, and further analyses on glucose 

uptake were conducted.  

 

 

 

 

 

Figure 8.  Cells viability at T3, T6 and T7 sampling times. Bars represent 

XTT absorbance of experimental groups at the end of each day of treatments 

(T3, T6 and T7). Data are expressed as mean ± SD of the absorbance read for 

MSCs derived from the abdominal skin of each single healthy subject  over 

three independent experiments. One-way ANOVA; **p < 0.01. 
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4.2.2. Insulin stimulation improve glucose uptake via GLUT-4 

translocation  

Before the evaluation of the effects of GCs excess on MSCs metabolism, the 

response of MSCs to insulin stimulations was detected assessing glucose 

uptake and GLUT-4 translocation. As shown in Figure 9, stimulation with 

insulin significantly increased glucose uptake in MSCs at T1, T2, T4 and T5.  
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Figure 9. Responsiveness of MSCs to insulin. The bars show the glucose 

uptake expressed in pM at T1, T2, T3, T4, T5 and T6 in insulin-stimulated 

or non-stimulated MSCs. Data are expressed as mean ± SD of the analysis 

for MSCs derived from the abdominal skin of each single healthy subject  

over three independent experiments. Unpaired t-Student’s test; *p < 0.05, **p 

< 0.01.  

Furthermore, in the absence of insulin, GLUT-4 was more localized in the 

perinuclear area of the cells (Figures 10 a, e) and insulin stimulations 

enhanced GLUT-4 translocation towards the plasma membrane (Figures 10 

b, f). 
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Figure 10. GLUT-4 translocation. Representative confocal images of 

GLUT-4 in MSCs derived from the abdominal skin of seven healthy subjects 

and stimulated (b, d) or not (a, c) with insulin and constantly exposed to high 

concentrations of GCs (c, d). The graphs (e–h) show the fluorescence ratio 

between the edge and the centre of the cell; yellow arrows indicate the portion 

of cell subjected to analysis. 

4.2.3.  HCE conditions reduce GLUT-4 translocation and glucose 

uptake in MSCs   

In LDE cells, insulin stimulations improved glucose uptake at all sampling 

times (Figure 11). In contrast, HCE treatments didn’t affect cells in the acute 

period (T1, T2) but led to a significant decrease in glucose uptake when 

prolonged (T3, T5, T6, T7).  In addition, despite insulin stimulation, GLUT-

4 translocation was inhibited by HCE treatments (Figures 10 c, g and d, h). 
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Figure 11. Glucose uptake in MSCs undergoing a LDE or a HCE to GCs. 

The bars represent the glucose uptake expressed in pM at T1 (9:50 a.m. first 

day, a), T2 (1:50 p.m. first day, b), T3 (5:50 p.m. first day, c), T4 (9:50 a.m. 

second day, d), T5 (1:50 p.m. second day, e), T6 (5:50 p.m. second day, f) 

and T7(1:50 p.m. third day, g) in MSCs isolated from abdominal skin of 

healthy subjects undergoing a LDE or a HCE to GCs and stimulated or not 

with insulin. Data are expressed as mean ± SD of the readings for MSCs 

derived from each single patient over three independent experiments. One-

way ANOVA; *p < 0.05,**p < 0,01,***p < 0,001. 

4.2.4. HCE conditions induce lipolysis and IR in MSCs 

To better understand the mechanisms involved in IR, the expression of genes 

related to lipolysis (LIPE and ATGL) and early biomarkers of IR (IL6 and 

TNFA) was investigated. LIPE, ATGL and TNFA were downregulated at T2, 

whereas at T7 their expression was significantly increased in HCE cells 

compared to LDE cells. At T7, HCE cells also showed a significant increase 

in the expression of IL6 (Figure 12). 
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Figure 12. Gene expression in MSCs undergoing a LDE or a HCE to 

GCs. The bars display the expression of genes referred specifically to the 

development of IR: LIPE (a), ATGL (b), IL6 (c) and TNFA (d) at T2 and T7 

sampling times in MSCs isolated from abdominal skin of healthy subjects 

after treatments. Data are expressed as mean ± SD (over three independent 

experiments) of the X-FOLD (2−ΔΔCt method) of HCE+INS+GLU 

compared to LDE+INS+GLU arbitrarily expressed as 1, where ΔCt=Ct (gene 

of interest)—Ct (control gene) and Δ (ΔCt)=ΔCt (HCE+INS+GLU)—ΔCt 

(LDE+INS+GLU). Unpaired t-Student’s test; *p < 0.05,**p < 0.01,***p < 

0.001;****p < 0.0001. 
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4.3. TASK2  

4.3.1. STEP1: Osteoclasts act differently in endogenous and 

exogenous CS  

To investigate the capability of PBMCs to differentiate into osteoclasts, 

different parameters were evaluated. At first, the positivity to TRAcP, 

Cathepsin K and actin ring formation was analyzed. As shown in Figure 13, 

ENDO-PBMCs and EXO-PBMCs displayed a completely different ability to 

differentiate into osteoclasts compared to control PBMCs: the percentage of 

positive cells to osteoclastogenesis criteria was significantly higher and lower 

than control PBMCs in ENDO- and EXO-PBMCs respectively. No 

differences were noted in SS treated cells.  
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Figure 13. PBMCs differentiation capability into osteoclasts. (a) TRAcP 

(purple staining), Cathepsin K (DAB positivity, brown staining) and actin 

ring formation (indicated with yellow arrows) representative images of C-

PBMCs, ENDO- PBMCs, EXO- PBMCs and EXO SS- PBMCs after 14 days 

of differentiations into osteoclasts (scale bar 50μm). Bars indicate the 

percentage of cells: with more than 3 nuclei (b), positive to TRAcP (c), 

positive to Cathepsin K (d) and positive to actin ring (e). Data are expressed 

as mean ± SD of each field percentage. One-way ANOVA *p < 0.05,**p < 

0.01,***p < 0.001;****p < 0.0001. 

 

Subsequently, osteoclasts were cultured on bone slices and the realising of 

CTX-I and pits of resorption were analyzed. As displayed in Figure 14, the 

results confirmed that the area percentage of pits of resorption (b) and the 

amount of CTX-I (c) was definitely lower in ENDO-PBMCs but higher in 

EXO-PBMCs than C-PBMCs. Again, treatment with SS counterbalanced 

exogenous GCs effects by showing results similar to the control group.  
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Figure 14. Osteoclasts activity. PBMCs differentiated into osteoclasts have 

been cultured on bone slices for 96 hours. (a) Coomassie Brillant Blue 
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staining of bone slices. Yellow arrows point resorption pits  (scale bar 

100μm). (b) Bars indicate the percentage of bone resorption area. Data are 

expressed as mean ± SD of each field percentage (c) The graph shows the 

CTX-I medium concentration expressed in nM. Data are expressed as mean 

± SD of the analysis for CTX-I of medium collected from three independent 

experiments for each sample. One-way ANOVA *p < 0.05,**p < 0.01,***p 

< 0.001;****p < 0.0001. 

 

4.3.2. STEP2: Differentiation into osteoblasts was impaired in 

both ENDO- and EXO-MSCs 

Alongside the characterization of osteoclasts, the ability of MSCs to 

differentiate into osteoblasts was determined at first by ALP activity and 

mineralization analysis. At T7, the positivity to ALP staining and IF was 

significantly weaker in both ENDO- and EXO-MSCs differentiated cells than 

in control group (Figure 15). These results were also consolidated at T21, in 

which the amount of mineralized matrix was lower in both experimental 

groups than in C-MSCs. No significant differences were found during the 

differentiation process in EXO SS-MSCs compared to control.  
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Figure 15. Ability of MSCs to differentiate into osteoblasts. (a) 

Representative images of ALP staining (scale bar 100μm), ALP immune-

fluorescence (IF, white arrows indicate ALP vesicles, scale bar 10μm), and 

Alizarin Red-S (scale bar 100μm) after 7 (T7) and 21 (T21) days of 
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differentiation of MSCs into osteoblasts. Graphs indicate the percentage of 

area of positivity to ALP staining (b), ALP immuno-fluorescence (c) and 

Alizarin Red-S quantification expressed in nM (d). Data are expressed as 

mean ± SD of each field percentage for ALP and as mean ± SD of 

quantification analysis for Alizarin Red S. One-way ANOVA *p < 0.05,**p 

< 0.01,***p < 0.001;****p < 0.0001. 

Collagen deposition was analysed by cellular Sirius Red staining.  As 

represented in Figure 16, both ENDO- and EXO-MSCs secreted minor 

amount of collagen compared to control group and EXO SS-MSCs.  
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Figure 16. Collagen deposition. (a) Representative images of Sirius Red 

staining before (T0) and after 7 (T7) and 21 (T21) days of differentiation of 
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MSCs into osteoblasts (scale bar 50μm). (b) Sirius Red quantification. Data 

are expressed as mean ± SD of the OD detected in three independent 

experiments. Two-way ANOVA *p < 0.05,**p < 0.01,***p < 0.001;****p 

< 0.0001. 

 

In addition, gene expression and protein quantification related to osteoblasts 

differentiation were investigated over time (T0, T7 and T21). As expected, 

in C-MSCs the expression of genes involved in the earlier stages of 

differentiation, RUNX2 and ALPL, reached the highest level at T7 and then 

gradually decreased (T21), while the tardive stages genes, such as SPARC 

and BGLAP, got the peak of expression at T21. The same behaviour was 

observed for EXO SS-MSCs. Unlikely, both ENDO- and EXO-MSCs 

presented a tardive or less effective increase of these genes:  high expression 

levels of RUNX2 and ALPL were detected only at T21 while SPARC and 

BGLAP did not reach statistically significant level even at T21. About 

collagen, two different types were analyzed. At T0, COL1A1 was strongly 

expressed only by C- and SS-MSCs and, during the differentiation, a 

decrease of its expression was observed; on the other hand, a constant 

increase of COL3A1 was detected over the time in all the groups, even if 

more evident for C- and SS-MSCs (Figure 17).  
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Figure 17. Osteoblastogenesis gene expression. The bars display the 

expression of genes referred specifically to the early (RUNX2, (a), ALPL (b), 

COL1A1 (e)) and tardive (SPARC (c), BGLAP (d), COL3A1 (f)) steps of 
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osteoblastogenesis, at the beginning (T0) and after 7 (T7) and 21 (T21) days 

of differentiation.  Data are expressed as mean ± SD (over three independent 

experiments) of the X-FOLD (2−ΔΔCt method) of C-MSCs, ENDO-MSCs, 

EXO-MSCs and EXO SS-MSCs at different time point compared to C-MSCs 

at T0 arbitrarily expressed as 1. Two-way ANOVA; *p < 0.05,**p < 

0.01,***p < 0.001;****p < 0.0001. 

 

Western blot analysis, reported in Figure 18, confirmed at protein level the 

observed trend for ALP, RUNX2 and COL1A1. In addition, the protein 

levels of RANK-L and OPG were measured, and their ratio calculated. As 

indicated in the graph, the ratio RANK-L/OPG was clearly higher in EXO-

MSCs after 21 days of differentiation than in the other groups. 
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Figure 18. Osteoblastogenesis protein levels. (a) Representative images of 

WB analysis of RUNX2, ALP, COL1A1, RANK-L, OPG and GAPDH of C-

MSCs, ENDO-MSCs, EXO-MSCs and EXO SS-MSCs at the beginning (T0) 

and after 7 (T7) and 21 (T21) days of differentiation.  The graphs below 

represent the densiometric analysis referred to GAPDH of each protein (b-

e). Two-way ANOVA; *p < 0.05,**p < 0.01,***p < 0.001;****p < 0.0001. 
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4.4. TASK3 

4.4.1. CS induce the fragmentation of mitochondrial network in 

MSCs 

Mitochondrial network was investigated by confocal microscopy-based 

approach (Figure 19a), and parameters related to mitochondria morphology 

(Aspect Ratio and Form Factor) and interconnections (Branches and Branch 

Junctions) were analysed. The results, reported in Figure 19b-e, displayed 

that both ENDO- and EXO-MSCs presented small and roundish 

mitochondria (significantly lower Form Factor and Aspect Ratio) and a less 

interconnected mitochondrial network, characterized by a small number of 

branches and branch junctions, compared to C-MSCs and SS treated cells.  
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Figure 19. Mitochondrial morphology. (a)  Representative confocal images 

of mitochondrial structure of C-MSCs, ENDO-MSCs, EXO-MSCs and EXO 

SS-MSCs (scale bar 50μm). In the upper inset an enlargement of a 

mitochondria portion. (b, c) Analysis of mitochondria morphology (Aspect 

Ratio and Form Factor) and mitochondrial network (d, e) (Branches and 

Branch Junctions) of C-MSCs ENDO-MSCs, EXO-MSCs and EXO SS-

MSCs. Data are expressed as mean ± SD of the analysis of 30 cells for each 

experimental group.  One-way ANOVA; *p < 0.05, ***p < 0,001, 

****p<0,0001. 

 

4.4.2. ENDO- and EXO-MSCs produce elevated amounts of ROS  

To investigate mitochondrial alterations in CS, the production of cellular 

(Figure 20a) and mitochondrial (Figure 20b) ROS was evaluated in MSCs by 

fluorescence analysis. Cellular and mitochondrial ROS production was greater 

in both ENDO- and EXO-MSCs than in C-MSCs. No differences were 

detected in SS treatments referred to control group.  

 

 

Figure 20. Cellular and mitochondrial ROS production. (a) Cellular ROS 

production of C-MSCs, ENDO-MSCs, EXO-MSCs and EXO SS-MSCs 
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detected by CM-H2DCFDA assay. Bars indicate the fluorescence intensity 

ratio between CM-H2DCFDA (485-535nm) and DAPI (340-465nm). (b) 

Mitochondrial ROS production of C-MSCs, ENDO-MSCs, EXO-MSCs and 

EXO SS-MSCs detected by MitoSOX Red assay. Bars point the fluorescence 

intensity ratio between MitoSOX Red (535-590nm) and DAPI (340-465nm). 

Data are expressed as the mean ± SD of three independent experiments. One-

way ANOVA; *p < 0.05, ***p < 0,001, ****p<0,0001. 

4.4.3. ΔΨ damage in ENDO- and EXO MSCs 

Healthy mitochondrial membranes maintain a difference in electrical 

potential between the interior and exterior of the organelle, referred to as a 

ΔΨ. ΔΨ was measured with TMRM and a significant reduction of TMRM 

signal was delectated in both ENDO- and EXO-MSCs, indicating a loss of 

ΔΨ in Cushing groups (Figure 21), compared to C-MSCs and SS-MSCs. 

 

 

 

 

 

 

 

 

Figure 21. Mitochondrial membrane potential. ΔΨ of C-MSCs, ENDO-

MSCs, EXO-MSCs and EXO SS-MSCs detected by TMRM assay. Bars 

report the fluorescence intensity ratio between TMRM (535-590nm) and 

DAPI (340-465nm). Data are expressed as the mean ± SD of three 
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independent experiments. One-way ANOVA; *p < 0.05, ***p < 0,001, 

****p<0,0001. 

4.4.4. ATP production deficiency in Cushing MSCs 

ATP is required for major reaction and processes, and it plays a key role in 

inflammation and disease conditions. The efficiency of ATP production by 

mitochondria was evaluated by using a luciferase probe and stimulated with 

Bradykinin. Both ENDO- and EXO MSCs showed reduced mitochondrial 

ATP production compared to control group and EXO SS-MSCs, designating 

a critical dysfunction in cellular metabolism of Cushing patients (Figure 22).  

 

 

 

 

Figure 22. Mitochondrial ATP production. (a) ATP kinetic in 

mitochondrial compartments. The graph shows the luminescence 

background levels (from 0 to 60 sec), basal ATP levels (from 60 to 210 sec) 

and Bradykinin stimulated ATP production (from 210 to 300 sec) in living 

cells by using luciferin. (b) Mitochondrial ATP production. The bars indicate 

the fold change between the average of Bradykinin stimulated ATP 

production luminescence and basal ATP levels luminescence. Data are 

expressed as the mean ± SD of three independent experiments. One-way 

ANOVA; **p < 0,01. 
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5. DISCUSSION  

As precursors of specialized cells compromised in CS, MSCs deserve 

particular interest. Their involvement has already been hypothesized 

[95,115] and in a previous study it has been showed that MSCs isolated from 

the skin biopsies of CS patients displayed dysregulated inflammatory 

markers and altered expression of genes related to wound healing, 

demonstrating not only how they could be a useful cellular model to study 

these events but also their potential contribution to the development of CS 

manifestations. With these premises, the aim of this thesis was to evaluate 

the involvement of MSCs in the onset and development of CS comorbidities.  

5.1. TASK1 

Despite the clinical aspects are well established in CS, the molecular 

mechanisms leading to the onset of IR are not yet fully understood. This task 

was developed to test a new in vitro method for the evaluation of the effects 

of chronic excess of GCs on the glucose uptake and lipids metabolism in 

MSCs. First, MSCs were isolated from abdominal skin of healthy subjects 

and characterized[5]. To reproduce daily variations of GCs levels and the 

food intake, cells were treated following a multi-step protocol (Figure 1). To 

date it is known that insulin stimulation promotes glucose uptake in 

adipocytes and skeletal muscle cells by GLUT-4 translocation [116–120], but 

the same mechanisms have not yet been demonstrated in MSCs. Therefore, 

before testing the potential effect of GCs, the response to insulin stimulations 

and GLUT-4 translocation in MSCs were analysed. These studies proved that 

the exposure to insulin increased the glucose uptake in MSCs via GLUT-4 

translocation with mechanisms that are similar to those described for 

adipocytes and muscle cells [119,120].  In contrast to the cytoplasmatic 

localization of GLUT-4 in adipocytes cells, in MSCs it was found in 

perinuclear and nuclear compartments as it has already been shown in mouse 

embryonic stem cells [121]. As in adipocytes, the protein translocated on the 



70 
 

cell surface, favouring glucose uptake after insulin stimulation. Established 

the insulin sensitivity of MSCs, cells were exposed to different 

concentrations of GCs resembling the physiological (LDE) or the 

pathological (HCE) condition during the day. In LDE condition, insulin 

stimulation always led to an increased glucose uptake in MSCs, confirming 

that the daily reproduction of physiological levels of GCs did not alter the 

insulin sensitivity. Otherwise, HCE treatments impaired insulin response 

with a decreased glucose uptake. These observations were strengthened by 

confocal data that confirmed HCE conditions blocked the insulin-induced 

GLUT-4 translocation on cell surface.  Notably, the reduction in glucose 

uptake was not detected in the short period (T1, T2), but observed from T3 

sampling time. These results suggested that the development of IR was not 

immediate, but it developed over time in line with previous findings in 

healthy volunteers who were administered hydrocortisone at two different 

time points, in the evening and in the morning. Endogenous cortisol 

production was suppressed in volunteers by metyrapone, and nutrient intake 

was controlled by a continuous glucose infusion. The subjects that received 

hydrocortisone in the evening showed a more pronounced delayed 

hyperglycaemic effects than those had hydrocortisone in the morning [122].  

IR development after chronic exposure to high levels of GCs has already been 

demonstrated in differentiated cells such as adipocytes, hepatocytes, muscle, 

and endothelial cells [123–125] but this has never been observed before in 

human stem cells. These results are in line with Gathercole et al. [126], who 

reported an increase of glucose uptake in a human immortalized 

subcutaneous adipocyte line (Chub-S7) after acute exposure to 

dexamethasone (up to 48 hours, in a dose- and time-dependent manner for 

the latter), thus proposing that the development of GC-induced obesity was 

promoted by enhanced adipocyte differentiation. However, it must be noted 

that although Chub-S7 are not fully differentiated adipocytes, they can not be 

considered MSCs. The link between IR and lipolysis is bidirectional: insulin 
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leads to an inhibition of lipolysis [127], but at the same time high levels of 

FFA promote the impairment of insulin sensitivity [128–130]. This possible 

mechanism has been evaluated and the expression of genes related to 

lipolysis and IR (LIPE, ATGL, IL6 and TNFA) were analysed in two different 

time points (T2 and T7). The expression of LIPE and ATGL was initially 

reduced in cells under HCE conditions (T2), followed by a significant 

increase at T7. In literature there are conflicting data regarding the expression 

of LIPE and ATGL. In fact, an upregulation of them in subcutaneous adipose 

tissue has been demonstrated, with a higher synthesis of FFA that are released 

into blood to reach the liver where lipogenesis takes place [131]. In addition, 

high levels of FFA alter the IRS-1 phosphorylation thus causing IR at the 

peripheral level [132,133]. On the other hand, other studies showed a 

downregulation of lipase in adipose tissue, resulting in greater accumulation 

of triglycerides and development of obesity [134]. These results therefore 

demonstrated that in MSCs acute exposure to GCs leads to an initial 

inhibition of lipases and the development of IR is not yet consolidated as 

insulin still enters the cell. Conversely, chronic exposure to high levels of 

GCs caused a markedly significant increase in ATGL and LIPE expression, 

with a consequent probable synthesis of FFA and consolidation of IR. As a 

further confirmation, a significant overexpression of TNFA and IL6, both 

involved in the early stages of development of IR and type 2 diabetes mellitus 

[135]. The effects of pro- and anti-inflammatory cytokines such as TNF-α, 

IL-6 and C-reactive protein (CRP) have been highlighted in insulin signalling 

pathways in Pancreatic β cells and in activated macrophages where they are 

involved in the development of insulin resistance by inhibiting 

phosphorylation of IRS1 and AKT substrate 160 [136]. In summary, the 

development of IR in MSCs following chronic exposure to GCs is not 

immediate, but it develops over time, and it is consolidated by the increase 

of lipases and interleukins. In this line, MSCs may play a pivotal role in the 

development of peripheral IR in CS -with consequences on alteration of 
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carbohydrate and lipids metabolism- and may represent a new model to study 

CS in vitro.  
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5.2. TASK2  

The prevalence of osteoporosis due to GCs excess has been reported to be 

50–59% [137,138]in Cushing patients, which present high risk of fractures 

after minimal or no antecedent injury. Osteoporosis is in general caused by 

an imbalance between osteoblasts and osteoclasts activity but the 

comprehension of the underlying molecular mechanisms in CS needs further 

evaluations. To clarify the role of both cell types in CS osteoporosis, 

differentiation of MSCs and PBMCs into osteoblasts and osteoclasts 

respectively was evaluated. First, PBMCs and MSCs were isolated from 

blood samples and skin biopsies of healthy subjects (C-PBMCs/C-MSCs) 

and Cushing patients. Cushing patients were divided into subgroups: 

endogenous (ENDO-PBMCs/ENDO-MSCs), exogenous (EXO-

PBMCs/EXO-MSCs) and steroid sparing treated (EXO SS-PBMCs/EXO 

SS-MSCs). PBMCs were induced to differentiate into osteoclasts and, after 

14 days, parameters related to differentiation were evaluated. At the same 

time, MSCs were first characterized according to Dominici’s criteria, 

confirming their stemness statement [5].  Subsequently, MSCs were induced 

to differentiate into osteoblasts and their differentiation was monitored at the 

beginning (T0) and after 7 (T7) and 21 (T21) days of differentiation. The 

results showed that ENDO-PBMCs had a poor differentiation capacity, 

characterized by a weak positivity to TRAcP. TRAcP is glycosylated 

monomeric metalloprotein enzyme responsible of osteoclasts migration to 

bone resorption sites.  Once there, TRAcP improves osteoclasts 

differentiation, activation, and proliferation. At the same time, it was 

demonstrated that in TRAcP knockout mice model, bone formation occurred 

in a haphazard manner and the microarchitecture was highly irregular [139]. 

A cytoskeleton reorganization with the formation of actin ring is also 

essential for osteoclast function. It should be noted that bone resorption 

occurs only when the closure zone is formed and enzymes like Cathepsin K 
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are released [140]. However, the deficit in osteoclast differentiation of 

ENDO-PBMCs resulted in an irregular structure of cytoskeleton and a faint 

positivity to Cathepsin K; this led to a poor bone resorption capacity, 

confirmed by the lower quantity of CTX-I produced. On the other hand, 

EXO-PBMCs demonstrated a greater ability to differentiate into osteoclasts 

than C- and ENDO-PBMCs, characterized by higher number of osteoclasts, 

increased positivity to TRAcP and Cathepsin K, improved actin ring 

formation, enhanced bone resorption with higher amount of CTX-I. 

Conversely, results on osteoblasts differentiation demonstrated that both 

ENDO- and EXO-MSCs differentiated more slowly than the control group. 

In detail, ALP activity, mineralization and collagen deposition were lower in 

both ENDO- and EXO-MSCs than in the control group. Interestingly, the 

analysis of genes related to osteoblasts differentiation showed that genes 

involved in the earlier stages, such as RUNX2 and ALPL, showed maximum 

expression at T7 and decreased at T21 in C-MSCs, to be replaced by the 

expression of later genes, such us SPARC and BGLAP, which reach 

maximum expression at T21. At the same time, although the amount of 

deposited collagen increased over the time in C-MSCs, the expression of 

COL1A1, involved in the earlier process of proliferation, collapsed during 

differentiation, and was replaced by a gradual increase of COL3A1, which is 

responsible for the ECM maturation and mineralization [141]. Concurrently, 

ENDO- and EXO-MSCs showed a tardive increase in RUNX2 and ALPL, 

that were overexpressed at T21. These results are in line with previous studies 

demonstrating that GCs affected the expression of PPAR-γ2, KLF15, 

C/EBPα and aP2. This gene dysregulation led to the preferential 

differentiation of pluripotent precursor cells into adipocytes over osteoblasts, 

with a reduction of osteoblastogenesis and consequent bone loss [142,143]. 

Furthermore, in line with the lower collagen deposition, it has been already 

demonstrated that GCs increased the synthesis of interstitial collagenase, 

responsible of Collagen I degradation by post-transcriptional mechanisms 
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[144]. The analysis of RANK-L/OPG ratio revealed that, despite the poor 

differentiation capacity of ENDO- and EXO-MSCs, at T21 the ratio was 

definitely higher in EXO-MSCs than in ENDO-MSCs. Different studies 

demonstrated that RANK-L/OPG signalling pathway is also affected by GCs. 

In osteoblasts and osteocytes, GCs increase the production of RANKL, and 

decrease OPG mRNA transcription [145–147]. The increase of RANK-

L/OPG ratio results in enhanced bone resorption by promoting differentiation 

and maturation of osteoclasts as it could be observed in EXO-PBMCs but not 

in ENDO-PBMC. The reason of this apparent contradiction may lay on the 

time of the disease onset. More precisely, dating the onset of endogenous CS 

is not easy, and the time between the appearance of the first symptoms and 

the diagnosis could be quite long. On the contrary, exogenous CS onset is 

quite straightforward to identify. Therefore, it is probable that endogenous 

Cushing patients enrolled in this study were under long-term effects of GCs.  

The long-term effects of GCs on osteoclast function are less clear and several 

studies suggest that GCs can disrupt the osteoclast cytoskeleton leading to 

depressed osteoclast activity [148–150]. In addition, the effects of 

glucocorticoid sparing drugs were assessed. Steroid sparing therapies are 

additional non-glucocorticoid drugs, administered with the aim of partially 

reducing the adverse effects of GCs. In line with this role, EXO SS-PBMCs  

presented a differentiation capacity similar to control group, indicating that 

the use of steroid sparing drugs is useful to prevent collateral effects of GCs 

excess. In conclusion, the detrimental effects of GCs on MSCs promote 

osteoporosis through complex, and partially different, mechanisms in 

exogenous and endogenous CS. The imbalance between osteoblasts and 

osteoclasts is rooted in the exposure time to GCs. While osteoblastogenesis 

is negatively affected already from the early stages of the disease and persists 

overtime, as it has been demonstrated in both EXO- and ENDO-MSCs, 

osteoclastogenesis and bone resorption activity of the osteoclasts seem to 

pilot osteoporosis mainly during the first phases of the disorder as revealed 
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in EXO-MSCs, but not in ENDO-MSCs, where prolonged GCs exposure 

damage osteoclasts activity. As a result, the deficiency of MSCs to 

differentiate in presence of elevated concentration of GCs affects the 

impaired bone homeostasis and the disruption of bone microarchitecture, 

promoting osteoporosis in CS. The study of mechanisms that underline the 

molecular pathways weaken in Cushing MSCs may be cardinal to find new 

more targeted therapy.  
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5.3. TASK 3 

A great percentage of Cushing patients develops dysfunctions in glucose 

metabolism resulting in an increased risk of metabolic syndrome and 

cardiovascular damage. Glucose metabolism is regulated by different and 

articulate biochemical mechanisms that include the ability of insulin to 

regulate glucose concentrations in the blood by enhancing its uptake in 

peripheral tissues, suppressing lipolysis, and decreasing gluconeogenesis. 

High levels of GCs stimulate lipolysis and increase FFA, which inhibit IRS-

1 phosphorylation and induce IR and type 2 diabetes issues, prominent 

features of CS [151–154]. Glucose and FFA are metabolized inside 

mitochondria through citric acid cycle and beta oxidation respectively. 

Glucose and FFA chemical bonds release their energy that is captured by 

NAD and Flavin adenine dinucleotide (FAD) which are then reduced to 

NADH and FADH2 and donate these high energy electrons to the electron 

transport chain (ECT), located in the inner mitochondria membrane (IMM).  

The electrons move along this chain ad free energy is used to produce ATP. 

This process is called oxidative phosphorylation (OXPHOS) and more than 

90% of total cellular ATP is generate in mitochondria. Being at the centre of 

energy metabolism, it’s obvious to associate mitochondria to metabolic 

syndrome. A sufficient ATP concentration is not only determined by 

expression levels of enzymatic complexes involved in OXPHOS, but also by 

mitochondria morphology and function [155]. It has been demonstrated that 

mitochondrial dysfunctions may lead to IR in pancreas, skeletal muscle, fat, 

and liver [89–91] and the excess of GCs affects mitochondrial metabolism in 

various tissues and in time-dependent manner [156–158]. It was reported that 

three days of DEX injections increased cytochrome c oxidase activity in rat 

skeletal muscles [156]. At the same time, one-day administration of high 

doses of GCs stimulated mitochondrial oxidation in cortical neurons, but 

long-term treatments significantly reduced it [157]. Furthermore, a study 

conducted by Jezkova et al. in 2019 on SCAT of Cushing’s patients proved 
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a dysregulation of genes encoding subunits of oxidative phosphorylation 

system, pyruvate dehydrogenase, and citrate synthase in mitochondria [94]. 

However, to date, nothing is known about the relationship between 

mitochondria and CS in MSCs. Assuming the hypothesis that chronic excess 

of GCs in CS patients may lead to mitochondrial dysfunction contributing to 

the development of IR, mitochondrial morphology and function were 

evaluated in MSCs of patients with CS.  Mitochondrial function and response 

to stimuli are defined by their complex structure and dynamics characterized 

by mitochondrial fusion/fission [159], and specific mitochondrial responses 

are determined by a combination of interacting factors, including 

biochemical and metabolic cell state. In physiological conditions the 

frequencies of fusion and fission events are balanced but high fusion leads to 

elongated, tubular, interconnected mitochondrial networks, whereas high 

fission results in fragmented, discontinuous mitochondria. Here, ENDO- and 

EXO-MSCs showed a mitochondrial fragmentated phenotype. The 

completely lack of mitochondrial fusion could induce severe cellular defects, 

including poor growth, heterogeneity of mitochondrial membrane potential, 

and decreased respiration. At the same time mitochondrial fission is essential 

for mitochondrial quality control, as this process allows to remove damaged 

mitochondria. Mitochondrial fragmentation is also linked to an increase of 

ROS production that leads to oxidative stress and cellular damage and 

contributes to metabolic disease progression [160–162].  In line with this, 

elevate ROS concentrations have been found in MSCs from CS patients, both 

at cellular and mitochondrial levels. Mitochondria generate ROS as a 

byproduct of the ETC during OXPHOS, which is deeply regulated by several 

factors, including ΔΨ, that results compromised in both ENDO- and EXO-

MSCs. Some studies proved that excessive mitochondrial fragmentation 

caused disruption of the IMM and cristae structure, that in turn induced 

alterations in ETC complexes [163–165]. The consequent electron and 

proton leak leads to decreased ATP production and increased ROS 
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production, as it has been observed in Cushing samples. At the same time, it 

has been demonstrated that the accumulation of FFA causes the activation of 

NADPH oxidase enzyme and generation of excessive ROS [166]. Increased 

oxidative stress damages ETC components and other mitochondrial 

constituents leading to mitochondrial fragmentation [167]. In fact, ROS 

activate Dynamin-related protein 1 (DRP1), a protein responsible for 

mitochondrial fission, and further drive mitochondrial fission and ROS 

production, creating a positive feedback loop [168,169]. As a consequence, 

the accumulation of damaged mitochondria could contribute to oxidative 

stress and inflammation in CS. Excessive ROS production also affects 

intracellular signalling by inhibiting tricarboxylic cycle enzyme aconitase, 

and thus favours citrate accumulation which is diverted to fat synthesis. 

Moreover, elevated levels of hydrogen peroxide (H2O2) in mitochondria also 

inhibit β fatty acid oxidation and cause an increase of FFA storage and in turn 

the development of IR [170].  

MSCs from CS patients treated with SS showed results closer to those 

observed in C-MSCs for all the analysed parameters, confirming that the 

association of steroid sparing to GCs treatment avoids the onset of Cushing 

comorbidities.   

Again, it is proven that MSCs displayed the same molecular alterations found 

in differentiated cells and that could play a role in the onset of the complex 

and multifactorial aetiology of CS comorbidities, including involvement of 

mitochondria. These preliminary results open the door to further studies on 

mitochondria ECT and respiration, as well as on antioxidant system, and their 

relationship with IR signalling pathways to better clarify mitochondrial 

dysfunction in CS. 
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6. CONCLUSION AND FUTURE PERSPECTIVES 

In conclusion, the results of TASKS 1-2-3 converge in identifying the 

involvement of MSCs in the occurrence of CS comorbidities. 

TASK 1 and 3 demonstrated how an excess of GCs  leads to IR in MSCs and 

how these cells provide a valuable model for studying in vitro the effects of 

GCs excess in the molecular mechanisms underlying IR. Furthermore, the 

involvement of mitochondria in IR hypothesized for differentiated cells 

seems to be plausible for MSCs as well.  

Regarding osteoporosis, it has been shown how the two cell populations 

involved are both affected by excess GCs. While osteoblasts derived from 

EXO and ENDO-MSCs are less efficient than osteoblasts from C-MSCs and 

share a similar behaviour, osteoclasts from EXO-MSCs are found to be more 

numerous and active than those derived from ENDO-MSCs; this difference 

could reside in the longer duration of excess GCs in the endogenous CS. 

This thesis lays the groundwork for a more in-depth study aimed at fully 

understanding the molecular mechanisms already acting on MSCs that lead 

to the onset of CS comorbidities; if a decisive role of MSCs is confirmed, 

they could be used for early evaluation of the efficacy of currently used drugs 

as well as become the target for new, more durable therapeutic approaches. 
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INDEX OF FIGURES 

Figure 1. Immunomodulation and multipotency properties of MSCs. 

MSCs are able to modulate the immune systems and to reduce inflammation 

by secreting different factors. Further, MSCs can be used in regenerative 

medicine for tissue repair because of  their capability to differentiate in bone, 

cartilage, and adipose cells. 

Figure 2. Cortisol biosynthesis. ACTH stimulates steroid cells of zona 

fasciculata of the adrenal glands to produce cortisol. In mitochondrial inner 

membrane of steroid cells, cholesterol is converted to cortisol via regulation 

of the steroidogenic regulatory proteins. 

Figure 3. Cushing’s syndrome comorbidities. Chronically elevated 

concentrations of GCs lead to complications of the clinical picture of CS. 

Patients manifest cognitive impairment, hepatic steatosis, hyperglycaemia, 

cardiovascular disorders, osteoporosis, myopathy, infertility, altered immune 

response, and poor wound healing.  

Figure 4. Bone remodelling in healthy conditions and osteoporosis. Bone 

formation and resorption are mainly regulated by the interplay between 

osteoblasts and osteoclasts. Osteoblasts secrete RANK-L and OPG that 

regulate osteoclasteogenesis and osteoblastogenesis processes. RANK-L 

binds RANK, located on monocytes surface, and induce osteoclasts 

formation. OPG enhances osteoblastogenesis by blocking RANK-L and 

monocyte fusion.   Under osteoporosis conditions, the imbalance shifts 

toward greater osteoclasts formation and thus bone resorption overlays bone 

deposition, resulting in a higher frequency of fractures.  

Figure 5. (a) In vitro reproduction of preserved versus abolished GC 

circadian rhythm. (b). Daily experimental design. 

Figure 6. Schematic representation of osteoblastogenesis. MSCs 

differentiate into osteoblast following multiple steps: commitment to 
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osteoblastic lineage, proliferation and maturation of preosteoblasts, matrix 

deposition (osteoid) by osteoblasts, and bone matrix mineralization with 

calcium phosphate deposition and formation of hydroxyapatite crystals (new 

bone). Osteoblastogenesis is regulated by a cascade activation of 

transcriptional factors such as RUNX2 and Bone morphogenetic protein 

(BMP) that induce the expression of Alkaline phosphatase (ALPL), Collagen 

alpha-1 and -2 (I) chain (COL1A1 and COL1A2), specific markers of 

osteoblasts differentiation during early stages, and followed by Collagen 

alpha-1(III) chain (COL3A1), Sphingosine-1-phosphate phosphatase 1 

(SPP1), Osteonectin (ON also known as SPARC), Osteocalcin (BGLAP) and 

Bone sialoprotein 2 (IBSP) in tardive (late) stages of differentiation.  

Figure 7. MSCs multipotency. (a) Representative images of MSCs isolated 

from abdominal skin of healthy subject (C-MSCs) enrolled in TASK1 and 

induced to differentiate toward osteogenic lineage as assessed by ALP and 

Alizarin Red-S staining (scale bar 100μm); chondrogenic lineage as indicated 

by Safranin-O staining (scale bar 100μm) and adipocyte lineage as confirmed 

by Oil red staining (scale bar 100μm). (b) Representative images of MSCs 

isolated from back skin of C-MSCs and Cushing patients (ENDO-, EXO-, 

EXO SS-MSCs) differentiated toward adipocyte lineage as demonstrated by 

Oil red staining (scale bar 100μm) and chondrogenic lineage as indicated by 

Safranin-O staining (scale bar 100μm). 

Figure 8.  Cells viability at T3, T6 and T7 sampling times. Bars represent 

XTT absorbance of experimental groups at the end of each day of treatments 

(T3, T6 and T7). Data are expressed as mean ± SD of the absorbance read for 

MSCs derived from the abdominal skin of each single healthy subject  over 

three independent experiments. One-way ANOVA; **p < 0.01. 

Figure 9. Responsiveness of MSCs to insulin. The bars show the glucose 

uptake expressed in pM at T1, T2, T3, T4, T5 and T6 in insulin-stimulated 

or non-stimulated MSCs. Data are expressed as mean ± SD of the analysis 
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for MSCs derived from the abdominal skin of each single healthy subject  

over three independent experiments. Unpaired t-Student’s test; *p < 0.05, **p 

< 0.01.  

Figure 10. GLUT-4 translocation. Representative confocal images of 

GLUT-4 in MSCs derived from the abdominal skin of seven healthy subjects 

and stimulated (b, d) or not (a, c) with insulin and constantly exposed to high 

concentrations of GCs (c, d). The graphs (e–h) show the fluorescence ratio 

between the edge and the centre of the cell; yellow arrows indicate the portion 

of cell subjected to analysis. 

Figure 11. Glucose uptake in MSCs undergoing a LDE or a HCE to GCs. 

The bars represent the glucose uptake expressed in pM at T1 (9:50 a.m. first 

day, a), T2 (1:50 p.m. first day, b), T3 (5:50 p.m. first day, c), T4 (9:50 a.m. 

second day, d), T5 (1:50 p.m. second day, e), T6 (5:50 p.m. second day, f) 

and T7(1:50 p.m. third day, g) in MSCs isolated from abdominal skin of 

healthy subjects undergoing a LDE or a HCE to GCs and stimulated or not 

with insulin. Data are expressed as mean ± SD of the readings for MSCs 

derived from each single patient over three independent experiments. One-

way ANOVA; *p < 0.05,**p < 0,01,***p < 0,001. 

Figure 12. Gene expression in MSCs undergoing a LDE or a HCE to 

GCs. The bars display the expression of genes referred specifically to the 

development of IR: LIPE (a), ATGL (b), IL6 (c) and TNFA (d) at T2 and T7 

sampling times in MSCs isolated from abdominal skin of healthy subjects 

after treatments. Data are expressed as mean ± SD (over three independent 

experiments) of the X-FOLD (2−ΔΔCt method) of HCE+INS+GLU 

compared to LDE+INS+GLU arbitrarily expressed as 1, where ΔCt=Ct (gene 

of interest)—Ct (control gene) and Δ (ΔCt)=ΔCt (HCE+INS+GLU)—ΔCt 

(LDE+INS+GLU). Unpaired t-Student’s test; *p < 0.05,**p < 0.01,***p < 

0.001;****p < 0.0001. 
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Figure 13. PBMCs differentiation capability into osteoclasts. (a) TRAcP 

(purple staining), Cathepsin K (DAB positivity, brown staining) and actin 

ring formation (indicated with yellow arrows) representative images of C-

PBMCs, ENDO- PBMCs, EXO- PBMCs and EXO SS- PBMCs after 14 days 

of differentiations into osteoclasts (scale bar 50μm). Bars indicate the 

percentage of cells: with more than 3 nuclei (b), positive to TRAcP (c), 

positive to Cathepsin K (d) and positive to actin ring (e). Data are expressed 

as mean ± SD of each field percentage. One-way ANOVA *p < 0.05,**p < 

0.01,***p < 0.001;****p < 0.0001. 

Figure 14. Osteoclasts activity. PBMCs differentiated into osteoclasts have 

been cultured on bone slices for 96 hours. (a) Coomassie Brillant Blue 

staining of bone slices. Yellow arrows point resorption pits  (scale bar 

100μm). (b) Bars indicate the percentage of bone resorption area. Data are 

expressed as mean ± SD of each field percentage (c) The graph shows the 

CTX-I medium concentration expressed in nM. Data are expressed as mean 

± SD of the analysis for CTX-I of medium collected from three independent 

experiments for each sample. One-way ANOVA *p < 0.05,**p < 0.01,***p 

< 0.001;****p < 0.0001. 

Figure 15. Ability of MSCs to differentiate into osteoblasts. (a) 

Representative images of ALP staining (scale bar 100μm), ALP immune-

fluorescence (IF, white arrows indicate ALP vesicles, scale bar 10μm), and 

Alizarin Red-S (scale bar 100μm) after 7 (T7) and 21 (T21) days of 

differentiation of MSCs into osteoblasts. Graphs indicate the percentage of 

area of positivity to ALP staining (b), ALP immuno-fluorescence (c) and 

Alizarin Red-S quantification expressed in nM (d). Data are expressed as 

mean ± SD of each field percentage for ALP and as mean ± SD of 

quantification analysis for Alizarin Red S. One-way ANOVA *p < 0.05,**p 

< 0.01,***p < 0.001;****p < 0.0001. 
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Figure 16. Collagen deposition. (a) Representative images of Sirius Red 

staining before (T0) and after 7 (T7) and 21 (T21) days of differentiation of 

MSCs into osteoblasts (scale bar 50μm). (b) Sirius Red quantification. Data 

are expressed as mean ± SD of the OD detected in three independent 

experiments. Two-way ANOVA *p < 0.05,**p < 0.01,***p < 0.001;****p 

< 0.0001. 

Figure 17. Osteoblastogenesis gene expression. The bars display the 

expression of genes referred specifically to the early (RUNX2, (a), ALPL (b), 

COL1A1 (e)) and tardive (SPARC (c), BGLAP (d), COL3A1 (f)) steps of 

osteoblastogenesis, at the beginning (T0) and after 7 (T7) and 21 (T21) days 

of differentiation.  Data are expressed as mean ± SD (over three independent 

experiments) of the X-FOLD (2−ΔΔCt method) of C-MSCs, ENDO-MSCs, 

EXO-MSCs and EXO SS-MSCs at different time point compared to C-MSCs 

at T0 arbitrarily expressed as 1. Two-way ANOVA; *p < 0.05,**p < 

0.01,***p < 0.001;****p < 0.0001. 

Figure 18. Osteoblastogenesis protein levels. (a) Representative images of 

WB analysis of RUNX2, ALP, COL1A1, RANK-L, OPG and GAPDH of C-

MSCs, ENDO-MSCs, EXO-MSCs and EXO SS-MSCs at the beginning (T0) 

and after 7 (T7) and 21 (T21) days of differentiation.  The graphs below 

represent the densiometric analysis referred to GAPDH of each protein (b-

e). Two-way ANOVA; *p < 0.05,**p < 0.01,***p < 0.001;****p < 0.0001. 

Figure 19. Mitochondrial morphology. (a)  Representative confocal images 

of mitochondrial structure of C-MSCs, ENDO-MSCs, EXO-MSCs and EXO 

SS-MSCs (scale bar 50μm). In the upper inset an enlargement of a 

mitochondria portion. (b, c) Analysis of mitochondria morphology (Aspect 

Ratio and Form Factor) and mitochondrial network (d, e) (Branches and 

Branch Junctions) of C-MSCs ENDO-MSCs, EXO-MSCs and EXO SS-

MSCs. Data are expressed as mean ± SD of the analysis of 30 cells for each 
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experimental group.  One-way ANOVA; *p < 0.05, ***p < 0,001, 

****p<0,0001. 

Figure 20. Cellular and mitochondrial ROS production. (a) Cellular ROS 

production of C-MSCs, ENDO-MSCs, EXO-MSCs and EXO SS-MSCs 

detected by CM-H2DCFDA assay. Bars indicate the fluorescence intensity 

ratio between CM-H2DCFDA (485-535nm) and DAPI (340-465nm). (b) 

Mitochondrial ROS production of C-MSCs, ENDO-MSCs, EXO-MSCs and 

EXO SS-MSCs detected by MitoSOX Red assay. Bars point the fluorescence 

intensity ratio between MitoSOX Red (535-590nm) and DAPI (340-465nm). 

Data are expressed as the mean ± SD of three independent experiments. One-

way ANOVA; *p < 0.05, ***p < 0,001, ****p<0,0001. 

Figure 21. Mitochondrial membrane potential. ΔΨ of C-MSCs, ENDO-

MSCs, EXO-MSCs and EXO SS-MSCs detected by TMRM assay. Bars 

report the fluorescence intensity ratio between TMRM (535-590nm) and 

DAPI (340-465nm). Data are expressed as the mean ± SD of three 

independent experiments. One-way ANOVA; *p < 0.05, ***p < 0,001, 

****p<0,0001. 

Figure 22. Mitochondrial ATP production. (a) ATP kinetic in 

mitochondrial compartments. The graph shows the luminescence 

background levels (from 0 to 60 sec), basal ATP levels (from 60 to 210 sec) 

and Bradykinin stimulated ATP production (from 210 to 300 sec) in living 

cells by using luciferin. (b) Mitochondrial ATP production. The bars indicate 

the fold change between the average of Bradykinin stimulated ATP 

production luminescence and basal ATP levels luminescence. Data are 

expressed as the mean ± SD of three independent experiments. One-way 

ANOVA; **p < 0,01. 
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