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Abstract (English)  

___________________________________________________________________________ 

The aim of this thesis is to expand the current knowledge on the role of adipose tissue 

(AT) on metabolic disorders and to research the molecular pathways that affect its 

function. In this light, we performed two narrative reviews. Initially, the crosstalk between 

AT and the vascular system and how this can affect the onset and progression of 

metabolic diseases was investigated. In a second narrative review, the angiogenic 

factors that affect AT and pharmacological approaches that could be used in the 

treatment of obesity and its accompanying co-morbidities were described. Moreover, 

current bioengineering approaches that could be employed in the fight against obesity 

and consequent metabolic diseases are suggested. Hence this information led to 

testing the properties of a new, natural, Histogel-based bioscaffold to support the 

proliferation and differentiation of white AT to into brown-like AT, a more metabolically 

active version of fat. As AT is affected by the cytokines of other tissues, irisin, a myokine, 

and its role on metabolic disorders was explored. Based on accumulating evidence on 

the implication of irisin in cancer a systematic review was performed, with the aim to 

elucidate how irisin is involved in the progression of cancer and if it can constitute a valid 

biomarker for its diagnosis. Finally, the role of irisin on AT and how it affects its metabolic 

state was investigated. The results of the current thesis suggest that the communication 

between vascular system and adipose tissue should be considered, when 

pharmacological approaches are employed for the treatment of metabolic disorders. 

Moreover, the use of biological scaffolds is suggested, that could result in increased 

gain of brown adipose tissue (increased metabolic activity) and be part of the treatment 
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of obesity and accompanying metabolic disorders. The results demonstrate that irisin is 

involved in cancer by modulating cell proliferation and tumor invasion through several 

signaling pathways and can also be a good biomarker for the diagnosis of cancer. 

Finally, the role of irisin in the regulation of lipolysis and thermogenesis in vitro is 

presented. Taken together, these results indicate that adipose tissue is an excellent 

medium for pharmacological or biomedical interventions for the treatment of metabolic 

disorders. 
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Abstract (Italian) 

___________________________________________________________________________ 

 

Lo scopo di questa tesi è di espandere le conoscenze attuali sul ruolo del 

tessuto adiposo (AT) sui disordini metabolici e di ricercare i pathways 

molecolari che ne influenzano la funzione. In questo contesto abbiamo eseguito 

due revisioni narrative. Nella prima review abbiamo indagato su come il 

crosstalk tra AT e sistema vascolare possa influire sull’esordio e sulla 

progressione dei disordini metabolici. Nella nostra seconda review, abbiamo 

descritto i fattori angiogenici che influenzano l’AT e gli approcci farmacologici 

che potrebbero essere utilizzati nella lotta contro l’obesità e le sue co- morbilità 

associate. Inoltre, proponiamo degli attuali approcci di bioingegneria che 

potrebbero essere impiegati nella lotta contro l’obesità e i disordini metabolici 

associati. Queste informazioni ci hanno portato a testare le proprietà di un 

nuovo, naturale Histogel-based bioscaffold per supportare la proliferazione e il 

differenziamento del tessuto adiposo bianco in tessuto adiposo brown-like, un 

tipo di grasso più metabolicamente attivo. Siccome l’AT è influenzato dalle 

citochine di altri tessuti, noi abbiamo indagato sull’irisina, una miochina, e sul 

suo ruolo nei disordini metabolici. Basandoci su evidenze crescenti sul ruolo 

dell’irisina nel cancro abbiamo eseguito una review sistematica con l’obiettivo 

di chiarire come l’irisina sia coinvolta nella progressione del cancro e se possa 

costituire un valido biomarker per la sua diagnosi. Infine, abbiamo indagato sul 

ruolo dell’irisina nell’AT e su come influisca sul suo stato metabolico. I risultati 
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della presente tesi suggeriscono che la comunicazione tra sistema vascolare e 

tessuto adiposo dovrebbe essere considerata, quando approcci farmacologici 

sono impiegati per il trattamento di disordini metabolici. Inoltre, noi proponiamo 

l’uso di scaffolds biologici nella medicina rigenerativa, che possono risultare 

nell’incremento di tessuto adiposo bruno (attività metabolica incrementata) ed 

essere parte del trattamento dell’obesità e dei disordini metabolici associati. 

Mostriamo inoltre che l’irisina è coinvolta nel cancro modulando la 

proliferazione cellulare e l’invasività tumorale attraverso alcuni pathways di 

segnalazione cellulare e che può anche essere un buon biomarker per la 

diagnosi tumorale. Infine, mostriamo che l’irisina può regolare lipolisi e 

termogenesi in vitro. Complessivamente, questi risultati indicano che il tessuto 

adiposo è un medium eccellente per interventi farmacologici o biomedicali per 

il trattamento di disordini metabolici.  
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Abstract (Greek)  

___________________________________________________________________________ 

 

Στόχος της παρούσας διατριβής είναι η διεύρυνση της τρέχουσας γνώσης 

σχετικά με το ρόλο του λιπώδους ιστού στις μεταβολικές διαταραχές και η 

έρευνα των μοριακών μονοπατιών που επηρεάζουν τη λειτουργία του. Υπό 

αυτό το πρίσμα, πραγματοποιήθηκαν δύο βιβλιογραφικές μελέτες. Αρχικά, 

διερευνήθηκε πώς η αλληλεπίδραση μεταξύ του λιπώδους ιστού και του 

αγγειακού συστήματος μπορεί να επηρεάσει την εμφάνιση και την εξέλιξη των 

μεταβολικών ασθενειών. Στη δεύτερη ανασκόπησή που πραγματοποιήθηκε, 

περιγράφονται οι αγγειογόνοι παράγοντες που επηρεάζουν το λιπώδη ιστό και 

οι φαρμακολογικές προσεγγίσεις που θα μπορούσαν να χρησιμοποιηθούν στη 

θεραπεία της παχυσαρκίας και των συνοδών νοσηροτήτων της. Επιπλέον, 

προτείνονται τρέχουσες προσεγγίσεις της εμβιομηχανικής που θα μπορούσαν 

να χρησιμοποιηθούν για την καταπολέμηση της παχυσαρκίας και των 

συνακόλουθων μεταβολικών ασθενειών. Αυτές οι πληροφορίες οδήγησαν στη 

δοκιμή των ιδιοτήτων ενός νέου, φυσικού, βιολογικού ικριώματος με βάση το 

Histogel που υποστηρίζει τον πολλαπλασιασμό και τη διαφοροποίηση του 

λευκού λίπους σε μπεζ, μια μεταβολικά πιο ενεργή εκδοχή του λίπους. Καθώς 

ο λιπώδης ιστός επηρεάζεται από τις κυτοκίνες άλλων ιστών, ερευνήθηκε η 

ιρισίνη, μια μυοκίνη, και ο ρόλος της στις μεταβολικές διαταραχές. Με βάση τη 

βιβλιογραφία σχετικά με το ρόλο της ιρισίνης στον καρκίνο, πραγματοποιήθηκε 

μια συστηματική ανασκόπηση της βιβλιογραφίας, με στόχο να διευκρινιστεί 
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πώς η ιρισίνη εμπλέκεται στην εξέλιξη του καρκίνου και εάν μπορεί να 

αποτελέσει έγκυρο βιοδείκτη για τη διάγνωσή του. Τέλος, διερευνήθηκε ο ρόλος 

της ιρισίνης στο λιπώδη ιστό και πώς επηρεάζει τη μεταβολική του κατάσταση. 

Τα αποτελέσματα της παρούσας διατριβής προτείνουν ότι η επικοινωνία μεταξύ 

αγγειακού συστήματος και λιπώδους ιστού θα πρέπει να λαμβάνεται υπόψη, 

όταν χρησιμοποιούνται φαρμακολογικές προσεγγίσεις για τη θεραπεία 

μεταβολικών διαταραχών. Επιπλέον, προτείνεται η χρήση βιολογικών 

ικριωμάτων, που θα μπορούσαν να οδηγήσουν σε αύξηση του καφέ λιπώδους 

ιστού (αυξημένη μεταβολική δραστηριότητα) και να αποτελούν μέρος της 

θεραπείας της παχυσαρκίας και των συνοδών μεταβολικών διαταραχών. 

Φαίνεται επίσης ότι η ιρισίνη εμπλέκεται στον καρκίνο, ρυθμίζοντας τον 

κυτταρικό πολλαπλασιασμό και την μετάσταση των όγκων, μέσω διαφόρων 

σηματοδοτικών μονοπατιών και μπορεί επίσης να είναι ένας καλός βιοδείκτης 

για τη διάγνωση του καρκίνου. Τέλος, φαίνεται ότι η ιρισίνη μπορεί να ρυθμίσει 

τη λιπόλυση και τη θερμογένεση in vitro. Συνοψίζοντας, τα παραπάνω 

αποτελέσματά δείχνουν ότι ο λιπώδης ιστός είναι ένα εξαιρετικό μέσο για 

φαρμακολογικές ή βιοϊατρικές παρεμβάσεις σχετικά με τη θεραπεία των 

μεταβολικών διαταραχών.  
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Chapter 1 

___________________________________________________________________________ 

Introduction 

The prevalence of obesity worldwide has more than tripled over the past 50 

years with a parallel increase in metabolic disorders [1]. Today, according to 

the World Health Organisation it affects nearly 60% of adults and almost one in 

three children in Europe [2]. Several clinical studies link the chronic 

inflammation caused by obesity with metabolic disorders - such as 

cardiovascular disease, type 2 diabetes, and cancer - and organ tissue 

complications [2-5]. The main tissue linked with obesity is adipose tissue (AT) 

[6]. The AT is an active, endocrine organ which secrets multiple humoral 

factors, adipokines, which are responsible for important metabolic effects [7].  

The AT is characterized by high plasticity which allows it to constantly 

expand and relapse depending on the energy needs or metabolic activity of the 

organism [8]. Today, five types of adipocytes have been described namely, 

white, brown (BAT), beige or brown-like, pink (residing in the mammary gland), 

and bone marrow adipocytes [9-11]. Bone marrow and pink adipocytes seem 

to have very distinct gene expression patterns and not much literature is 

available for their metabolic characteristics. On the other hand, white, brown, 

and beige adipose tissues have received a lot of attention, especially after 2001 

when brown adipose tissue was shown to hold an important role to non-

shivering thermogenesis [12]. The roles and function of these three types of 

adipose tissue are described thoroughly in the following chapters. 
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The AT is highly vascularised which means that it can easily 

communicate with other tissues in the human body [13]. The vascular network 

constantly remodels its blood vessels according to the secreted growth factors 

and metabolites produced by the adipocytes to foster the crosstalk between AT 

and the other organs [8, 14-16]. This communication requires the crosstalk 

between AT and the vasculature in the first place.  

Angiogenesis is involved in multiple metabolic disorders where AT 

appears to remodel by altering the metabolic activity of adipocytes [17]. This 

remodeling is facilitated, among other angiogenic factors, by the vascular 

endothelial growth factor (VEGF) [18]. The VEGF is a family of proteins, 

expressed in several cell types, including adipocytes, and stimulates de novo 

formation of circulatory paths and growth of blood vessels [19]. This suggests 

that AT has an autoregulatory function for angiogenesis, by contributing to the 

vascular remodeling depending on its metabolic needs [20]. 

The interplay between these two tissues has generated a lot of interest 

for the development of alternative treatment approaches other than 

pharmacological factors. The use of bioscaffolds in regenerative medicine is an 

approach that has been in use for many years [21]. The use of bioscaffolds for 

grafting adipocytes that can proliferate into beige adipose tissue with increased 

metabolic activity could be an excellent approach [22]. Increasing the metabolic 

rate of obese individuals could lead to efficient body weight loss and eliminate 

the effects of metabolic disorders. 

Cancer is a disorder that rewires the metabolic program of tumors and 

exceeds the bio energetic and biosynthetic demands of continuous cell growth 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



22 
 

[23]. It is the second leading cause of death worldwide and can affect all the 

different tissues in humans [24]. The WHO, in their latest published report, 

mention that at least 13 different types of cancer have been linked with obesity 

[2]. Thus, examining cancer traits along with adipose tissue metabolic activity 

could be a valid approach in understanding the mechanisms underlying the 

onset progression of cancer. Indeed, many adipokines have been under 

consideration for their use as potential therapeutic and diagnostic agents for 

cancer the past years [25]. Irisin, an adipo-myokine, is one of them and the last 

years a lot of studies have focused on its involvement in cancer [26]. 

Irisin was first found to be expressed in skeletal muscle as a cleaved 

product of fibronectin type III domain-containing protein 5 (FNDC5) after 

physical activity [27]. Since then, it has been shown that it is also expressed in 

other tissues as well, such as adipose tissue and cardiac muscle [28]. Irisin is 

a glycosylated peptide consisting of 112 amino acids, its molecular mass is 

≈12kD [27, 28], and has also been shown that can be found as a dimer [29]. 

Four isoforms of irisin have been discovered with tree of them missing small 

sequences of amino acids at different positions [30]. These different 

modifications and isoforms of irisin that have been described, have created 

controversy over the years about how irisin can properly be detected in the 

different samples [31]. Today there is accumulating literature on irisin’s 

implication on several types of cancer but still the mechanisms of its action on 

the different tissues have not been elucidated. 

The aim of this thesis is to expand the current knowledge on the role of AT on 

metabolic disorders and to explore molecular pathways that can affect its function. It is 

comprised of 8 Chapters. In Chapters 2 and 3, the results of two narrative 
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reviews are described. In the first, the relationship between adipose tissue and 

the vasculature is described as well as the role of VEGFs in metabolic 

disorders. In the second review, we describe the angiogenic factors that are 

being or could be used as pharmacological treatments for metabolic diseases. 

We also describe the existing literature about bioscaffolds that can potentially 

be used as vehicles for grafting proliferating adipocytes in obese individuals. In 

Chapter 4 we describe the results of testing a Histogel-based bioscaffold in 

rodents to identify if its properties make it suitable for future use against obesity 

and other metabolic disorders. 

In Chapter 5 the results of a systematic review of the literature and meta-

analysis are presented, considering the implication of irisin in different types of 

cancer. Information from multiple databases about irisin and its potential use as 

a biomarker for cancer was collected, while also the literature was screened for 

possible implication of irisin in tumor progression and metastasis. According to 

the results, irisin appears to be a valid biomarker in diagnosis of cancer. 

Moreover, it can affect the progression of the disease through multiple signaling 

pathways, as discussed in the review. 

In Chapter 6 an attempt to elucidate the mechanism of action of irisin on 

adipose tissue is made. Thus, a cell line model for adipose tissue was used, 

NIH-3T3-L1 cell line, treated irisin for different time periods. It is demonstrated 

how irisin can alter the cellular respiration of these adipocytes and that it 

modulates certain signaling pathways to regulate the expression of uncoupling 

protein 1 (UCP1) which is the main protein that induces thermogenesis in 

adipose tissue. Finally, it is also demonstrated that irisin can regulate the 

expression of lipogenic genes in 3T3-L1 adipocytes. 
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In Chapter 7, the results are collectively discussed in conjunction with 

other published data to answer the main research question of this thesis on 

“What is the role of adipose tissue in metabolic disorders?”. Chapter 8 

summarizes the main findings of the studies that were performed. 

  

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



25 
 

Chapter 2 

___________________________________________________________________________ 

Role of VEGFs in metabolic disorders 

M di Somma 1, M Vliora 1 2, E Grillo 1, B Castro 3, E Dakou 4, W Schaafsma 3, J 

Vanparijs 4, M Corsini 1, C Ravelli 1, E Sakellariou 2, S Mitola 5 

1Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy. 

2FAME Laboratory, Department of Exercise Science, University of Thessaly, Trikala, Greece. 

3Histocell, S.L.Parque Tecnológico 801A, 2º, 48160, Derio, Bizkaia, Spain. 

4Laboratory of Cell Genetics, Department of Biology, Faculty of Science and Bioengineering 
Sciences, Vrije Universiteit Brussel, Brussels, Belgium. 

5Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy. 

 

Conception and design of the work: S.M., M.dS., M.V., Data collection: M.dS., 

M.V., Data analysis and interpretation: M.dS., M.V., E.G., Drafting the article: 

M.dS., M.V., Critical revision of the article: S.M., E.G., B.C., E.D., W.S., J.V., 

M.C., C.R., E.S., S.M., Final approval of the version to be published: E.G and 

S.M. 

This work has been published on May 2020, in Angiogenesis Journal, under 

doi: 10.1007/s10456-019-09700-1 . 

Keywords: Adipose tissue; Angiogenesis; BAT; Obesity; VEGF; WAT. 

Abstract 

Obesity and metabolic disorders are important public health problems. In this 

review, the role of vasculature network and VEGF in the adipose tissue 

maintenance and supplementation is discussed. Angiogenesis is a key process 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



26 
 

implicated in regulation of tissues homeostasis. Dysregulation of new blood 

vessels formation may be crucial and contribute to the onset of several 

pathological conditions, including metabolic syndrome-associated disorders. 

Adipose tissue homeostasis is fine regulated by vascular network. Vessels 

support adipose structure. Vasculature modulates the balance between 

positive and negative regulator factors. In white adipose tissue, Vascular 

endothelial growth factor (VEGF) controls the metabolic activities of adipocytes 

promoting the trans-differentiation from white to beige phenotype. Trans-

differentiation results in an increasing of energy consumption. VEGF exerts an 

opposite effect on brown adipose tissue, where VEGF increases oxygen supply 

and improves energy expenditure inducing the whiting of adipocytes.  

 

Introduction 

The vascular network is essential to remove catabolic products and supply 

nutrients and oxygen for the function, development, and homeostasis of 

tissues. Blood vessels are formed by two highly regulated process called 

“vasculogenesis and angiogenesis” which play a central role in embryonic 

development. Angiogenesis is also involved in adipose tissue (AT) remodelling, 

bone repair, wound healing, inflammation, and tumour growth [32, 33]. The tight 

balance between pro- and anti-angiogenic factors maintains the homeostasis 

of blood vessels and controls the formation of new ones. When the number of 

signals such as metabolic stress, immune and inflammatory response, hypoxia-  

inducible factor (HIF) and angiogenic activators increase compared to the 

inhibitors, the balance is tipped in favour of blood vessels growth (angiogenic 
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switch) [34]. The amount of pro- and anti-angiogenic molecules is regulated by 

miRNA [35], by the alternative splice of pre-mRNA of the key genes (such as 

VEGF-A, VEGFR1, VEGFR2) and by the epigenetic processes [36]. In 

particular, the alternative splicing produces multiple isoforms of key genes 

which can have distinct and opposite functions alternative splicing mechanisms 

[37]. 

Several evidence have shown the involvement of angiogenesis in metabolic 

syndrome-associated disorders, such as insulin resistance, hypertension, 

dyslipidemia, and obesity [38]. In these pathological conditions, the adipose 

tissue (AT) rapidly and dynamically remodels itself with changing the number, 

the size, and the metabolic rate of adipocytes (creating a hypertrophy and 

hyperplasia condition) [17] and induces a hypoxic micro-environment [39]. AT 

rearrangement is driven by abnormal expression of adipokines [40] and/or 

multiple angiogenic factors such as free fatty acids (FAs) [41], leptin [42], 

metalloproteinases (MMPs) [43] and growth factors including VEGF [18]. 

 

VEGF/VEGFR2 system 

VEGF family comprises seven members: VEGF-A, VEGF-B, VEGF-C, VEGF-

D, VEGF-E, VEGF-F, and placental growth factor (PlGF) [44]. Vegf gene 

expression is influenced by a high number of factors, such as hypoxia, growth 

factors, cytokines, miRNA, alternative splicing, and epigenetic process [35, 37, 

45-48]. VEGFs play an important role in several physiologic and pathologic 

events, including the induction of vascular leak and permeability, the endothelial 
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cells proliferation [49], the neuroprotection [50, 51], the haematopoiesis [52] 

and the differentiation of dendritic cell [52, 53]. 

VEGF activities are mediated by three specific tyrosine kinase receptors 

(VEGFR-1, 2 and 3) [54] and by their co-receptors such as neuropilin-1 [55]. 

VEGFR2 activation is modulated by productive engagement of integrin 

receptors [56-58], inducing a long-lasting activation of VEGFR2 [57, 58]. 

Binding of growth factors induces the receptor dimerization, trans-

autophosphorylation and protein kinase activation which in turn triggers the fine 

modulation of intracellular signalling pathways [59, 60]. 

VEGFR-1 is typically expressed by monocytes, macrophages, haematopoietic 

stem cells and endothelial cells [61]. VEGFR-1 activities have not been 

completely characterized, probably due to the lack of highly sensitive assays. 

Many authors suggest VEGFR-1 to play a negative role in the endothelial cell 

activation acting as a decoy receptor for VEGF-A [62]. It is worth mentioning 

that both VEGFR-1 and its soluble form have a higher affinity for VEGF-A 

compared to VEGFR-2 [54]. PlGF and VEGF-B bind only to VEGFR-1 and 

show no involvement in embryonic vascular development or physiological 

angiogenesis in the adult. However, both PlGF and VEGF-B play a role during 

inflammatory responses and in pathological vascular-dependent diseases 

including diabetic retinopathy, obesity, and diabetes [63-66]. VEGFR-2 is 

considered the most active VEGF-receptor in the regulation of many cell and 

tissue functions such as proliferation, migration, permeability, differentiation, 

and morphogenesis [49, 67]. It binds several canonical ligands (VEGF-A, 

VEGF-E, VEGF-C and VEGF-D [61]) with lower affinity in relation to VEGFR-1. 
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Also, VEGFR2 binds non-canonical ligands (gremlin [59], HIV-1-TAT protein 

[68]). 

Under physiological condition, VEGFR-2 is expressed by vascular and 

lymphatic endothelial cells [69], neuronal cells and astrocytes, osteoblasts [70], 

retinal progenitor cells [71], megakaryocytes and haematopoietic cells [72], 

regulating different biological processes [62, 73]. On the other hand, 

chemokines and inflammatory stimuli mediate the expression of VEGFR2 into 

different types of malignancies including melanomas [74], haematological 

malignancies [75], and breast cancer [76] as well as in diabetic retina [77]. 

 

 

Adipose tissue and its vasculature network 

AT is not only an organ specialized in energy storage. In 1987, it was identified 

as the major site of sex steroid metabolism [78]. Sequentially, the discovery of 

the cytokine-like factor leptin [79] suggested that the AT transmits information 

from periphery to central nervous system secreting hormones, called 

adipokines. Adipokines, such as adiponectin, resistin, tumour necrosis factor α 

(TNFα), visfatin and obestatin have auto-endocrine, paracrine and endocrine 

functions. By adipokines production, the AT influences systemic metabolic 

homeostasis [80]. 

AT is the most plastic organ in human body, subjected to continuous expanding 

and regressing. This plasticity requires constant growth, regression, and 

remodelling of blood vessels, under the control of several metabolites secreted 

by AT itself. AT is highly vascularized and can be considered a good source for 
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the isolation of endothelial cell [67]. AT consists of mature adipocytes, 

surrounded by stromal tissue that consists of different cell types such as 

preadipocytes, fibroblasts, pericytes, macrophages, adipose stem cells (ASCs) 

and endothelial cells [43]. 

In adults, most tissues are in a homeostatic state and normally do not grow; 

their mass is stable, and the supporting vasculature is quiescent. As previously 

mentioned, AT is characterized by high plasticity which makes it a perfect model 

to study pathological conditions and the role of angiogenesis in adult tissue 

remodelling [81]. The literature suggests that adipocytes, and probably other 

cell types in the adipose microenvironment, produce at the same time pro- and 

anti-angiogenic factors which play a central role in the maintenance of vascular 

homeostasis and vascular regression [8]. The adipose vasculature supports AT 

in multiple manners. Vascular network provides nutrients and oxygen which is 

essential for tissue maintenance and removes metabolic products of AT. 

Indeed, vessels lead the transport of growth factors, cytokines and hormones 

for modulating adipocyte maintenance and functions. Moreover, they export the 

AT-derived growth factors, adipokines and cytokines from AT to body tissues 

regulating physiological functions via endocrine mechanism [63]. Furthermore, 

vessels facilitate the infiltration of monocytes and neutrophils into the AT [82], 

which affects adipocyte functions. Inflammation alters the adipose 

microenvironment producing hypoxic conditions and acidosis that modulates 

pre-adipocyte differentiation, AT mass and function. 

In mammals, two types of AT have been observed, white adipose tissue (WAT) 

and brown adipose tissue (BAT). Moreover, a cluster of metabolically active 
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adipocytes can develop in WAT in response to various stimuli. These 

adipocytes are known as beige or 'brite' (brown in white) adipocytes [83]. 

 

Adipose stromal cells in adipose tissue 

Within AT, adipocytes originate from the differentiation of adipose stromal cells 

(ASCs) [84] enabling adipocyte turnover to allow their number to be relatively 

stable regardless of body fat mass evolution [85]. ASCs, similarly to 

mesenchymal stem cells (MSCs), display self-renewability, the multipotency to 

differentiate into diverse tissues [86], and paracrine and immunomodulation 

properties [87, 88]. ASCs can be expanded in culture for several passages: the 

adherent derived cell population maintains its mesenchymal phenotype [89]. 

Several in vitro protocols have been described for the differentiation of ASCs 

into adipogenic lineage [90], osteogenic, chondrogenic and myogenic cells. 

Although the adipogenic differentiation of ASCs is cost and time consuming, 

and it eventually yields only low differentiation rates their compared to the 

mature adipocytes [91], they are easier to handle and may be grown in vitro 

almost infinitely. 

ASCs are available in high amounts, are easily accessible and AT removals 

show little donor site morbidity and are safer and less invasive compared to 

other biopsies (e.g., bone marrow aspiration). Thus, ASCs become interesting 

for tissue replacement in Regenerative Medicine to treat severe burn wounds, 

[92] or in aesthetic plastic surgery and reconstruction surgery. Also, ASC 

models would help to gain new insights into the development and causes of 

adipose tissue-related diseases like obesity and diabetes. Obesity-induced 
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adipocyte death and malfunctioning is responsible for the initiation of a chronic 

inflammation state in adipose tissue, which underlies the pathophysiology of 

obesity- and ageing-associated metabolic complications. A high fat diet can 

induce the release of ASCs [93], from subcutaneous AT, into the blood stream. 

This specific subpopulation of ASCs driven by CXCL12/CXCR4 axis infiltrates 

and originates ectopic adipocytes into different sites [94-96]. 

The role of ASCs in maintaining and remodelling the vascular network also in 

AT is still a point of discussion. ASCs and ASC-derived adipocytes produce 

angiogenic molecules. Although ASC-derived adipocytes produce low level of 

VEGF-A with respect to mature adipocytes, they release a higher amount of 

VEGF-D and VEGF-C sufficient to support the angiogenic process [96]. Also, 

hypoxia induces ASCs to release exosomes enriched in VEGF, epidermal 

growth factor (EGF), fibroblast growth factor (FGF) and their receptors (VEGF-

R2, VEGF-R3), and monocyte chemoattractant protein 2 (MCP-2) and MCP-4 

[97]. All these proteins can modulate neo-angiogenesis and tissue survival also 

in AT. Of note, ASCs obtained from diabetic patients or from diabetic rodent 

models of T2DM have been reported to show impaired angiogenic potential [98, 

99]. 

Several papers point out the ability of ASCs to differentiate into endothelial cells 

[100], directly contributing to neovascularization. Others show that also in the 

presence of VEGF ASCs do not develop EC phenotype and do not exhibit 

tubule forming capabilities in Matrigel tube assay formation [101]. This 

discrepancy may be due to the heterogeneity of ASCs. Indeed, ASCs are 

characterized by a mix of progenitor cells. Understanding better the 
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heterogeneity of ASCs may lead to the development of improved protocols of 

cell isolation and optimized cell therapy clinical protocols [102]. 

 

Vessels support the continuous rearrangement of white adipose tissue 

WAT composes around 20% of the total body weight in men and 25% in women 

[103]. Its main function is to store energy as FAs that are released when the 

organism needs energy supplementation. White adipocytes are characterized 

by round shape with large diameter and by the presence of a big lipid droplet in 

the middle. The lipid droplet pushes all the other components of the cells to the 

rim and a low number of mitochondria can be observed next to the nucleus and 

the ribosomes [103]. WAT exists in several areas of neonatal and adult human 

body and can be divided into two general categories: subcutaneous depot, 

which is located subcutaneously in the abdomen and thighs, and visceral depot, 

which is in the abdominal area surrounding vital organs [104]. 

WAT is supported by a high number of blood vessels and constantly undergoes 

expansion or shrinkage depending on the balance between energy uptake and 

consumption of the host [63]. The vascularized area undergoes continuous 

remodelling and formation of new vessels, and thus facilitates the storage of 

fatty acids and energy, supporting tissue expansion [81]. In foetal stage, 

adipose tissue development is characterized by the formation of primitive fat 

organ composed by vascular structures and few adipocytes. Human 

preadipocytes secrete PAI-1 inducing a coordinate migration of adipocytes and 

endothelial cells. In primitive fat organ, adipocytes migrate following the 

recruited and/or novel formed capillaries during angiogenesis. Furthermore, 
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PAI-1 ensures the coordination of adipogenesis and angiogenesis in the 

microenvironment [105, 106]. 

Specific markers of white adipocytes have been identified in both mice and 

human, such as homeobox genes (Hox genes, including c8-b9) [107], leptin 

and amino acid transporter 1 (Asc-1) [108]. 

 

Vasculature function in brown adipose tissue 

BAT regulates thermogenesis, a process responsible for producing heat in 

organisms [109]. BAT represents 1% of the body weight in newborn human 

(around 30 g of BAT) and helps maintaining the body temperature without 

shivering [110, 111]. BAT can be detected between the shoulder blades, 

surrounding the kidneys, around the neck, in the supraclavicular area and along 

the spinal cord [112]. 

Several evidence showed that BAT regress after the early stages of life. 

Recently, nuclear medicine studies have shown the presence of metabolically 

active AT with energy dissipating properties in the supraclavicular, para-spinal, 

mediastinal and neck regions in adult humans. The amount of BAT is inversely 

correlated with body fat, and it is sensitive to thermal stimulation [113]. An 

inverse correlation between BAT activity and average outdoor temperature, 

beta-blocker medication use, and body-mass index (BMI) has also been 

reported [111]. 

The main component of BAT is brown adipocytes. Brown adipocytes derive 

prenatally from a subset of dermomyotome progenitor myogenic factor 5 

(Myf5+) cell lineage. Brown adipocytes are characterized by small lipid droplets, 
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high number of mitochondria, responsible for the brown colour, central nucleus, 

and underdeveloped endoplasmic reticulum [114, 115]. 

BAT is detected in vascularized depots and is densely innervated by the 

sympathetic nervous system; the nerve fibres directly synapse onto brown 

adipocytes. Cold, sensed by the central nervous system, stimulates the 

secretion of noradrenaline which interacts with β3-adrenergic receptors on 

brown adipocytes. Noradrenergic stimulation activates BAT thermogenic 

capability, protecting mammals against obesity [116]. Sympathetically activated 

brown adipocytes (either by thermic stimuli or excess food intake) mobilize FAs 

from stored triglycerides and increase the release of chemical energy, derived 

from beta-oxidation. An important feature of the brown adipocytes is the 

substantially low expression of ATP synthase and the high expression of 

thermogenin (UCP1, uncoupling protein 1). UCP1 is a fatty acid 

anion/H + symporter, expressed on the inner membrane of mitochondria, which 

uncouples the proton gradient, releases heat and reduces ATP synthesis [117]. 

The phosphate groups of purine nucleotides usually inhibit UCP1 activity. In 

BAT, the inhibitory effect of purine nucleotides on UCP1 is overridden by the 

binding of long chain fatty acids (LCFAs) to the cytoplasmic side of UCP1 [118, 

119]. 

Although vasculatures in WAT and BAT share the above-mentioned common 

functions, the ultimately functional consequence is dependent on the metabolic 

status of adipocytes. While in WAT vessels regulate the endocrine functions of 

adipocytes, angiogenesis in BAT increases the oxygen supply and thereby fuel 

the process of energy consumption, leading to a lean phenotype [120]. 
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Browning of white adipose tissue 

Recently, certain adipocytes that express markers of both WAT and BAT have 

been identified. These cells are called “beige” or “brite” adipocytes. Beige 

adipocytes are embedded into WAT depots and derived from the trans-

differentiation of white-to-brown adipocytes; a process called “browning” [121]. 

The increase of energy consumption due to cold exposure [122] or exercise 

[123] promotes the browning process. Several transcriptional and epigenetic 

regulators are also required for promoting beige adipocyte biogenesis, in 

response to various environmental stimuli [124]. In contrast to the brown 

adipocytes present in BAT depots, beige adipocytes that developed in WAT via 

the browning process come from Myf5− cells that more closely resemble to the 

white adipocyte precursors [125]. In vitro studies suggest the presence of 

Myf5− mesenchymal precursor cells in WAT depots, which can differentiate into 

brown adipocytes in response to thermogenic stimuli or β3-adrenergic 

stimulation [126]. These cells share characteristics of both brown and white 

adipocytes. In resting condition, beige adipocytes display the morphology of 

white adipocytes, with large depot of fat stored as a single lipid droplet, while 

after stimulation their morphology changes [127, 128]. Beige adipocytes 

express typical BAT proteins like UCP1, PGC-1α (proliferator-activated 

receptor-co-activator 1-α), PRDM16 (PR domain zinc finger protein 16) and 

several bone morphogenetic factors (BMPs) [129, 130]. The expressions of 

transcriptional factors including Cited1, Tmem26, Tbx1, Epsti1 [131] and 

proteins associated with inflammatory pathways such as CD40 and CD137 are 
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typical of beige adipocytes and they can be used to distinguish them from brown 

adipocytes [127, 132]. 

PGC-1α is highly expressed in tissues where mitochondria are abundant and 

oxidative metabolism is active, such as BAT, heart and skeletal muscle [122]. 

It plays an important role in the regulation of thermogenesis, activating the 

expression of UCP1 and mitochondrial enzymes of the respiratory chain. PGC-

1α gene transcription is induced by cAMP-responsive elements and PPARα, in 

response to adrenergic stimulus in BAT [133]. The PGC-1α expression requires 

the binding of PRDM16 to the PGC-1α promoter at the PPARα-binding site. 

PRDM16 has been identified as the key molecular switch that determines the 

development of brown adipocytes during embryonic development and the 

presence of beige adipocytes in WAT depots in adult mice. PRDM16 is required 

for the full thermogenic activation of PGC-1α expression in BAT [134, 135]. 

 

VEGF controls the uptake of fatty acids 

VEGF-A is highly expressed in AT and its expression increases significantly 

during adipocyte differentiation [136]. Recently, it was identified an adipocyte 

precursor cell population (ASCs) within WAT and BAT, as the cell type 

expressing the highest levels of VEGF-A, with the higher expression in BAT 

compared to WAT [137]. VEGF-A represents an ASCs promoter for 

endotheliogenesis and improves proliferation, migration, and cell attachment 

through VEGFR2 signalling [138]. Due to this effect, several times ASCs were 

considered for stem cell-based therapies in the field of vascular medicine [139] 

(Fig. 2.1.a). As previously reported, the endothelium is fundamental for several 
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hormone, cytokine, and growth factor exchanges across different 

compartments. One of the most important roles of the endothelium in AT is the 

transport of LCFAs under the control of VEGF-A and VEGF-B [140]. As 

described above, the expression of respiration chain genes is transcriptionally 

controlled by PGC-1α, which also regulates the expression of vegf-b and 

several of the LCFA transporters [27]. In the FA uptake, three groups of proteins 

are implicated: fatty acid transport protein (FATPs), the scavenger receptor 

CD36 and the intracellular fatty acid binding proteins (FABPs). FATP3 and 4 

allow the FAs are imported from the blood steam to the ECs under the control 

of VEGF-B/VEGFR-1/Neuropilin1 system. FATP4 is mainly expressed in the 

adipocytes under VEGF-B induction [140] and mediates the FA uptake into the 

adipocyte. FABP4 (adipose-type FABP) acts as intracellular FA handling 

protein and its expression is induced by VEGF-A/VEGFR2 signalling (Fig. 

2.1.b). Nevertheless, the FA importing mechanism in adipocytes remains 

unexplored [141]. 
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Figure 2.1. VEGF-A and B sustain adipose tissues metabolism. Adipocytes, 

pericytes (red) and adipose stem cells (green) are supported by blood vessels. 

VEGF-A promotes the endothelial-differentiation of adipose stem cells, allowing 

new vessel formation (a). The VEGF-B/VEGFR1 system regulates the fatty acid 

availability for adipocytes through endothelium. FATP (fatty acid transport 

protein) 3 and 4 are essential for the FAs transport across the endothelium. 

Also, adipocytes use FATP4 for FA uptake and the intracellular FABP (fatty acid 

bind protein) 4 binds internalized FA. VEGF-A/VEGFR2 system promotes FA 

internalization in the adipocyte (b) 

 

Role of VEGF in WAT 

In WAT, a shift to an angiogenic phenotype increases the energy deposition 

resulting in AT expansion (Fig. 2.2.a). Additionally, vasculature in healthy WAT 

plays an essential role in controlling the endocrine activities of adipocytes, 

modulating the release and the transport of adipokines and hormones. Like 

micro vessels in various endocrine organs, the adipose vasculature contains 

vasculature fenestrations that are crucial for maintaining the physiological 

functions of endocrine tissues [142]. 
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Figure 2.2. VEGF-A and B exert converse effects on WAT. Pro-angiogenic 

phenotype facilitates the energy deposition resulting in AT expansion. Vessels 

control the release of adipokine and hormones in WAT (a). VEGF-B modulates 

mitochondrial thermogenic activity promoting the browning of white adipocytes 

(b) 

The alteration of VEGF-A/VEGFRs system exerts different effects on AT 

metabolism in vivo, depending on the eventually pre-existence of obesity [143]. 

Inhibition of the VEGF-A/VEGFR-2 system at the beginning of a high fat diet 

causes exacerbation of metabolic alterations in mice; in contrast, the same 

inhibition in leptin-deficient (ob/ob) obese mice causes reduction of body 

weight, improvement of insulin sensitivity and decrease of inflammatory factors 

[144]. In obese individuals, active adipose angiogenesis in WAT is likely to 

further promote obesity [145]. Further studies are required to understand the 

molecular mechanisms leading the role VEGF in the regulation of energy 

homeostasis [27, 125-144]  
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In addition, the VEGF-A overexpression in AT (combined with cold exposure 

and thus β-adrenergic stimulation) induces WAT browning, which increases 

energy expenditure and beneficially improves metabolism [146]. VEGF-A is 

probably one of the most potent “browning” factors described [147] and 

regulates adipocyte differentiation independently of VEGFR1 and VEGFR2. 

These different activities of VEGF-A may rely on different signalling 

mechanisms, which remain to be fully elucidated [148]. Moreover, the 

upregulation of VEGF-B compensates the VEGF-A downregulation, leading to 

brown-like WAT differentiation [144]. As described in the next chapter, VEGF-

B is tightly connected with mitochondrial thermogenic activity (Fig. 2.2.b). 

 

 

VEGF-A and VEGF-B regulate metabolic activity of brown adipose tissue 

Angiogenesis in BAT increases the oxygen supply and improves energy 

expenditure, leading to a lean phenotype [120] (Fig. 2.3.a). In obese patients, 

with a high amount of WAT, the inhibition of angiogenesis may represent a 

therapeutically treatment to avoid the increase of fat mass [146]. As mentioned 

above, BAT expresses higher amount of VEGF-A compared to WAT, produced 

by ASCs within both AT types [137]. 
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Figure 2.3. VEGF-A and B induce a lean phenotype. VEGF-A-induced 

angiogenesis increases oxygen supply and improves energy expenditure in 

BAT. VEGF-B exerts a thermogenic activity in brown adipocytes. In brown 

adipocytes, PGC-1α transcription factor controls both the expression of 

mitochondrial genes and of VEGFs (a). VEGF-A reduces blood vessels and 

alters lipid drop architecture promoting the whitening of BAT (b) 

The ablation of endogenous Vegf-a in mice causes decreased vascularity and 

disrupted lipid architecture in BAT. It is observed as WAT-like lipid droplet 

accumulation and mitochondrial dysfunction (described as “BAT whitening”) 

[149] (Fig. 2.3.b). Consequently, these mice are unable to respond to cold, 

indicating a VEGF-A dependence to the thermogenic activity. Also, VEGF-A 

stimulates the proliferation of PDGFRα + precursor cells promoting the 

expression of Prdm16 via p38MAPK pathway [146]. Prdm16 binds and 

modulates the activity of other transcriptional factors, including c/EBPβ, PPAR-

γ, PPAR-α and PGC-1α, promoting the transcription of UCP1. Therefore, 

Prdm16 is essential for brown fat cell fate [83]. 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



43 
 

Both VEGF-A and VEGF-B exert metabolic effects on AT increasing the 

complexity of the VEGF system [144]. The expression of VEGF-A and VEGF-

B is strongly modulated by the expression of a cluster of mitochondrial genes. 

These genes are transcriptionally controlled by PGC-1α. VEGF-A and VEGF-B 

expression induce the recruitment of blood vessel preventing nutrients and/or 

oxygen deprivation. A tight interaction between nutrient metabolism and 

vasculature is clearly defined [150] (Fig. 2.3a). 

 

Conclusions 

Obesity represents a major health problem associated with increased mortality 

and co-morbidities, including many metabolic diseases. Obesity is 

characterized by an increase in adipose mass due to increased energy intake, 

decreased energy expenditure, or both. Several elements including lifestyle, 

environmental, neuro‐psychological, genetic, and epigenetic factors contribute 

to increase in energy intake (calories) and decrease in energy expenditure 

(metabolic and physical activity). The treatment options for patients with severe 

obesity are the modification of lifestyle, limiting the intake of total fats and 

sugars, increasing consumption of fruits and vegetables, practising regular 

physical activity, bariatric surgery, or pharmacological treatments. 

Unfortunately, currently drugs available in the market are commonly associated 

with severe side effects. Indeed, increased risk of psychiatric disorders and 

non-fatal myocardial infarction or stroke has been described in 

pharmacologically treated patients. Understanding the origins of obesity and its 

related pathways is essential for prevention and treatment of metabolic 
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syndrome-associated disorders. Therefore, several groups are working on new 

therapeutic approaches including the increase of energy consumption. A new 

innovative approach would be the induction of trans-differentiation to brown 

adipocytes within WAT. Beige adipogenesis enhances energy expenditure 

leading to a lean phenotype, the browning of WAT. Angiogenesis has a 

significant functional impact on energy metabolism through modulation of 

adipocyte-related endocrine, paracrine and autocrine mechanisms. Based on 

preclinical and clinical findings, the effects of angiogenic mediators depend on 

the metabolic status of the AT and of the patients. Enhanced angiogenesis 

improves energy consumption in the BAT. To treat obesity and metabolic 

disorders, the administration of drugs endowed to anti-angiogenic activity 

reduces the WAT tissue. Unfortunately, high doses of drugs are required to 

target vessels in the fat mass with the risk to increase systemic side effects. 

Thus, obese patients with cardiovascular complications might not be 

recommended for anti-angiogenic therapy [151]. On the other hand, obese 

patients could benefit from drugs that promote the development of BAT and its 

vascularization. In these cases, the drug administration may be achievable 

through in situ delivery. On these bases, cell therapy combined with 

regenerative medicine represents a promising and potential treatment in 

metabolic disorders.  
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Figure 3. Graphical abstract. The impact of adipokines on vascular networks in 

adipose tissue. 

Abstract 

Adipose tissue (AT) is a highly active and plastic endocrine organ. It secretes 

numerous soluble molecules known as adipokines, which act locally to AT 

control the remodel and homeostasis or exert pleiotropic functions in different 

peripheral organs. Aberrant production or loss of certain adipokines contributes 

to AT dysfunction associated with metabolic disorders, including obesity. The 

AT plasticity is strictly related to tissue vascularization. Angiogenesis supports 

the AT expansion, while regression of blood vessels is associated with AT 

hypoxia, which in turn mediates tissue inflammation, fibrosis, and metabolic 

dysfunction. Several adipokines can regulate endothelial cell functions and are 

endowed with either pro- or anti-angiogenic properties. Here we address the 

role of adipokines in the regulation of angiogenesis. A better understanding of 

the link between adipokines and angiogenesis will open the way for novel 

therapeutic approaches to treat obesity and metabolic diseases. 
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Introduction  

Obesity, defined as a body mass index (BMI) ≥30kg/m2 is a chronic, 

multifactorial disease associated with various life-threatening chronic diseases 

(https://www.who.int). Thus, prevention and treatment of obesity are key 

challenges, which are directly linked with the biology and physiology of adipose 

tissue (AT) [152]. The AT is highly dynamic and comprises multiple cells, 

including adipocytes, mesenchymal and endothelial cells (ECs), fibroblasts, 

and immune cells surrounded by extracellular matrix (ECM) [153]. Obesity 

induces AT expansion and remodeling, characterized by adipocyte hypertrophy 

and hyperplasia, accumulation of immune cells, hypoxia, and EC activation. 

This dysfunction is accompanied by lesser vascular density and the consequent 

development of obesity related metabolic diseases [154, 155]. 

Recently, an endocrine role has been attributed to AT in addition to its ability to 

regulate energy expenditure. Indeed, AT secretes several nervous and 

endocrine factors identified as adipokines [156] which sustain a cross-

communication between numerous organs within the body. The production of 

adipokines is altered by AT hypertrophy and hyperplasia in obese patients, 

supporting detrimental metabolic alterations leading to insulin resistance, 

dyslipidemia, and an increased risk of cardiovascular diseases [157].  

The expansion and remodeling of AT is regulated by the vascular system, which 

maintains cellular homeostasis throughout the body via a complex network of 

capillaries, arteries, and veins [158]. In this narrative review we describe the 

available evidence regarding the effects of adipokines on the angiogenic 
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process leading to AT remodeling. We also discuss the cross-communication 

between AT and angiogenesis and how anti- and pro-angiogenic approaches 

could be employed to impair the progression of obesity as well as whether AT 

engineering can improve AT dysfunction in patients with metabolic disorders. 

 

The adipose organ 

The AT is an organ specialized in energy storage, endocrine regulation of 

energy, homeostasis, and thermoregulation. It consists of mature adipocytes 

surrounded by a stromal vascular cell fraction (SVF) containing pre-adipocytes, 

macrophages, smooth muscle cells, lymphocytes immune cells, vessels, and a 

rich innervation of both sensory and sympathetic fibers. The SVF plays 

important roles in the dynamics of AT development, homeostasis, and 

inflammation [159]. Extracellular matrix (ECM) provides mechanical support 

and adsorbs cytokines and growth factors, thus regulating physiological/ 

pathological processes within AT [17]. In mammals, two major types of AT have 

been observed, namely white AT (WAT) and brown AT (BAT) [160]. The WAT 

composes around 20-25% of the total body weight in humans [103]. WAT stores 

energy in the form of triacylglycerols that are hydrolyzed, releasing fatty acids 

when the organism needs fuel [161]. White adipocytes have a round shape, a 

large diameter and are characterized by the presence of a big lipid droplet 

which pushes all their other components close to the cell membrane. Few 

mitochondria can be observed next to the nucleus and the ribosomes [103]. 

In humans, the WAT exists in different depots, characterized by typical patterns 

of gene expression and, thus, by distinct functions [162]. Indeed, each fat depot 
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differs in the size of adipocytes, ECM composition and mechanical properties 

[163].  The BAT is mainly composed of brown adipocytes that derive from Myf5+ 

precursors and are characterized by many small lipid droplets and a high 

number of mitochondria, responsible for their brown color [164]. Their nucleus 

occupies a central position, and the endoplasmic reticulum is not highly 

developed. BAT regulates thermogenesis, a function that explains the 

multilocular arrangement of lipids that amplify exponentially the number of fatty 

acids that can enter the beta-oxidation [165]. Upon sympathetic oxidation, 

brown adipocytes release chemical energy as heat. Consistent with this, in 

brown adipocytes there is a high expression of thermogenin (uncoupling protein 

1; - UCP1). UCP1 is a fatty acid anion/H+ symporter in the inner membrane of 

mitochondria.  It dissipates the respiration proton gradient by uncoupling 

cellular respiration and mitochondrial ATP synthesis, thus inducing 

thermogenesis [117]. 

Several depots of active BAT have been identified in adult humans [166, 167] 

including shoulder blades, around the kidneys, neck, and supraclavicular area, 

and along the spinal cord [112, 168, 169].  Importantly, the localization of BAT 

and WAT is not exclusive; for example, subcutaneous and visceral depots 

contain both tissues. Due to its high metabolic activity, the BAT should be 

considered an organ of pharmaceutical and physiological importance in the 

adult [170, 171]. 

Recently “beige” or “brite” adipocytes have been identified [127]. at anatomical 

sites that correspond to WAT after thermal stimulation [126, 172]. These cells 

have characteristics of both brown and white adipocytes. In the basal state, 

they display the morphology of white adipocytes while after stimulation, they 
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acquire intermediate morphology with multilocular lipid droplets, higher number 

of mitochondria, and express BAT specific markers, including UCP1[160, 172, 

173]. In addition, they express typical beige markers, such as CD137, Tbx1, 

and Cited-1 [174]. Different developmental lineages have been suggested for 

beige adipocytes: the transdifferentiation of mature white adipocytes [175, 176] 

and the maturation of brown or white preadipocytes that are both present in 

WAT [116, 176, 177]. All these processes could contribute to beige adipocyte 

development, depending on tissue depot and stimuli [83, 178].   

 

Angiogenesis in AT 

Contrary to other organs, AT can also expand in adulthood, up to comprising 

more than 40% of the total body composition in obese individuals [85]. This high 

plasticity is paralleled by a coordinated vascular network growth which provides 

AT with oxygen and nutrients and drains waste products. The continuous 

growth, regression and remodeling of blood vessels is regulated by metabolites 

and growth factors known as adipokines, which are secreted by adipocytes 

[155].  

Angiogenesis is a multistep process, regulated by pro- and anti-angiogenic 

factors. This process can be triggered in response to proliferating and enlarging 

adipocytes and/or precedes the adipocyte proliferation and enlargement [179] 

but, of course, it is essential in modulating AT pathophysiology [20, 66]. 

Adipocytes and other stromal cell types release pro- or anti- angiogenic factors 

in the microenvironment to maintain vascular homeostasis and induce vascular 

increase or regression [159]. In expanding WAT, the switch toward an 
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angiogenic phenotype facilitates energy deposition and vascular density [180]. 

Instead, in metabolically active BAT, the same angiogenic phenotype may 

facilitate energy consumption [82]. Also, WAT transition to brite phenotype is 

associated with an angiogenic switch with a consequent increase in vascular 

density. Moreover, blood vessels provide protective and niche for adipocyte 

progenitors that can differentiate into pre-adipocytes and adipocytes [82, 120].  

Importantly, angiogenesis can be altered in pathological conditions like obesity, 

metabolic syndrome, cancers and cardiovascular pathologies [181], 

characterized by abnormal expression of angiogenic factors and/or by other 

angiogenic-related conditions including hypoxia, oxidative stress, hormone 

imbalance and hyperglycemia [182]. 

Angiogenic modulators released by adipose tissue 

Adipokines which include hormones, free fatty acids, growth factors, and 

cytokines, act either locally or systemically to regulate a wide range of 

physiological and pathological processes such as immune-system modulation, 

inflammation, cell differentiation, and angiogenesis [152].  Novel pro/anti-

angiogenic adipokines are continuously identified and characterized. AT 

dysfunction leads in to changes in cellular composition, inability to store the 

surplus lipids, alteration of insulin sensitivity, and in the secretion of pro-

inflammatory and diabetogenic adipokines and cytokines [183, 184].  

Surprisingly, dysfunctional AT in patients with obesity and metabolic syndrome 

often displays increased expression of anti-angiogenic factors. This suggests 

that the high expression of factors that restrict blood vessel growth is meant to 

avoid abnormal vessel outgrowth when an AT becomes stabilized. In the next 
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sections we discuss the role of main adipokines known to regulate EC 

functions, and potentially involved in the remodeling of AT vasculature. Also, 

we address the effects of metalloprotease enzymes that indirectly modulate AT 

angiogenesis (Fig. 3.1.). 

 

 

Figure 3.1. Differential roles of adipokines in the remodeling of adipose tissue 

vascular network 

ECM remodeling factors 

The ECM of AT is continuously remodeled to accommodate changes in 

adipocyte size and AT composition during tissue turnover [185]. Proteases and 

inhibitors of such proteases are locally produced to guide AT remodeling. 

Among these, metalloproteinases (MMPs) are pivotal enzymes produced by 

mature adipocytes (especially MMP-12) and the SVF in a depot-dependent 

manner [185]. Metalloproteases are a protease family involved in the turnover 

of connective tissue during morphogenesis, development, wound healing, 
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reproduction, and neovascularization. Also, the activity of MMPs contributes to 

allow the release of basement membrane components or the activation of latent 

growth factors [58, 186].  MMPs promote angiogenesis by regulating EC 

proliferation, migration, and attachment to the ECM, either directly or by 

releasing growth factors sequestered in the ECM [43, 187]. The proteolytic 

activity of MMPs is controlled by a family of proteins called tissue inhibitors of 

metalloproteinases (TIMPs). The imbalance of MMPs vs TIMPs is implicated in 

many pathological processes and may contribute to altered angiogenesis and 

AT dysfunction in metabolic diseases and obesity, as it occurs in cancer 

metastasis, arthritis, inflammation, periodontal diseases, corneal ulceration, 

and cardiovascular diseases [188]. 

MMPs are modulated during adipogenic differentiation of 3T3-L1 cells in vitro. 

In addition, proinflammatory adipokines upregulate MMP levels during obesity, 

with a shift toward increased matrix degradation [189]. Accordingly, MMP 

pharmacological inhibition leads to a collagen-rich matrix cap around the 

treated tissue thus restraining AT development in mice [190]. Several studies 

confirm the role of MMP inhibitors on AT homeostasis in vivo. The 

administration of specific or broad-spectrum MMP inhibitors reduces the 

subcutaneous or gonadal AT deposits. In this case, MMP inhibitors do not affect 

the number of adipocytes, but significantly increase the amount of collagen in 

treated animals. Importantly, MMP inhibition results in a higher blood vessel 

density in AT [191, 192]. 

Leptin 
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Leptin is a 16 kDa protein encoded by obese (Ob) gene [193, 194]. It is mainly 

secreted by WAT and, at lower levels, by other tissues such as muscle, 

stomach, and mammary gland. Leptin is an endocrine hormone with multiple 

properties including the regulation of appetite. For this reason, leptin is also 

known as the “satiety hormone” [195]. It controls energy expenditure, body 

weight, thermogenesis, fertility, and immune functions [194] and its serum 

levels positively correspond with the energy stored in the fat mass [196, 197]. 

A reduction of circulating leptin follows food restriction. Leptin expression is 

associated with hypertension, atherosclerosis, myocardial infarction, and stroke 

[198]. The functions of leptin are mediated by the leptin or obesity receptor (Ob-

R), a single membrane-spanning receptor belonging to the class I cytokine 

receptor family, which is mainly expressed in the hypothalamus and immune 

cells the JAK/STAT signaling pathway modulates the intracellular cascades 

activated by leptin in target cells. Loss-of-function mutations in the leptin or Ob-

R genes result in severe, early-onset obesity and are associated with altered 

hematopoiesis, immunity, blood pressure, and angiogenesis [199]. Leptin is a 

pro-atherogenic, pro-thrombotic molecule and controls vasodilation. In ECs, 

leptin promotes a pro-inflammatory response, the expression of endothelial 

nitric oxide synthase (eNOS), and the production of reactive oxygen species 

(ROS), leading to EC dysfunction [200], proliferation, and survival [201, 202]. 

In ECs, by binding Ob-R, leptin activates the p38 (MAPK)/Akt/COX-2 and Wnt 

axes [202, 203]. Moreover, leptin supports angiogenesis in several in vivo 

models [201, 204], upregulating MMP-2/9 and pro-angiogenic factors like 

fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor A (VEGF-

A) and its receptor VEGFR-1 [142]. Also, leptin induces the mobilization of 
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vascular progenitor cells from the bone marrow, through an Ob-R/NOX2/MMP-

9 mechanism [205] and boosts up the angiogenic potential of circulating 

angiogenic cells through a Ob-R/Src/alphavbeta5 crosstalk [206]. Under other 

experimental conditions, leptin inhibits EC inflammation, and the endothelial-to-

mesenchymal transition (EndMT), thus exerting protective effects on vessel 

endothelium.  

The observation that leptin regulates angiogenesis opens the way to using anti-

leptin approaches to treat angiogenic-dependent pathologies. Preclinical 

studies confirm the effects of therapeutic strategies targeting leptin, such as 

leptin mutants/antagonists, or neutralizing antibodies in several pathological 

conditions, including cancers. However, a deeper characterization of leptin 

antagonists is needed to ameliorate the major drawback of most anti-leptin 

strategies, including their transport to the hypothalamic nuclei [207]. The fine 

elucidation of endothelial-specific molecular mechanisms involved in leptin 

response could contribute to the design of pharmacological approaches to 

target leptin-driven pro-angiogenic effects without the unwanted associated 

weight-gain. 

Angiogenin 

Angiogenin was originally identified in the culture medium of human colon 

adenocarcinoma cells [208]. As the name suggests, angiogenin is a potent 

inducer of angiogenesis. Upon receptor binding on the EC surface, angiogenin 

is internalized and translocated to the nucleus, where it regulates the 

expression of a variety of pro-angiogenic genes, including MMPs [209]. Its 

ribonucleolytic activity makes angiogenin unique among the angiogenic factors. 
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The inhibition of its enzymatic activity or prevention of its internalization 

pathway ameliorates the angiogenin pro-angiogenic activity [210]. Several 

inhibitors of angiogenin including the anti-human monoclonal antibody, small 

chemical compounds, neomycin and neamine, siRNA, antisense, soluble 

binding proteins, and enzymatic inhibitors have been developed and exert anti-

angiogenic/anti-tumor effects in various animal models [211, 212].  

Within AT, angiogenin is expressed by both adipocytes and non-adipocyte 

stromal cells. It is upregulated in cultured AT explants by PPAR agonists [213] 

and can be used in regenerative fat grafts to improve tissue vascularization 

[214]. Remarkably, angiogenin levels have been positively correlated with BMI 

[215]. The reduction of angiogenin expression in the elderly [216] is associated 

with an impaired angiogenic potential of adipose-derived mesenchymal stromal 

cells and with coronary artery disease [217]. This data suggests a role of 

angiogenin in the regulation of AT expansion, further confirming the pivotal role 

of angiogenesis during AT remodeling in obese patients. On these bases, 

inhibitors of angiogenin (i.e. monoclonal antibodies, small chemical 

compounds, neamine and neomycin, enzymatic inhibitors, receptor antagonists 

[211, 218-220] may have the potential to block angiogenesis in AT, thus 

restraining its expansion during obesity. 

Bone morphogenetic proteins (BMPs) 

The bone morphogenetic proteins (BMPs) are small, secreted proteins 

belonging to the transforming growth factor-beta (TGF-β) superfamily [221]. 

Originally studied as inducers of bone formation, they are now widely known for 

their involvement in various morphogenetic and differentiative processes during 
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development, including the development of AT [222-225]. BMPs are produced 

by human and mouse adipocytes. In particular, BMP4 and BMP6 control white 

and brown adipogenesis, respectively. BMPs activate canonical SMAD protein 

signaling through activation of their cognate serine-threonine kinase receptors. 

In addition, BMP can also signal through the mitogen-activated protein kinase 

(MAPK) pathway [226]. The acknowledged role of BMPs in vascular 

homeostasis derives from the strong connection existing between obesity and 

cardiovascular diseases. BMPs intervene in both sprouting angiogenesis and 

vessel maturation steps of the angiogenic process (reviewed in [226]). BMP2, 

BMP4, and BMP6 have been clearly shown to trigger the pro-angiogenic 

activation of ECs through the differential activation of their BMP type I receptors 

ALK3 and ALK2 [227, 228]. BMP2 and BMP6 coordinate tip vs stalk identity of 

ECs during sprouting angiogenesis. BMP4 stimulates the formation of micro-

blood vessels, which serve as stem cell niches during expanding WAT [229]. 

Meanwhile, BMP4, recruits and commits stem cells to differentiate into 

preadipocytes. These processes are part of the remodeling of white adipocytes 

into beige as demonstrated by the expression of Tbx1, Tbx15, Hoxc9, PGC1α, 

and PRDM16 [224]. 

Mechanistically, BMP4 elicits a pro-angiogenic responses in ECs through a src-

dependent transactivation of VEGFR-2 [229]. BMP7 induces the expansion of 

BAT, increases the expression of UCP1, the activity of the hormone-sensitive 

lipase, and energy expenditure [230]. In other words, BMP7 modulates the 

“browning” of WAT. On the contrary, BMP9 and BMP10 mostly have 

homeostatic effects on ECs, being involved in the regulation of vessel 

maintenance and remodeling [226, 231]. BMP7 downregulates and BMP9 
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upregulates the EMT process respectively [232, 233]. Considering the multiple 

roles of BMPs in AT, genetic variations, small molecule inhibitors of BMPs, 

including dorsomorphin and its derivatives, should be considered to influence 

the plasticity, the systemic metabolic phenotypes, and the vascularization of AT 

[234].  

Gremlin 

The activity of BMPs is regulated by extracellular antagonists that sequester 

BMPs in inactive complexes [235, 236]. Among these, gremlin-1 by binding 

BMP2/4/7 regulates organogenesis and cancer [237-239]. More recently, 

gremlin-1 was recognized as an adipokine produced by the human AT [240-

242]. It is downregulated during adipogenesis [243] and limits the BMP2/4-

dependent brown adipogenesis [240]. Gremlin is more expressed in omental 

fat than in its subcutaneous counterpart [244]. Local and circulating gremlin is 

increased in obesity (in human AT from bariatric surgery) and in metabolic 

diseases, such as type 2 diabetes and non-alcoholic fatty liver disease [242]. 

Remarkably, gremlin antagonizes insulin action in adipose, skeletal muscle, 

and liver cells, suggesting a pivotal and detrimental endocrine function of 

gremlin in vivo during obesity [242].  Finally, gremlin levels are normalized by 

physical exercise, which correlates with reduced cardio-metabolic risk in obese 

patients [245]. Together, these data indicate a possible role of gremlin as a 

biomarker and therapeutic target in metabolic disorders.  

Gremlin exerts pro-inflammatory and angiogenic responses in ECs both in vitro 

and in vivo [246, 247]. The pro-angiogenic activity of gremlin is mediated by the 

interaction with both low- and high-affinity to heparan sulfate proteoglycans and 
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VEGFR2 receptors, respectively [59, 235, 248]. Remarkably, gremlin induces 

EndMT in human pulmonary artery endothelial cells, confirming its involvement 

in endothelial dysfunction [249]. Also, inhibitors of VEGFR2 block gremlin-

driven angiogenesis and fibrosis in kidney disease [59, 250]. These findings 

should stimulate future research on the role of gremlin in AT angiogenesis, 

which remains largely unexplored. 

Progranulin 

Progranulin (PGRN), also known as granulin (GRN)-epithelin precursor, is a 

secreted glycoprotein which can be fragmented by some matrix 

metalloproteinases (MMPs) into small homologous subunits, 

granulins/epithelins [251]. PGRN is a pluripotent growth factor that promotes 

cell proliferation and tumorigenesis [214]. PGRN is an adipokine, and several 

pieces of evidence demonstrate that its overexpression is linked to high fat diet 

(HFD)-induced adipocyte hypertrophy, obesity, insulin resistance, and liver 

disease [252, 253]. The level of PGRN is higher in obese or diabetic patients 

and correlates with lipodystrophy syndrome [253-255]. In vivo evidence 

suggests a sexual dimorphism for PGRN, as female mice exhibit higher PGRN 

expression than males both in subcutaneous and epididymal AT [254]. Taken 

together, the evidence indicates that PGRN is a promising target for treating 

HFD-induced obesity [256, 257]. However, it is important to note that AT is not 

the main source of PGRN in obesity [258]. 

PGRN is associated with systemic inflammatory markers like C-reactive protein 

and with AT macrophage infiltration [254]. A recent study showed that PGRN 

is an inducible protein in response to hypoxia [259]. Accordingly, PGRN is a 
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pro-angiogenic factor for blood and lymphatic vessels under physiological and 

pathological conditions [259-261]. It has been found to bind to Ephrin type A 

receptor 2 receptor with high affinity, prolonging receptor activation and the 

downstream stimulation of MAPK and Akt, and promotion of capillary 

morphogenesis [262]. In contrast, its interaction with perlecan may inhibit its 

function [263]. Based on these findings, the regulation of PGRN expression is 

of high interest in obesity and metabolic research. 

Oncostatin M 

Oncostatin M (OSM) is a pleiotropic cytokine produced by several tissues, 

including AT [264]. Within AT, OSM is produced by the SVF compartment, while 

it is not expressed in adipocytes. Adipocytes are responsive to OSM as they 

express the OSM receptor (OSMr), a heterodimeric complex formed by the 

OSM receptor beta and gp130 monomers. OSM regulates AT metabolic 

homeostasis as OSM and OSMr are highly induced in the AT of diabetic and 

obese patients [265] while loss of OSM leads to insulin resistance and AT 

inflammation in a mouse model [266]. OSM induces EC activation in vitro, 

paralleled by an increase in the expression of the pro-angiogenic molecule 

FGF-2 [267]. OSM is active also in vivo models [264, 268] suggesting its role in 

pathological angiogenesis in different contexts, like after myocardial infarction 

and cancers [264, 268]. Moreover, OSM induces the expression of EndMT 

markers [269], of VEGF, cyclooxygenase-2 (COX2), urokinase-type 

plasminogen activator (uPA),  and angiopoietin 2 (ANG-2) [270] indicating that 

OSM contributes to the vascularization of growing AT [271]. Inhibition of OSM 

signaling via anti-receptor antibodies or genetic deletion improves the outcome 
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of heart failure [272], while the potential role of these approaches in AT 

angiogenesis remains unclear.  

Resistin 

Resistin is an adipokine secreted by adipocytes and monocytes, implicated in 

inflammatory processes including atherosclerosis, non-alcoholic fatty liver 

disease, and malignancies [273].  In human serum, the physiological 

concentration of resistin is in a range of 7–22 ng/mL, and higher circulatory 

levels correlate with autoimmune disorders, as well as metabolic disorders 

[274-276]. The high levels of resistin in obese patients, suggests its a non-

redundant role in energy homeostasis and AT dysfunction [277, 278]. Indeed, 

high concentration of resistin is often associated with chronic low-grade sub-

clinical inflammation accompanied with obesity, which involves macrophage 

infiltration in the AT. In mice, resistin is a late marker of adipocyte differentiation 

and its accumulation is necessary for adipogenesis [279]. By binding the 

adenylyl cyclase-associated protein 1 (CAP1), impairs insulin signaling and 

oxidative stress response via MAPK pathway [280].  

Most of the available literature on the pro-angiogenic role of resistin has 

focused on cancerous contexts where it often promotes the expression of 

VEGF [273, 281]. Despite the presence of CAP1 and TLR4 receptors on ECs, 

the mechanism of action remains to be elucidated [282-284]. If this mechanism 

is elucidated, resistin may become a prognostic biomarker linking obesity, 

inflammation, and angiogenesis in dysfunctional AT. 

Vascular endothelial growth factors (VEGFs) 
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Vascular endothelial growth factor (VEGF) is a family of master regulators of 

blood vessel growth in various physiological and pathological contexts. VEGF 

family comprises seven members: VEGF-A to -F, and PlGF [285]. VEGF 

expression is influenced by a high number of factors, such as hypoxia, insulin, 

growth factors, and several cytokines.  

VEGF-A promotes sprouting angiogenesis by inducing vascular permeability, 

EC migration and proliferation and vessel maturation, both in vitro and in vivo 

angiogenesis models. Accordingly, loss of VEGF-A is embryonically lethal due 

to severe defects in vascular development. VEGFs activity is mediated by 3 

transmembrane tyrosine kinase receptors (VEGFR-1, -2, -3). VEGFR3 is 

mainly expressed in lymphatic vessels, VEGFR2 is the main pro-angiogenic 

receptor, while VEGFR1 sequesters VEGFs thus limiting the activation of 

VEGFR2 [286]. In AT, VEGF is produced by mature adipocytes and the SVF 

[287], where it regulates adipogenesis and angiogenesis [179]. VEGF 

overexpression in mouse AT increases tissue vascularization and improves 

insulin sensitivity and glucose tolerance, protecting mice from diet-induced 

obesity [288]. Accordingly, AT-specific loss of VEGF impairs AT angiogenesis 

and promotes AT hypoxia, inflammation, and apoptosis in a mouse model [289]. 

Moreover, inhibition of VEGFR-2 restrains diet-induced AT expansion by 

decreasing angiogenesis [290]. Finally, genetic ablation or pharmacological 

inhibition of VEGFR-1 increases angiogenesis and browning in AT, protecting 

mice from diet-induced obesity. These results confirm the role of VEGFR-1 as 

a decoy receptor sequestering VEGF from binding pro-angiogenic VEGFR-2 

[291]. Together these findings suggest that the role of VEGF in AT may be 

beneficial, limiting AT dysfunction and obesity. This opens the way for future 
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anti-angiogenic approaches to prevent AT expansion.Numerous inhibitors of 

the VEGF/VEGFR2 axis are used in clinics to treat tumors or ocular diseases 

(i.e bevacizumab or tyrosine kinase inhibitors). Preclinical studies have 

suggested that targeting this axis may improve obesity and metabolic diseases 

[292]. However, future clinical trials should assess the potential of these drugs 

in the treatment of AT angiogenesis and remodeling [292].  

Fibroblast growth factors (FGFs) 

Fibroblast growth factors are multifunctional secreted growth factors expressed 

by many cell types. They regulate a plethora of physiological and pathological 

processes. Among 22 members of the FGF family, FGF-1, FGF-10, and FGF-

21 have been recognized as AT-derived adipokines. In light of this role, FGF-1 

(regulated by PPARγ) and FGF-10 are essential modulators of white 

adipogenesis, while FGF-21 activates BAT after cold-exposure and promotes 

the accumulation of brown adipocytes within BAT during cold-exposure. FGF-

1 loss leads to aberrant AT expansion in mice fed with HFD [293]. Also, FGF-

21 protects AT from acquiring a dysfunctional state during HFD as 

demonstrated by resistance to diet-induced obesity of FGF-21 transgenic mice 

[294]. FGFs are key regulators of angiogenesis [295]. Among FGF adipokines, 

FGF-21 has been recently classified as a pro-angiogenic stimulus able to 

induce the pro-angiogenic activation of ECs [296-298] while the angiogenic 

potential of FGF-1 and FGF-10 needs to be elucidated in order to reveal 

whether they could contribute to angiogenesis during AT remodeling. Inhibitors 

of the FGF/FGFR system are available and widely used in preclinical and 

clinical studies [296, 299, 300]. Once the role of FGFs is clear these drugs could 

be validated for their effects on FGF-driven AT vascular remodeling.  
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Visfatin 

Visfatin/extracellular-nicotinamide-phosphoribosyltranferase-(eNampt) is a 

multifaceted adipokine produced preferentially by visceral depots and exerts 

paracrine pro-adipogenic functions increasing AT mass [299]. Visfatin 

expression increases in parallel with obesity [301] thus it is not surprising that 

its plasmatic levels correlate with intra abdominal fat mass. Also, visfatin may 

promote insulin resistance in peripheral organs [302]. Visfatin promotes EC 

proliferation, migration and sprouting by activating classical ERK1/2 signaling 

pathway and induces the expression of VEGF and MMPs [281, 303-305]. In 

vivo visfatin promotes vascular dysfunction and inflammation via TLR4 

receptor, the activation of the nod-like-receptor-protein-3 (NLRP3) 

inflammosome complex and the release of IL-1 beta, the final mediator of EC 

damage. Accordingly, treatment with MCC 950 (NLRP3-inflammasome 

inhibitor), or anakinra (interleukin-1-receptor antagonist) reduces the release of 

IL-1β and the vessel dysfunction [305]. Thus, those targets may become 

therapeutic strategies for attenuating the adipokine-mediated vascular 

dysfunction associated with obesity and/or type-2-diabetes. In the future, the 

molecular basis of visfatin activity on EC should be explored in more detail to 

better assess its potential role as a therapeutic target for the treatment of AT-

related disorders. 

 

Chemerin 

Chemerin is a multifunctional adipokine, expressed both by WAT and BAT, that 

modulates adipogenesis, inflammation, and energy metabolism [306]. Its 
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plasmatic levels correlate with the BMI [307]. In vitro chemerin is overexpressed 

in differentiated adipocytes compared to pre-adipocytes and promotes the 

expression of VEGF [308]. Chemerin may contribute to brown-to-white 

conversion of adipocytes, as high levels of chemerin in the BAT of ob/ob mice 

is associated with BAT “whitening” [306].    

Chemerin induces a pro-inflammatory phenotype in ECs [309] in vitro and 

promotes neo-vessel formation in murine models [310, 311]. However, a recent 

study shows opposite results demonstrating that chemerin inhibits both 

physiological and pathological angiogenesis through its main functional 

receptor CMKLR1 [312]. Also, chemerin binds to other 2 receptors, namely 

GPR1 and CCRL2, suggesting novel possible functions [313]. The LRH7-G5 

peptide antagonist hampers chemerin/GPR1 signaling and has anti-cancer 

activity in triple-negative breast cancer [314]. Also, the chemokine-like receptor 

1 (CMKLR1) antagonist α-NETA counteracts chemerin direct action on ECs 

[315]. Further studies need to clarify whether chemerin may become a target 

for the modulation of AT vasculature in metabolic disorders.  

Adiponectin 

Adiponectin is the most abundant circulating plasma adipokine secreted by 

mature adipocytes. Adiponectin is widely recognized for its insulin-sensitizing, 

anti-diabetic, anti-inflammatory, anti-atherogenic, and cardio-protective effects 

[316]. Consistent with its beneficial effects, adiponectin is abundant in the 

plasma of lean individuals, while it is downregulated in obese patients [317]. 

Adiponectin acts through two major functionally distinct ubiquitously expressed 

G-protein coupled receptors, AdipoR1 and AdipoR2. In the liver, adiponectin 
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activates glucose transport and inhibits gluconeogenesis via activation of 

AMPK. On the other hand, it activates fatty acid oxidation and decreases 

inflammation through the PPAR𝛼 pathway. Together, these metabolic changes 

contribute to adiponectin-driven increased insulin sensitivity. In addition, in vitro 

studies demonstrated that adiponectin regulates fat lipid metabolism inhibiting 

lipolysis [316]. 

Adiponectin plays a crucial role in the regulation of EC homeostasis, increases 

nitric oxide (NO) production through the PI3K/Akt pathway, and suppresses 

ROS generation. Adiponectin induces VEGF-A expression and enhances EC 

proliferation, migration, and morphogenesis [318-320].  

In addition, adiponectin counteracts the vascular inflammatory response by 

interfering with NF-κB signaling and by down-modulating the expression of EC 

adhesion molecules ICAM-1, VCAM-1, and E-selectin [321]. Low plasmatic 

concentration of adiponectin is an independent risk factor for endothelial 

dysfunction [322]. Consistent with this observation, adiponectin loss is 

associated with impaired angiogenesis after ischemic stress and its 

replacement restores post-ischemic angiogenesis [323]. However, a 

considerable body of literature describes the anti-angiogenic properties of 

adiponectin [324, 325]. These studies have shown that adiponectin inhibits EC 

proliferation, migration, and survival and promotes cell apoptosis via MAPK and 

cAMP-PKA pathways [200, 325, 326]. The different biological activities of 

adiponectin across different studies may depend on the type of adiponectin 

employed in each study [327]. Indeed, globular adiponectin, a result of 

proteolytic cleavage of the full-length protein, strongly induces pro-angiogenic 

activation of EC, with increased VEGF MMP2-9 expression. On the other hand, 
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full length adiponectin promoted a negligible angiogenic response [328]. 

Various adiponectin mimetics, adiponectin receptor agonists, such as AdipoR 

on, have been developed and tested in a wide spectrum of animal models [329, 

330]. On the other hand, very few antagonists of AdipoR including the 

ceramidase inhibitor, 1S,2R-D-erythro-2-N-myristoylamino-1-phenyl-1-

propanol (MAPP) and TNF-a are available at present, but their pharmacological 

translational potential remains to be assessed [331].  

Angiopoietin 2 

Angiopoietin 1 and 2 (ANG-1 and ANG-2), the agonistic and antagonistic TIE-

2 ligands, respectively are involved in the maintenance of vessel stability[332]. 

During vessel remodeling, ECs release a high level of ANG-2 which competes 

with ANG-1 and reduces TIE-2 phosphorylation in the cell–cell junctions. In 

quiescent vessels, the specific activation of TIE-2 by ANG-1 reduces 

endothelial permeability and promotes vessel stabilization [333]. ANG 

modulates the EC responses to other stimuli. In the presence of VEGF, ANG-2 

enables EC migration and proliferation and therefore angiogenesis, 

alternatively ANG-2 prompts EC death and vessel regression [334].  

In AT, the functions of the ANGs are poorly defined. In ob/ob mice, the 

expression of ANG-1 in AT is reduced, while ANG-2 is overexpressed [66]. The 

expression of ANG-2 is differentially regulated under different metabolic 

conditions as HFD, fasting, cold exposure and exercise [335]. ANG-2 regulates 

the alpha5-beta1-dependent transport of fatty acids through the endothelium in 

subcutaneous AT [336]. ANG2 deletion leads to ectopic fat accumulation in 

mouse liver and muscle leading to increased insulin resistance. Within AT 
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results in increased vascularization and reduced inflammation of AT conferring 

to these animals’ resistance to diet-induced obesity and improving their 

metabolic health [337]. Inhibition of endogenous ANG2 via administration of 

neutralizing antibodies has opposite effects with decreased vascularization, 

increased inflammation and fibrosis and exacerbation of HFD-induced 

metabolic alterations. Together, these changes link ANG2 to angiogenesis 

during AT expansion and indicate that it plays a role in AT dysfunction in vivo 

[335]. 

Thrombospondin-1 

Thrombospondin-1 (TSP1) is a matricellular protein well characterized for its 

anti-angiogenic function [338].  TSP-1, by binding the CD36 receptor or the 

VLDL receptor inhibits intracellular signaling and cell cycle progression 

inducing EC apoptosis [339]. TSP-1 is normally produced by differentiated 

adipocytes while it is downregulated in preadipocytes, indicating that in vivo it 

may negatively regulate angiogenesis during AT stabilization. Remarkably, 

TSP-1 high levels correlate with obesity, adipose inflammation, and insulin 

resistance [340, 341]. Consistent with its anti-angiogenic properties, TSP-1 

sustains HFD-induced muscle fibrosis, suggesting that TSP-1 may promote the 

acquisition of a fibrotic/mesenchymal phenotype in AT cells. However, loss of 

TSP-1 expression in mice does not cause AT defects [342]. Thus, further 

studies are warranted to clarify its function in the regulation of AT 

vascularization.  

 

Transforming growth factor β 
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The TGF-β superfamily members are locally produced within AT, where they 

act as regulator of the differentiation of white and brown adipocytes and AT 

homeostasis (reviewed in [343]). By activating their cognate cell surface 

serine/threonine kinase receptors, they also activate SMAD proteins that in turn 

regulate the expression of adipogenic genes. Generally, while TGF-β promotes 

pro-fibrotic events leading to AT metabolic dysfunctions [343]. Thus, a fine 

tuning of TGF-β levels is necessary for AT homeostasis. 

 TGF-β elicits dose-dependent and context dependent effects of blood vessel 

outgrowth. Low levels promote angiogenesis, while high levels of TGF-β have 

anti-angiogenic effects on ECs. Also, the capacity to promote pericytes and 

smooth muscle cell differentiation of TGF-β suggests that this factor may be 

involved in vessel stabilization [344, 345]. TGF-β promotes EC 

transdifferentiation into mesenchymal cells through the EMT and into 

adipocytes inducing the endothelial-to-adipocyte transdifferentiation. Thus 

TGF-β being a potential regulator of AT fibrosis and angiogenesis. Antagonists 

of TGF-β have proven anti-tumor and anti-angiogenic effects in various cancer 

models [346, 347]. Also, the blockade of TGF-β/smad3 signaling enhances 

WAT browning and prevents HFD-induced obesity and diabetes in mouse 

models [348]. 

Adipokines orchestrate angiogenesis during AT remodeling driving metabolic 

syndrome 

Adipocytes release a wide number of molecules which collaborate with 

inflammatory cytokines [349] in the regulation of angiogenesis during AT 

remodeling (Figure 3.2). Also, adipose-derived stromal cells produce VEGF, 
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FGF, and other angiogenic factors, further contributing to angiogenesis [82]. 

Although the different subsets of angiogenic molecules produced by different 

AT depots have been characterized, how these differently regulate vessel 

biology in different AT depots remains to be elucidated. Among others, high 

amounts of pro-angiogenic leptin and VEGF are secreted during AT expansion 

while adiponectin, TSP-1, angiopoietin 2, or other negative regulators of 

angiogenesis are released in the hypo-plastic AT. Therefore, to activate 

angiogenesis during AT expansion, both overexpression of pro-angiogenic 

molecules and downregulation of anti-angiogenic ones are required. 

Consistently, cold exposure in mice leads to the activation of angiogenesis 

characterized by the simultaneous upregulation of VEGF and downregulation 

of TSP-1 [8]. Moreover, adiponectin and gremlin-1 can trigger both pro- and 

anti-angiogenic responses in ECs, suggesting their context-dependent effects. 

Thus, the final outcome in terms of AT angiogenesis results from a well-

balanced integrated action of all different pro- and anti-angiogenic adipokines. 
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Figure 3.2 Molecular mechanisms involved in adipokines mediated 

angiogenesis during AT dysfunction. 

The effects of pro-angiogenic adipokines often converge to the expression of 

classical angiogenesis inducers such as VEGF and/or FGF-2 [267] [270, 273, 

308, 350], suggesting that they can synergize with these factors to induce AT 

angiogenesis [142]. In addition, the fact that many different adipokines activate 

classical angiogenic programs in ECs (i.e. VEGF expression, MMP expression 

etc.) suggests that redundancy might occur. For example, the 

overexpression/deletion of adiponectin does not affect body weight, suggesting 

that the adiponectin system may be redundant [351]. In total, the carefully 

orchestrated regulation of this diverse adipokine expression in space and time 

is crucial for a balanced angiogenic process in AT. Perturbations of adipokine 

expression are indeed hallmarks and biomarkers of AT dysfunction and are 

associated with profound alterations in AT angiogenesis. 

In obesity, WAT expansion is paralleled by angiogenesis which, through a 

positive loop, promotes adipocyte differentiation [241] and AT expansion [155]. 

However, hypertrophic WAT is not always accompanied by increased 

angiogenesis. Paradoxically, lack of angiogenesis is observed even if 

overexpression of pro-angiogenic molecules occurs. In this condition, the 

activation of the hypoxia-inducible factor 1-alpha (HIF1α) recruits inflammatory 

cells and induces ECM production [352]. This, in turn, leads to metabolic 

alterations (lipid release) and insulin resistance causing AT dysfunction [82]. In 

this scenario, EC dysfunction play a major pathogenetic role. Increased 

vascular permeability as well as reduction of basal lamina [353] enhances 

inflammation and fibrosis [152, 164]. Add to this, leptin, angiogenin, visfatin, 
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and adiponectin regulate the expression of MMPs controlling ECM remodeling. 

The above demonstrates a crosstalk between adipocytes and EC in AT, with a 

negative impact on AT functionality in obese patients [155]. A challenge for 

future research remains to understand how all adipokines together cooperate 

to control angiogenesis during AT homeostasis and dysfunction. 

Adipose tissue engineering 

As obesity has become an epidemic problem, much of the recent efforts have 

been spent in the engineering of AT not only for the reconstruction of soft tissue 

but also for its repair and remodeling after injury/chronic inflammation. 

Numerous biocompatible/implantable scaffolds for AT engineering have been 

developed (Figure 3.3). 

 

Figure 3.3. Scaffold approaches for adipose tissue engineering. 

The synthetic or natural, solid or soft scaffolds should be able to mimic the pre-

existing microenvironment of the native ECM, to support the adhesion of cells 

and their viability and to maintain the structural integrity of the implant until it is 

replaced with newly formed tissue [354, 355]. Pre-adipocytes or adipose-
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derived stem cells have been extensively used as a cell source in combination 

with different ECM proteins and scaffolds to support the recruitment of vessels 

[356, 357]. Several synthetic polymeric scaffolds [358] including the poly(lactic-

co glycolic) acids (PLGA) [359] the polyethylene tetraphthalate (PET) [360] the 

non-degradable polytetrafluoroethylene (PTFE) [361] coated with collagen, 

albumin or fibronectin [362] have been examined. Natural scaffolds such as 

collagen, fibrin or hyaluronic acid-based materials have been extensively used 

in tissue engineering due to their low cost, biodegradability and biocompatibility. 

Given the importance of vascularization in regulating adipogenesis, growth 

factors have been integrated in scaffolds. Murine models demonstrated that 

collagen and fibrin matrices induce the regeneration of vascularized AT when 

implanted in combination with adipose-derived stem cells and that 

adipogenesis was further stimulated in presence of pro-angiogenic growth 

factors (i.e., FGF-2). Of note, the exogenous ECMs are fully degraded two 

weeks post injection.  

More recently, decellularized ECM scaffolds from different tissues, including 

AT, have been tested [363-365]. Characterized by high biocompatibility, AT 

scaffolds are also composed of all the acellular components of the AT naturally 

resembling the best environment for cell recruitment, attachment, proliferation, 

and differentiation [365-367]. Different in vivo studies mixed AT scaffolds with 

methylcellulose, methacrylate glycol chitosan or chondroitin sulfate forming 

injectable hydrogels. In a few weeks adipose lobule-like structures and vessels 

were observed and the addition of angiogenic growth factors further increased 

angiogenesis proving their usefulness for the regeneration and functionality of 

AT [368, 369].  
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Conclusion 

This review outlines the available evidence regarding the effects of adipokines 

on the angiogenic process leading to AT remodeling. It also discusses the 

cross-communication between AT and angiogenesis and how anti- and pro-

angiogenic approaches could be employed to impair the progression of obesity. 

Taken together, the available evidence clearly demonstrates that ECs and 

blood vessels are directly involved in maintaining the physiological metabolic 

functions of AT and are pivotal players in AT dysfunction. For this reason, 

therapeutic intervention on angiogenesis has great potential as a strategy to 

treat disorders associated with dysfunctional AT such as obesity. Both 

pharmacological inhibition of angiogenic adipokines and AT engineering 

represent valuable strategies to improve AT dysfunction in patients with 

metabolic disorders and may create the potential for novel treatments. 
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Abstract 

In the treatment of obesity and its related disorders, one of the measures 

adopted is weight reduction by controlling nutrition and increasing physical 

activity. A valid alternative to restore the physiological function of the human 

body could be the increase of energy consumption by inducing the browning of 

adipose tissue. To this purpose, we tested the ability of Histogel, a natural 

mixture of glycosaminoglycans isolated from animal Wharton jelly, to sustain 

the differentiation of adipose derived mesenchymal cells (ADSCs) into brown-

like cells expressing UCP-1. Differentiated cells show a higher energy 

metabolism compared to undifferentiated mesenchymal cells. Furthermore, 

Histogel acts as a pro-angiogenic matrix, induces endothelial cell proliferation 

and sprouting in a three-dimensional gel in vitro, and stimulates 

neovascularization when applied in vivo on top of the chicken embryo 

chorioallantoic membrane or injected subcutaneously in mice. In addition to the 

pro-angiogenic activity of Histogel, also the ADSC derived beige cells contribute 

to activating endothelial cells. These data led us to propose Histogel as a 

promising scaffold for the modulation of the thermogenic behavior of adipose 

tissue. Indeed, Histogel simultaneously supports the acquisition of brown tissue 

markers and activates the vasculature process necessary for the correct 
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function of the thermogenic tissue. Thus, Histogel represents a valid candidate 

for the development of bio-scaffolds to increase the amount of brown adipose 

tissue in patients with metabolic disorders. 

 

1. Introduction 

Obesity represents a major health problem associated with increased mortality 

and co-morbidities, including many metabolic diseases [370]. Obesity is 

characterized by an increase in adipose mass due to increased energy intake, 

decreased energy expenditure, or both. Several elements including lifestyle, 

environmental, neuro-psychological, genetic, and epigenetic factors contribute 

to increase the energy intake (calories) and to reduce the energy expenditure 

(metabolic and physical activity). The treatment options for patients with severe 

obesity are the modification of lifestyle, limiting the intake of total fats and 

sugars, increasing consumption of fruits, vegetables, and whole grains and 

practicing regular physical activity or pharmacological treatments currently 

available in the market, which are commonly associated with severe side 

effects. Indeed, increased risk of psychiatric disorders and non-fatal myocardial 

infarction or stroke have been described in pharmacologically treated patients 

[371-373]. In the treatment of obesity, only 1% of patients receive bariatric 

surgery despite its safety and the better outcomes achieved [374]. Therefore, 

several groups are working on the development of different and new therapeutic 

approaches [372]. The increase of energy consumption through the increase of 

metabolism and thermogenesis of the adipose tissue may be a valid alternative 

[375]. 
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Adipose tissue (AT) contains adipocytes and pre-adipocytes surrounded by 

stromal cells (fibroblasts, endothelial cells, macrophages), which make the 

adipose tissue the most plastic organ in the human body. AT is the major organ 

that controls the overall energy homeostasis in a living organism, storing the 

superabundant nutrients in the form of triglycerides, and suppling the nutrients 

to other tissues through lipolysis [376]. Two different types of adipose tissue 

have been described in mammalians. White adipose tissue (WAT) stores 

energy, while brown adipose tissue (BAT) is specialized for energy expenditure. 

The cellular structure of these tissues well reflects their biological functions: 

WAT contains adipocytes with a single large lipid droplet and few mitochondria, 

while BAT cells are characterized by the presence of several small lipid droplets 

and many mitochondria expressing uncoupling proteins (UCPs). UCP-1 

contributes to energy loss as heat; in particular, it controls the dissipation as 

heat of the proton gradient produced by the mitochondria respiration chain. In 

humans, BAT mass declines with age, and it is less active in obese patients. 

The adipose tissue (AT) can be considered an endocrine organ, as both WAT 

and BAT secrete many cytokines, hormones, and adipokines. Recently, an 

additional/intermediate AT cell type termed “beige” has been described. Beige 

adipocytes sporadically reside with white adipocytes and emerge in response 

to certain environmental cues [127]. Under specific stimuli, beige adipocytes 

can exert BAT-like or WAT-like functions. Although beige adipocytes express a 

low level of UCP-1, they retain a remarkable ability to activate the expression 

of this gene powerfully and to turn on a robust program of respiration and 

energy expenditure that is equivalent to that of classical brown fat cells [127, 
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377]. These cells represent a cellular mechanism to provide flexibility in 

adaptive thermogenesis and metabolism. Thus, the possibility to generate and 

control the number of beige adipocytes may represent an alternative therapy 

for obese patients. 

 

Blood vessels play a key role in the regulation of AT behavior. AT is the most 

plastic organ in the human body, subjected to continuous expansion and 

regression. This plasticity requires constant growth, regression, and remodeling 

of blood vessels, under the control of several metabolites secreted by AT itself. 

The adipose vasculature supports AT in multiple manners. The vascular 

network provides nutrients and oxygen, which are essential for tissue 

maintenance, and removes metabolic products of AT. Moreover, it exports the 

AT derived growth factors, adipokines, and cytokines from AT to body tissues, 

regulating physiological functions via an endocrine mechanism [20]. 

Furthermore, similar to mesenchymal cells [378], the adipocyte precursor cells 

within WAT and BAT express VEGF-A, promoting the angiogenic process and 

endothelio-genesis through VEGFR2 signaling [138]. 

 

Tissue engineering represents an interdisciplinary approach to regenerate 

damaged tissues, instead of replacing them, by developing biological 

substitutes that improve or restore tissue functions. Tissue engineering can 

help to boost human metabolism through the integration of cell biology and 

biomaterial sciences [379]. With particular attention to adipose tissue, tissue 

engineering is a promising approach to improve energy balance and metabolic 
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homeostasis controlling the amount of beige cells [380, 381]. Several biological 

or synthetic scaffolds have been developed to support and/or promote tissue 

regeneration or organ repair [382-386]. All the scaffolds share some 

characteristics including biocompatibility, neglectable immunoreactivity, and 

suitability for cell growth. Furthermore, scaffolds should be biodegradable, and 

their derivates should not be toxic to the body. 

Here, we tested the ability of a novel bioscaffold able to promote both the 

differentiation of mesenchymal cells into beige adipose tissue and to sustain 

the angiogenic process. The Histogel-alginate scaffold promotes adipose tissue 

derived stem cell (ADSC) differentiation into adipocytes expressing PPARγ, 

PdK4, and UCP1 proteins supporting vessel recruitment and growth. Our 

results suggest that Histogel based scaffolds may represent good candidates 

for the development of scaffolds aimed at regulating energy expenditure in 

obese patients. 

 

2. Materials and Methods 

2.1. Hyaluronan Analysis 

Commercial low, high molecular weight HA was electrophoretically analyzed on 

1% agarose gel and stained with Stains-All solution HA (25 mg in 500 mL 

ethanol:water 50:50) overnight in the dark. Then, agarose gels were de-stained 

with water. The same protocol was used to explore the amount and the 

molecular weight of HA in Histogel preparations. 
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2.2. Cell Cultures and Differentiation 

ADSCs were isolated from lipoaspirate (Histocell, Spain, in compliance with 

Certification of Laboratory 4269-E for the manufacture of research drugs (cell 

therapy products), Spanish Agency of Drugs and Medical Devices (Agencia 

Española de Medicamentos y Productos Sanitarios, AEMPS) and were 

cultured in DMEM, complemented with Glutamax, penicillin/streptomycin, 10% 

FBS, and gentamicin sulfate (identified as basal medium). ADSCs were 

differentiated for 15 days in basal medium in the presence of 20 nM insulin 

(Sigma, St. Louis, MO, USA), 5 µM dexamethasone (Sigma), 125 µM 

indomethacin (Sigma), 1 nM triiodothyronine (T3) and 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX). Lipid vesicles formed starting from Day 6 of 

differentiation [387]. Human umbilical vein endothelial cells (HUVECs) were 

isolated from umbilical cords from healthy informed volunteers and used at 

early passages (I–IV). Cells were grown on culture plates coated with Porcine 

Gelatin Type I, in M199 medium supplemented with 20% FCS, endothelial cell 

growth factor (10 µg/mL), and porcine heparin (100 µg/mL) [388]. 

 

2.3. Identification of Angiogenic Factors 

Pro- and anti-angiogenic molecules released by ADSCs and ADSC derived 

beige cells were analyzed using the Human Angiogenesis Antibody Array (R&D 

System) according to the manufacturer’s instructions. 

 

2.4. Quantitative RT-PCR 
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The expression of brown adipocyte markers was analyzed by RT-PCR. Briefly, 

total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s instructions from 3 independent differentiation 

experiments. Two micrograms of total RNA were retro-transcribed with M-MLV 

reverse transcriptase (Invitrogen, Carlsbad, CA, USA) using random 

hexaprimers in a final 20 μL volume. Quantitative RT-PCR was performed using 

the iTaqTM Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA). 

Each PCR reaction was performed in triplicate on one plate, and fluorescence 

data were recorded using a Viia7 Real Time PCR System (Thermo Fisher 

Scientific, Waltham, MA, USA). Relative expression ratios were calculated by 

the Relative Expression Software Tool. The mRNA expression levels of target 

genes were normalized to the level of GAPDH transcript. 

The following specific primers were used: Hs UCP1_Fw 

CGCAGGGAAAGAAACAGCAC; Hs UCP1_Rv 

TTCACGACCTCTGTGGGTTG; HsPdk4_FwATTTAAGAATGCAATGCGGGC; 

HsPdk4_RvACACCACCTCCTCTGTCTGA; Hs PPARγ_Fw 

CCGTGGCCGCAGAAATGA; Hs PPARγ_Rv TGATCCCAAAGTTGGTGGGC; 

MmCD31 FwAAGCCAAGGCCAAACAGA; Mm_CD31_Rv 

GGGTTTTACTGCATCATTTCC; Mm_CD45_Fw 

TATCGCGGTGTAAAACTCGTCAA; Mm_CD45_Rv 

GCTCAGGCCAAGAGACTAACGTT; Hs GAPDH_Fw 

GAAGGTCGGAGTCAACGGATT; Hs_ GAPDH_Rv 

TGACGGTGCCATGGAATTTG. 
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2.5. Mitochondrial Activity 

Mitochondrial activity was monitored with Seahorse XFe24 instrument 

technology analysis. Oxygen consumption rate (OCR) (pmol/minute) was 

monitored over time before and after sequential injection of oligomycin (100 

µM), carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP, 100 µM), 

and rotenone/antimycin A (50 µM) inhibitors (which inhibit ATPase, the proton 

gradient, and complex I/III, respectively). Thus, ATP-linked respiration and 

maximal respiration were measured. Extracellular acidification rate (ECAR; 

mpH/minute) was also measured to observe glycolytic capability. The 

colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

test was used to analyze the effect of isoproterenol and norepinephrine on the 

metabolic activity of cells, using the reducing ability of ubiquinone and CyrC 

and B of the mitochondrial electron transport system. For this, differentiated 

ADSCs were treated with 10 µM isoproterenol or 1 mM norepinephrine for 24 

h. Then, cells were incubated in the presence of 0.2 mg/mL of MTT substrate 

for 1 h. The amount of metabolized formazan was measured by recording 

absorbance at 570 nm using a plate reader spectrophotometer (ELx-800 Bio-

Tec Instrument). 

 

2.6. EC Sprouting Assay 

The collagen gel invasion assay was performed on HUVEC spheroids [389]. 

Briefly, spheroids were prepared in 20% methylcellulose medium, embedded 

in collagen gel or collagen gel: Histogel (1:5) in the absence or in the presence 

of ADSCs or differentiated cells. The formation of radially growing cell sprouts 
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was observed during the next 24 h. Sprouts were counted and photographed 

using an Axiovert 200M microscope equipped with an LD A PLAN 20X/0,30PH1 

objective (Carl Zeiss, Oberkochen, Germany). 

 

2.7. In vitro Angiogenesis Assay 

Wells of µ-Slide Angiogenesis chambers (Ibidi, Martine Marne, Germany) were 

coated with a 0.8 mm thick layer of gel matrix by adding 10 µL of Cultrex 

Reduced Growth Factor Basement Membrane Matrix. After gel polymerization, 

5000 HUVECs were seeded in M199 added with 5% FCS and treated with 

conditioned medium of undifferentiated or differentiated ADSCs. Cell viability 

was confirmed using calcein-AM. In live cells, the non-fluorescent calcein-AM 

is converted into green-fluorescent calcein. Calcein-AM is a permeant dye. 

After 5 h, samples were photographed using an inverted Axiovert 200 M 

epifluorescence microscope equipped with an LD A PLAN 20X/0,30PH1 

objective (Carl Zeiss, Oberkochen, Germany). Images were analyzed using 

ImageJ software with the Angiogenesis plugin to detect total closed structures 

[67]. 

 

2.8. Immunofluorescence Analysis 

Cells were seeded on glass coverslips and fixed in 4.0% paraformaldehyde 

(PFA)/2.0% sucrose in PBS, permeabilized with 0.5% Triton-X100, and 

saturated with goat serum in PBS. Then, cells were incubated with UCP-1 (sc-

6529, SantaCruz, CA, USA), PPARγ (sc-7273, SantaCruz), and ACRP30 (sc-

26497, SantaCruz) antibodies. Cells were analyzed using a Zeiss Axiovert 
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200M epifluorescence microscope equipped with a Plan-Apochromat 63X/1.4 

NA oil objective. 

2.9. CAM Assay 

Alginate beads containing PBS, or 100 ng of recombinant human VEGF-A, or 

5% of Histogel, or 30,000 cells were placed on the chicken chorioallantoic 

membrane (CAM) of fertilized white Leghorn chicken eggs at Day 11 of 

incubation [390]. After 72 h, newly formed blood vessels converging toward the 

implant were counted at 5× magnification using an STEMI SR stereo-

microscope equipped with an objective f of 100 mm with adapter ring 475,070 

(Zeiss, Oberkochen, Germany). 

2.10. Murine Angiogenic Assay 

All the procedures involving mice and their care conformed to institutional 

guidelines that complied with national and international laws and policies (EEC 

Council Directive 86/609, OJ L 358, 12 December 1987). Seven-week-old 

C57BL/6 mice (Charles River Laboratories International, Inc., Wilmington, MA, 

USA) were injected subcutaneously with 400 µL of 5% alginic acid (Sigma) 

containing PBS or 500 ng of VEGF-A, in the absence or in the presence of 5% 

Histogel solution. One week after injection, mice were sacrificed, and plugs 

were harvested and processed for RT-qPCR as previously described [246]. The 

mRNA expression levels of murine CD31 and CD45 were normalized to the 

levels of human GAPDH. Data are expressed as relative expression ratios 

(ΔΔCt—fold increase) using one PBS plug as the reference. 

2.11. Data Representation and Statistical Analyses 
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Data are expressed as the mean ± SEM. Statistical analyses were performed 

using one-way ANOVA followed by Bonferroni’s test or Student’s t-test. The 

indicated p-value was set as statistically significant. 

3. Results 

3.1. Histogel Is a Pro-Angiogenic Bio-Scaffold 

Histogel is a natural mixture of glycosaminoglycans including, among others, 

high grade hyaluronic acid (HA) and chondroitin sulfate obtained from the 

Wharton jelly found in umbilical cords of animal origin [383]. Histogel modulates 

inflammation, induces the release of extracellular matrices (ECM), and 

supports cell recruitment and growth [391]. On these bases, Histogel 

represents a suitable scaffold to drive cell differentiation. Since hyaluronan is a 

mix of molecules with different masses and the molecular weight confers 

different biological properties to hyaluronan preparations, a first set of 

experiments was performed to compare the amount and the molecular weight 

of hyaluronan contained in different Histogel preparations. Two different 

Histogel preparations were analyzed, pre-autoclaved (p.a.) or not, on agarose 

gel, and stained with Stains-All reagent. The amount of HA was similar in both 

analyzed batches, and it was around 76–80%. Moreover, the ratio between high 

and low molecular weight molecules remained approximately constant. Of note, 

this ratio is not affected by the autoclave sterilization cycles used for the 

preparation of 5% Histogel working dilutions (Figure 4.1a). Next, we tested the 

proangiogenic activity of Histogel preparation in several in vitro angiogenesis 

assays. Angiogenesis is a multistep process starting with the activation of 

endothelial cells (ECs) and the degradation of ECM of the basal membrane. 
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Then, ECs invade the surrounding tissue, proliferate, and reorganize 

themselves in capillary-like structures. Among the variety of in vitro, ex vivo, 

and in vivo assays that mimic the individual aspects of the angiogenic cascade, 

in vitro models of angiogenesis represent cost effective and rapid tools for 

testing angiogenic compounds. In particular, the use of 3D culture techniques 

able to recapitulate all steps of endothelial capillary sprout formation may serve 

as an effective strategy for these purposes. 3D endothelial cell spheroids were 

embedded in collagen or collagen:5% Histogel (1:1 ratio) gels. VEGF-A was 

used as the positive control and as the reference for the angiogenic activity. 

Figure 4.1b shows that, in keeping with the pro-angiogenic activity of 

commercial high molecular weight HA (Figure 4.1.a, b), Histogel stimulates the 

formation of endothelial cell sprouts from aggregates of HUVEC cells 

embedded in a 3D gel. To assess the in vivo pro-angiogenic activity, Histogel 

loaded alginate beads were implanted onto the chicken embryo CAMs at 11 

days of development. After 72 h, a robust angiogenic response was observed 

around the Histogel implants when compared to alginate or VEGF engrafted 

embryos (Figure 4.1.c). The number of vessels converging towards the pellets 

was equal to 7.4 ± 0.6, 33.1 ± 1.0, and 58.3 ± 9.1 for alginate, VEGF, and 

Histogel implants, respectively. In keeping with these observations, Histogel 

modulates the recruitment of CD45+ cells and the consequent pro-angiogenic 

response when injected subcutaneously in mice (Figure 4.1.d). All these data 

suggest that Histogel is endowed with stronger pro-angiogenic activity if 

compared to VEGF-A. The pro-angiogenic ability of Histogel makes it a suitable 

candidate for the development of a bioscaffold for BAT differentiation. 
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Figure 4.1. Histogel modulates the angiogenic response. (a) Five percent and 

10% of two different Histogel preparations were electrophoretically analyzed on 

agarose gel and stained with Stains-All solution. p.a., pre-autoclaved. Three 

different standard molecules (2 × 103, 1.1 × 103, 300 kDa) were used as 

markers of molecular weight (MK). (b) HUVEC spheroids were embedded in 

collagen or in collagen:5% Histogel 1:1 (HG) gels. Fifty nanograms per milliliter 

of VEGFA165 were used as the positive control. The formation of radially 

growing sprouts was evaluated after 24 h of incubation. Data are the mean ± 

SEM of three independent experiments (** p < 0.001 vs. CTRL; # p < 0.001 vs. 

VEGF, one-way ANOVA followed by Bonferroni’s test versus the control). (c) 

Alginate beads containing vehicle, or 100 ng of VEGFA165, or 5% Histogel (v/v 

1:1) were implanted on the top of chick embryo chorioallantoic membrane 

(CAM) at Day 11 of development. After 72 h, newly formed blood vessels 
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converging toward the implant were counted in ovo at 5× magnification using 

an STEMI SR stereomicroscope equipped with an objective f equal to 100 mm 

with adapter ring 475,070 (Carl Zeiss). Data are the mean ± SEM (n = 6–8) (*** 

p < 0.0001 vs. control; # p < 0.0001 vs. VEGF, one-way ANOVA followed by 

Bonferroni’s test versus the control). (d) Five percent of liquid alginic acid was 

mixed with 1.0 µg/mL VEGFA165 in the absence or in the presence of v/v 1:1 

of 5% Histogel and injected subcutaneously into the flank of C57BL/6 mice. 

Plugs with vehicle alone were used as negative controls (CTRL). One week 

after injection, plugs were harvested. CD31 and CD45 mRNA expression levels 

were measured by RT-qPCR. Data are the mean ± SEM (n = 10) and are 

expressed as relative expression ratios (ΔΔCt – fold increase) using one vehicle 

plug as the reference. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001, one-

way ANOVA followed by Bonferroni’s test versus the control. 

 

3.2. ADSCs Differentiate in Beige Adipocytes 

Several protocols for ADSCs’ differentiation were tested. ADSCs were 

maintained for 15 days in commercial specific media (such as StemMACS 

AdipoDiff Media from Milteny Biotec), or in DMEM supplemented with hBMP7, 

or supplemented with adipo-growth factors and analyzed for the expression of 

adipocyte markers including PPARγ, AdipoR, Prdm16, UCP-1, and Pdk4 

(Figure 4.2.a). Among all the tested conditions, the custom medium was found 

to be the most promising in terms of expression of brown tissue markers. Thus, 

in all the experiments listed below, confluent ADSCs were cultured for 15 days 

in basal medium complemented with insulin and dexamethasone to stimulate 
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adipogenic differentiation, indomethacin, and 3-isobutyl-1-methylxanthine 

(IBMX) to modulate the expression of the PPARγ receptor and with 

triiodothyronine (T3) to increase UCP-1 expression. Figure 4.2a shows the 

morphological changes occurring in ADSCs upon differentiation. A clear sign of 

differentiation was the presence of small lipid droplets in differentiated ADSCs’ 

cytoplasm. Immunofluorescence and RT-PCR analyses for the expression of 

PPARγ, ACRP30, UCP-1, and PdK4 confirmed that ADSCs acquired brown cell 

molecular markers during the differentiation protocol (Figure 4.2.b–d). Finally, 

we tested the metabolic activity of differentiated ADSCs using the Seahorse 

Cell Mito Stress Test. Although the basal oxygen consumption (OCR) of 

undifferentiated and differentiated ADSC seemed to be very similar, the 

maximal mitochondrial activity was significantly increased in differentiated 

ADSCs as demonstrated by the higher oxygen consumption measured by 

treating cells with the uncoupling agent FCCP. Furthermore, extracellular 

acidification increased in differentiated ADSCs compared to control ADSCs 

(Figure 4.2.e,f). These data were confirmed by the ability of norepinephrine and 

isoproterenol to positively modulate the mitochondrial activity (Figure 4.2.g) of 

differentiated ADSCs. Taken together, our results confirm that our protocol was 

suitable to drive ADSCs differentiation into ADSC derived beige cells. 
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Figure 4.2. ADSCs differentiate into beige-like adipocytes. (a) The morphology 

of ADSCs and ADSC derived beige cells (Diff.) was analyzed at Day 15 of 

differentiation (Scale bar 100 μm). (b,c) Immunofluorescent detection of 

expression levels of UCP-1 (green) and ACRP30 (red) (b) and PPARγ (red) (c). 

Nuclei were counterstained with DAPI. (Scale bar 10 μm). (d) PPARγ, Pdk4, and 

UCP1 mRNA expression levels were measured by RT-qPCR analysis. Data are 

the mean ± SEM (n = 6) and are expressed as relative expression ratios (ΔΔCt 

– fold increase). (e,f) Mitochondrial energy metabolism was measured using the 

Agilent Seahorse Cell Mito Stress Test. The oxygen consumption rate (OCR) (e) 

and extracellular acidification rate (ECAR) (f) of ADSCs and ADSC derived beige 

cells was recorded before and after treatment with 10 μM oligomycin, 10 μM 

carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP), and 5 μM 

rotenone/antimycin A. Data were analyzed according to the Agilent Seahorse XF 

Cell Mito Stress Test Report Generator. (g) Mitochondrial activity of ADSC 

derived beige cells was measured by the MTT test in the absence or in the 

presence of norepinephrine and isoproterenol. * p < 0.05; ** p < 0.01; *** p < 
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0.005; **** p < 0.001, one-way ANOVA followed by Bonferroni’s test versus the 

control. 

 

3.3. ADSCs-Derived Beige Cells Show Pro-Angiogenic Properties 

It is well known that mesenchymal stem cells support vessel recruitment and 

growth by producing and releasing several growth factors and chemokines. To 

assess whether ADSC derived beige cells maintain this pro-angiogenic activity, 

we evaluated their capacity to activate HUVECs in different angiogenic assays. 

To this, conditioned mediums were collected from ADSCs or ADSC derived 

beige cells cultured in basal medium for 48 h and tested in the tube formation 

assay. The conditioned medium of ADSC derived beige cells accelerated the 

morphogenesis of HUVE cells as demonstrated by the higher number of closed 

structures formed in 18 h compared to that induced by the conditioned medium 

of undifferentiated ADSCs (Figure 4.3.a). Of note, VEGF-A, used as a positive 

control, exerted a pro-angiogenic effect, comparable to the one of the 

conditioned medium of undifferentiated ADSCs. The presence of pro-angiogenic 

factors in the conditioned medium of ADSC derived beige cells was confirmed 

by the human angiogenesis antibody array. For this, all proteins of conditioned 

medium were labelled with biotinylated antibodies and incubated on a spotted 

specific capture antibody membrane. The antibody array showed that ADSC 

derived beige cells continued to express and release in the extracellular 

environment high levels of several pro-angiogenic molecules including VEGF, 

FGF, PlGF, and PDGF (Figure 4.3.b). To overcome the possible partial or total 

degradation of the soluble factors contained in the conditioned medium and to 
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ensure a continuous release of soluble molecules, we set up an in vitro 

endothelial–ADSC co-culture system in which ADSCs were plated and 

differentiated for 15 days in the same well used for the co-culture. Then, 3D 

Cultrex gel was stratified in the well, and HUVECs were plated on it. Again, the 

ADSC derived beige cells accelerated the morphogenesis of HUVEC cells in 

terms of the number of closed structures. Of note, HUVECs cultured with 

undifferentiated ADSCs remained non-organized (Figure 4.4.a,b). ADSC derived 

beige cells induced more sprouts from HUVEC-formed spheroids when 

embedded in 3D collagen gel in the co-culture system (Figure 4.4.c,d). 

Importantly, in both co-culture systems, no physical interaction occurred between 

HUVEC and ADSCs. Furthermore, to mimic the co-culture system in an in vivo 

assay, ADSCs and ADSC derived beige cells were delivered on the top of the 

chick embryo chorioallantoic membrane (CAM) at Day 11 of development. In 

agreement with the in vitro results, ADSC derived beige cells supported the 

recruitment of host vessels from the surrounding tissues into the cell-enriched-

3D scaffold on chick embryo CAM (Figure 4.4.e, f). 

 

Figure 4.3. Conditioned medium of ADSC derived beige cells contains pro-

angiogenic factors. Conditioned media were collected from confluent ADSCs 
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and ADSC derived beige cells (Diff. ADSCs) cultured in basal medium for 48 h. 

(a) HUVEC cells (40,000 cells/cm2) were plated on reduced growth factor 

Cultrex and stimulated with conditioned medium obtained from ADSCs or 

ADSC derived beige cells. After 5 h, endothelial cell morphogenesis in terms of 

the formation of closed structures was examined using ImageJ software. Data 

are the mean ± SEM of three measurements per sample. * p < 0.05, Student’s 

t-test. (b) The Proteome Profiler Human Angiogenesis Antibody Array was used 

to detect angiogenesis related proteins in the conditioned medium of ADSCs 

and ADSC derived beige cells. Densitometry analysis of positive spot signals 

was normalized to positive and negative antibody array controls. Data are the 

mean of duplicate spots and expressed by color code (n = 2). Negative spots 

in both ADSCs and ADSC derived beige cell conditioned medium were not 

included in the analysis. 
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Figure 4.4. The differentiation into ADSC derived beige cells positively 

modulates the pro-angiogenic ability of ADSCs. (a) Confluent monolayers of 

ADSCs and ADSC derived beige cells (Diff.cells) were cultured in 24 wells. 

Two-hundred microliters of growth factor reduced Cultrex were added on the 

monolayers, and HUVEC cells were plated on gel. After 18 h, the formation of 

capillary-like structures was examined using a Zeiss Axiovert 200 M 

microscope (Scale bar 500 μm). Data are the mean ± SEM of three 

measurements per sample. * p < 0.05, Student’s t-test. (b) The number of 

closed structures. (c–d) HUVEC spheroids embedded in collagen gel and 

plated on an ADSC monolayer. The formation of radially growing sprouts was 

evaluated after 24 h of incubation. Data are the mean ± SEM of three 
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independent experiments (* p < 0.05, **** p < 0.001, one-way ANOVA followed 

by Bonferroni’s test versus the control). (e–f) Alginate beads containing 3 × 104 

ADSCs or ADSC derived beige cells were implanted on the top of chick embryo 

chorioallantoic membranes (CAMs) at Day 11 of development. After 72 h, newly 

formed blood vessels converging toward the implant were counted in ovo at 5× 

magnification using an STEMI SR stereomicroscope equipped with an objective 

f equal to 100 mm with adapter ring 475,070 (Carl Zeiss) (Scale bar 2 mm). 

Data are the mean ± SEM (n = 6–8) (* p < 0.05, one-way ANOVA followed by 

Bonferroni’s test versus the control). 

 

3.4. Histogel Supports the Pro-Angiogenic Activity of ADSC-Derived Beige 

Cells 

Finally, we tested whether the pro-angiogenic ability of Histogel supports beige 

adipocyte potentiality. ADSC or ADSC derived beige cells were embedded in a 

co-culture system in a 3D bioscaffold containing a 1:1 ratio of Histogel/collagen 

on HUVEC sprout growth. Of note, the Histogel/collagen scaffold did not affect 

cell viability of either ADSCs or ADSC derived beige cells as demonstrated by 

the ability of their intracellular esterase to hydrolyze calcein-AM also for a long 

time (Figure 4.5.a). ADSCs and ADSC derived beige cells were seeded and 

covered by HUVEC spheroids incorporated in the Histogel/collagen bioscaffold 

prototype. Results demonstrated that brown-like cells, also in the presence of 

the Histogel based bioscaffold, increased by 33% the angiogenic capacity of 

HUVEC cells as demonstrated by the higher number of newly formed sprouts 

(Figure 4.5.b,c). ADSC derived beige cells synergized with the Histogel-
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collagen scaffold to induce angiogenesis as demonstrated by the ratio between 

endothelial sprouts formed in the 3D Histogel/collagen gel with respect to the 

3D collagen gel co-cultured respectively with ADSCs or ADSC derived beige 

cells (Figure 4.5c). 

Figure 4.5. Histogel supports the angiogenic ability of ADSC derived beige 

cells. (a) ADSC derived beige cells were cultured in collagen or collagen:5% 

Histogel 1:1 for five days. Cells were photographed after 1 h of calcein-AM 

treatment (Scale bar 200 μm). (b,c) HUVEC spheroids were embedded in 

collagen gel or in collagen:5% Histogel 1:1 and plated on confluent monolayers 

of ADSCs and ADSC derived beige cells. The formation of radially growing 

sprouts was evaluated after 24 h of incubation. Representative figures (b). (c) 

describes the ratio of the number of sprouts formed from the endothelial cell 

spheroid co-cultured in 5% Histogel-collagen or in collagen gel with ADSCs or 

ADSC derived beige cells (ratio ± SEM of three independent experiments (**** 

p < 0.0001, ** p < 0.01, Student’s t-test versus the control). 

4. Discussion 

Obesity and its related disorders are mostly preventable conditions, but their 

treatment has proven to be a complex endeavor that has been mostly 
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unsuccessful. The countermeasure usually suggested against overweightness 

and obesity is an increase in physical activity and/or a reduction of energy 

intake. A valid alternative to restore the normal physiological function of the 

human body could be the increase of energy consumption. BAT regulates the 

thermoregulation and metabolism, generating heat via non-shivering 

thermogenesis. In addition, beige adipocytes located in WAT also have 

thermogenic properties characterized by the expression of UCP1 [381]. Thus, 

the increase of brown tissue mass may represent a healthy and practical way 

to increase energy consumption, thus helping the individuals to control the 

weight balance [391]. For this purpose, here, we proposed the use of Histogel 

based bioscaffolds to promote the browning of adipose tissue. Histogel is a 

natural bioscaffold derived from porcine Wharton jelly. It is non-cytotoxic and 

non-hemolytic, and it does not induce inflammation [383]. Wharton jelly is a 

porous connective tissue found in umbilical cords of animal origin, forming a 3D 

spongy structure of fibrillar collagen and highly hydrated mucopolysaccharides, 

including hyaluronic acid proteoglycans [392, 393]. The physiological function 

of Wharton jelly is to prevent the compression of the umbilical cord vessels. 

Decellularized Wharton jelly is a biocompatible scaffold with mechanical 

properties suitable to support cell adhesion, proliferation, and reorganization in 

3D structures [394], appropriate for tissue engineering [395]. Furthermore, the 

low cost to obtain it and the “zero waste” material should not be underestimated. 

Histogel was isolated from porcine farming systems and by transforming them 

into high-end products with high potentiality for regenerative medicine and 

cosmetic devices by means of an eco-friendly processing. Here, we showed 

that Histogel promoted an angiogenic response both in vitro and in vivo. 
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Histogel induced the migration, invasion, and reorganization into a tube-like 

structure of HUVEC cells and supported the recruitment of new blood vessels 

when implanted on the chorioallantoic membrane of chick embryos. Of note, 

the angiogenic process is necessary in tissue regeneration; thus, the pro-

angiogenic ability of Histogel makes it a good bioscaffold for tissue engineering. 

Biodegradability and porosity are critical features to keep in mind when 

designing bioscaffolds for tissue engineering. A good bioscaffold must remain 

in the tissue for the time necessary to support the engraftment of implanted 

cells, the recruitment of cells from surrounding tissue, and to sustain the 

metabolism of cells. Thus, the bioscaffold must remain in the host for a long 

time and not be degraded too quickly. To delay Histogel degradation and to 

achieve a longer permanence of Histogel in the host, we combined it with 

alginate or type I collagen gels. Both matrixes are currently used in the 

production of scaffolds for tissue engineering. Alginate is a polymer of 

mannuronic and glucuronic acid, extracted from brown algae [396]. Alginate 

has found numerous applications in biomedical sciences and engineering, such 

as controlled drug delivery for cartilage repair and regeneration [397]. Mammals 

lack alginase; thus, alginate results in being a non-degradable polymer. 

Therefore, in our protocol, alginate depolymerization was only dependent on 

the presence of monovalent ions in the microenvironment [398]. One critical 

drawback of alginate is its inherent lack of cell adhesivity [399]. In our system, 

this drawback was overcome by the high adhesivity of Histogel. Then, we tested 

Histogel-Type I collagen combinations. Type I collagen is a biodegradable 

material with remarkable water retention ability, low antigenicity, and 

cytocompatibility. Collagen is an efficient scaffold used for bone repair. It is also 
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employed in regenerative medicine to promote regeneration of skin, cartilage, 

or ligaments [400]. The presented results supported that both Histogel based 

materials were biocompatible and provided good mechanical support, creating 

a scaffold suitable for cell adhesion and proliferation. Histogel based scaffolds 

allowed adhesion, migration, and endothelial cell reorganization and supported 

the adhesion and the survival of undifferentiated and differentiated ADSCs in 

vitro and in vivo. 

Both histogel-alginate and Histogel-type I collagen gel scaffolds well supported 

on the one hand the differentiation of adipose tissue derived stem cells 

(ADSCs) into brown-like adipose cells expressing PPARγ, PdK4, and UCP-1 

proteins and on the other hand the recruitment of blood vessels. The expression 

of specific adipose markers and the increase of OCR in differentiated ADSCs 

confirmed that our models well supported ADSCs differentiation. As expected, 

norepinephrine and isoproterenol increased the mitochondrial activity of ADSC 

derived beige cells [401, 402]. 

Blood vessels are a necessary requirement to support BAT maintenance. In 

human adults, BAT consists of brown adipocytes, adipocyte progenitor cells, 

and blood vessels. BAT is a highly vascularized tissue located in the thorax in 

quantities inversely proportional to the size of the animal. Therefore, to increase 

brown adipose tissue or to promote the browning of WAT, it is essential to 

support the growth of new blood vessels. In our model, the ADSC derived beige 

cells produced and released in the microenvironment several pro-angiogenic 

factors, which, in association with the pro-angiogenic behavior of the Histogel 

based scaffolds, may contribute to supporting the vascularization of BAT. 
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The regeneration of BAT has been largely ignored in tissue engineering. Here, 

we proposed the use of biological scaffolds to support the proliferation and 

differentiation of the adipose tissue resident stem cells into a brown-like tissue 

and to allow the recruitment of vessels from the surrounding tissues. The 

employment of such devices will result in heavy BAT mass gain and efficient 

body weight loss. This would substantially improve the already existing 

applications in regenerative medicine and metabolic disease treatments.  
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Abstract 

Cancer is a set of diseases characterized by several hallmark properties, such 

as increased angiogenesis, proliferation, invasion, and metastasis. The 

increased angiogenic activity constantly supplies the tumors with nutrients and 

a plethora of cytokines to ensure cell survival. Along these cytokines, is a newly 

discovered protein, called irisin, that is released in the circulation after physical 

exercise. Irisin is released after proteolytic cleavage from another protein that 

is expressed on the membrane of skeletal muscles and recently it has been 
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subject of investigation in several types of cancer. Here, we conducted a 

systematic review and meta-analysis to investigate its implication in different 

types of cancer. Our results suggest that irisin expression is decreased in 

cancer patients thus, it can be used as a valid biomarker for the diagnosis of 

several types of cancer. In addition, it seems that irisin has an important role in 

tumor progression and metastasis since it is involved in multiple signaling 

pathways that promote cell proliferation and migration.  

 

 

1. Introduction 

Cancer is the second leading cause of death, and according to World Health 

Organization the leading cause of death before the age of 70 around the world 

[403]. As it is a set of diseases, cancer can affect different tissues of the human 

body, characterized, among others, by irregular growth of cells, increased 

angiogenesis, resistance in cell death, increased proliferative activity, invasion, 

and metastasis [404]. The increased angiogenic activity and extended 

vasculature network constantly supply tumor cells with oxygen and nutrients 

that are crucial for their survival [404]. Along with intake of nutrients, the 

cytokines that are released in the circulation by tumors are delivered to the 

tissues they normally target [405]. 

One of these cytokines is irisin, discovered in 2012, that is released in the 

circulation after its proteolytic cleavage from a larger transmembrane protein, 

fibronectin type III domain-containing protein 5 (FNDC5) [27]. When released, 

it binds to αv integrin receptors and initiates signaling cascades that mediate 
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the beneficial effects physical of exercise [406]. Irisin was originally described 

to participate in the process called browning of white adipose tissue and the 

induction of thermogenesis [27]. Further studies though, have demonstrated 

that irisin has a protective role against pathological conditions that are 

accompanied by chronic inflammation [407, 408]. Inflammation supports 

multiple cancer hallmark processes by the recruitment of inflammatory cells and 

the modulation of bioactive molecules in the tumor microenvironment the 

tumors [404]. Thus, inflammation caused by physical exercise has important 

role in the prevention and management of cancer [409]. Since irisin is a 

myokine that is released after physical exercise [410], research has focused on 

the potential role of irisin in different types of cancer. 

Recent studies have shown decreased irisin expression in tissues that are 

affected by cancer in comparison with healthy tissues [411-414]. Also, the 

signaling pathways that are affected by the presence of irisin in different types 

of cancer have been investigated [415-417]. Even though there is increasing 

literature about the role of irisin in the occurrence and development of tumors 

or cancer prognosis the molecular mechanisms remain to be elucidated. For its 

biological behavior irisin may become a novel prognostic maker and/or a 

suitable target for the development of anti cancer drugs [418].  

Our incomplete understanding about the involvement of irisin in tumor 

progression and prognosis, limits the potential of establishing of a new 

biomarker hence, the development of novel therapeutic treatments. It is 

important to research the potential of irisin as a biomarker since we need a wide 

range when designing new drugs against cancer to be able to validate their 

activity and effects [419]. To the best of our knowledge this is the first systematic 
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review that gleans all the information about irisin and its involvement in cancer, 

including in vitro and in vivo studies that have been conducted upon its 

discovery. The primary aim of our study was to discuss the possibility of irisin 

being used as a therapeutic agent for different types of cancers as well as its 

capability of comprising an independent prognostic factor for developing new 

pharmacological treatments. Moreover, our meta-analysis strongly supports the 

circulating irisin as a tumoral biomarker. Finally, we discuss how different doses 

of irisin can affect cancer cell viability. 

2. Methodology 

To reduce bias and the likelihood of duplication and to maximize the validity of 

the method used, our systematic review was registered in the international 

prospective register for systematic reviews (PROSPERO) database, with 

registration number CRD42019119590. This systematic review also fulfills the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) checklist (Figure 5.1). 

2.1.1.  Search strategy and selection criteria 

Following PRISMA guidelines, PubMed central, Embase and Cochrane 

libraries databases were searched, from date of their inception to March 9th, 

2021, for studies that researched any implication of irisin in different types of 

cancer. A search update, via alerts, was conducted until August 2021. Studies 

that included the investigation of irisin on any biological model (cell cultures, 

animals, and humans) in relation to any type of cancer were included. No date 

or study design limits were applied. The search algorithm that was used can be 

found in the Supplement 1 (1.1). We excluded reviews, conference 
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proceedings, editorials, magazine articles, opinion papers, letters to editor or 

papers that were not in English language, but we screened the reference list of 

such articles and the reviewed publications to retrieve relevant papers. Across 

all searches we included articles that consisted of original research published 

in peer reviewed journals. The searching process was conducted 

independently by two investigators (MV and EN) and any conflicts were 

resolved with consensus. 

The screening of the titles, abstracts, and full texts for eligibility as well as the 

selection of the included studies was conducted by two investigators (MV and 

EN). Any conflict was resolved by a referee investigator (ADF). We included all 

methodological designs, using healthy or non-affected control-groups and/or 

interventional studies that showed the function of irisin in different signaling 

pathways in cancer; no sample size pre-set criterion was considered for the 

included studies. The list of included and excluded papers is available in the 

Supplement 2. 

2.1.2.  Risk of Bias Assessment 

The included studies were evaluated for risk of bias by MV and EK. The 

selected publications consisted of both in vivo and in vitro investigations. For 

assessment of risk of bias and internal validity, the tool developed from the 

Office for Human and Animal Studies (OHAT) was used [420]. OHAT is a tool 

based on eleven (11) questions (corresponding to 7 categories of bias) and four 

different answers (“+ +” for definitely low, “+” for probably low, “-” or “NR” for 

probably high or not reported, and “- -” for definitely high risk of bias). For ease 

of comparison the scores were recorded as +3, +2, +1 and 0 respectively [421]. 
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The maximum total score for case control and cohort studies was 21, for 

experimental animal studies and randomized controlled trials was 27, and for 

cross sectional studies was 24. 

As mentioned above, the tool is designed to assess bias of multiple study 

designs but not studies conducted in vitro. Despite our thorough investigation 

in the literature, we did not identify a tool purposed for in vitro studies. Thus, we 

modified the OHAT tool to fit the purpose of our in vitro studies. On this scope, 

we examined bias in six out of the seven categories proposed by the OHAT tool 

and we slightly modified the questions according to the original ones to fit the 

purpose of in vitro studies. The scoring system was kept as in the original tool 

and the maximum score in the in vitro studies was 30. The full version of the 

tool as well as the modified for in vitro studies tool can be found in Supplement 

1, section 2.1. 

2.1.3.  Data extraction 

The data extraction was performed by MV, while EN performed data extraction 

on a random sample (40%) of the selected publications. Any conflicts in the 

data extraction were resolved through consensus and supervision by a third 

investigator (ADF). When necessary additional information was requested by 

the corresponding authors of the selected papers via email. For all studies we 

extracted author name(s), year of publication, type of cancer studied, analysed 

samples (cell line, animal strain, or human) and health condition of participants 

(healthy/diseased) (in the cases of human studies). In the case of in vivo 

studies, the type of cancer, the type of assay that was used to measure irisin 

concentration and the kit or antibody that was used were recorded. For the in 
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vitro studies, the type of cancer model, the type (modified/ non modified) of irisin 

that was used, the dose of irisin and period of treatment were recorded. 

(Supplement 1, Tables S3-S5) 

 

2.2. Meta-analyses 

2.2.1.  Differences in irisin protein level and cell viability 

We performed meta-analyses to calculate the differences between irisin levels 

in healthy tissues and tissues affected with cancer, and the blood irisin levels 

between healthy and diseased individuals. For the in vitro studies we calculated 

the difference in cell viability between treated and untreated cells for different 

doses of irisin, at different time points. In the cases where exact values were 

not reported in the text, we used WebPlotDigitizer (v4.5, 2021) to extract the 

information from the available graphs [422]. Also, we calculated the differences 

in cell viability between treated and untreated cells, in relation to time of 

treatment. For cell proliferation, migration, and invasion, there were not enough 

data that we could use to perform meta-analysis. The doses have been 

categorized into three groups, namely low (<5 nM), physiological (5-10 nΜ), 

and pharmacological (>10 nM) dose, according to the literature [423]. Since 

different methods and scales were utilized in the eligible studies, we used 

standardized mean differences (SMDs) instead of absolute mean differences 

to standardize our findings to a uniform scale. For the same reason, a random-

effect model was used to account for heterogeneity due to the differences in 

study populations, assays used, types of cancer and cell lines. All analyses 

were conducted using the “metafor” package in the R language (Rstudio, 
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version 1.3.1093, PBC, Boston, MA, USA). The level of significance was set at 

an alpha level of p < 0.05. 

 

2.2.2.  Rating of overall study effect  

To rate the overall study effect of included studies in our systematic review, we 

used the Rating of Overall Study Effect (ROSE, www.rose.reviews), which is a 

newly developed meta-analysis tool. In this type of meta-analysis, each article 

receives a score based on the study’s qualitative or quantitative data, which is 

then adjusted based on the number of the participants or replications of each 

in vitro experiment. The final ROSE score for all the assessed publications 

varies from -3.5 (high negative effect) to 3.5 (high positive effect). The studies 

were independently assessed by two independent investigators (MV and EK) 

based on qualitative or quantitative data. We performed two ROSE meta-

analyses, one for each of the two different research questions that were 

addressed in this review: “Can irisin be used as a biomarker?” and “Does irisin 

have any role in the development and progression of cancer?”. The papers that 

provided information for both questions were evaluated in both meta-analyses 

using the relevant information each time.  

3. Results 

3.1.1. Screening of publications 

In total 235 records were identified through the search that we performed in the 

three databases (120 from Embase, 97 from PubMed and 18 from Cochrane 

Library). Of these, 99 were duplicates and were removed. From the remaining 

136 publications, 49 were excluded as reviews, commentaries, conference 
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proceedings or in language different than English. Finally, the abstracts of the 

remaining 87 papers were screened and 55 were found to be irrelevant to the 

aim of this systematic review. A total of 32 publications were included in this 

review while 2 more articles were retrieved by manual searching in the 

references of the screened articles or via alerts from the searched databases. 

A list of the included and excluded papers can be found in Supplement 2. The 

searching procedure results are illustrated in a PRISMA flowchart (Figure 5.1). 

  

Figure 5.1. PRISMA flowchart. Selection process of papers included in the 

systematic review. 

Out of the 34 publications that were selected for this systematic review, 24 [412-

414, 417, 424-443]  described in vivo studies of which five [413, 414, 424, 432, 
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438] contained immunohistochemistry results referring to the presence of irisin 

on tissue samples. The remaining 19 articles presented results referring to 

assays using blood sample extracts. Finally, 12 [415-417, 432, 444-450] articles 

presented results from in vitro experiments. In two [417, 432] of the articles, 

both in vivo and in vitro experiments were conducted. 

3.1.2. Risk of bias assessment 

For the case-control studies, the included papers scored between 12 and 21 

(out of a max score of 21) on the OHAT risk assessment. For 11 out of the 18 

studies in this category, detection bias was recorded, and we could not be 

confident on the outcome assessment. Moreover, other sources of bias were 

also detected such as groups with low number of participants or exogenous 

reasons for cancer development. For the rest of the study designs (cohort 

studies, experimental animal studies, cross sectional studies and randomised 

controlled trials), the articles scored as “definitely low risk of bias”. 

Out of the 25 assessed studies, 20 (80%) scored a probably low or definitely 

low risk of bias on the complete reporting item. Overall, the studies included in 

this review present a moderate risk of bias. The full scoring of the included 

papers can be found in Supplement 1, Tables S2 and S3. 

 

3.1.3.  Data extraction 

In vivo studies 

In total 3073 human participant samples have been investigated in the 24 

publications referring to in vivo studies and included in this systematic review, 
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of which 825 (26.85%) belonged to healthy individuals and 2248 (73.15%) to 

patients diagnosed with different types of cancer. Also, one publication with 60 

animals (mice) was included in this systematic review, of which 12 were healthy 

and 48 were cancer induced (Supplement 1, Table S1). 

Irisin serum level was decreased in cancer patients in 58% of the studies. In 

the rest of the studies irisin was found unaltered or there was no control group 

to compare. One study reported increased irisin serum protein level in renal 

cancer. In the in vivo study that was performed on laboratory animals (mice), 

irisin serum protein level was increased. (Supplement 1, Table S4). Ten types 

of cancer were investigated. Interestingly out of the 19 studies that assessed 

irisin protein level in serum eleven different ELISA kits we used for producing 

the results (Supplement 1, Table S4). 

Of the five studies that used immunohistochemistry to locate irisin on tissue 

samples, three used the same antibody and one did not report the source of 

antibody that was used. In four out of the five studies, increased irisin 

immunoreactivity was reported in the specimens affected by cancer.   

(Supplement 1, Table S5). 

In vitro studies 

The subjects in these studies were different cancer cell lines that were treated 

with various concentrations of irisin or other substances in the presence or 

absence of irisin. In total 34 cell lines were used to investigate the role of irisin 

in 10 types of cancer. Three studies revealed that irisin can increase 

chemosensitivity of cancer cell lines to other pharmacological treatments. Five 

studies used modified (glycosylated) irisin from different manufacturers for 
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treating cells, three used non-modified irisin while the rest used anti-irisin 

antibodies for detection of the protein (Supplement 1, Table S6). 

Nine out of 12 studies reported the inhibiting role of irisin on tumor progression 

through decreased cell proliferation, migration, invasion, and viability that are 

all hallmarks of cancer. Several signaling pathways are described, suggesting 

a specific role for irisin in tumor progression. Interestingly, four studies suggest 

that irisin acts through modulation of PI3K/AKT signaling pathway which, in 

turn, can control Snail or NF-kB signaling cascades (Supplement 1, Table S6). 

In Figure 5.2. we present the signaling pathways that are affected from irisin as 

presented in the publications of this review. 

 

  

 Figure 5.2. Signaling pathways that are affected by irisin in different types of 

cancer. 

 

 

3.2. Meta-analysis Results 
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In total we conducted five meta-analyses, two regarding the in vivo studies, 

calculating the difference in irisin concentration in serum or tissue between 

healthy and diseased participants. Three meta-analyses were conducted to 

calculate the effect of low, physiological, and pharmacological doses of irisin on 

cell viability.  

3.2.1. Standardized mean differences 

For the in vivo studies that measured irisin concentration in plasma, our meta-

analysis results showed that irisin decreased significantly (p<0.01) in cancer 

patients (Supplement 1, Figure S1). In contrast, in the studies that assessed 

irisin concentration on tissues, irisin level was not altered (p<0.01) after 

immunohistochemical localization (Supplement 1, Figure S2).  

When cancer cell lines were treated with low doses of irisin cell viability tended 

to decrease but not significantly (p>0.05). We observed though a significant 

decrease between 24 and 48 hours (p<0.05) indicating that longer exposure in 

low doses of irisin can induce cell death (Supplement 1, Figure S3). With 

physiological and pharmacological doses, we observed a significant decrease 

in cell viability after treatment, at 24h and 48h respectively (p<0.01) 

(Supplement 1, Figures S4 and S5). Overall, we show that the highest the dose 

of irisin used, the more effective is the decrease in cell viability and, as 

expected, time of treatment is also related to cell viability. 

3.2.2. ROSE meta-analysis 

The ROSE platform was used to evaluate the overall study effect for the two 

research questions of this review: “Can irisin be used as a biomarker?” and 

“Does irisin have any role in the development and progression of cancer?”. In 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



115 
 

the first meta-analysis, 23 publications contained information that could 

address the research question, and the overall ROSE score was 2.5 (MV=2.24 

and EK=2.69), indicating a moderately positive effect. This suggests that irisin 

can be used as a biomarker with moderate confidence. As for the second 

research question, 17 publications contained relevant information, resulting in 

an overall ROSE score of 2.1 (MV=2.24 and EK=1.91), also indicating a 

moderately positive effect. This suggests moderate confidence that irisin has a 

role in the development and progression of cancer. 

4. Discussion 

Sedentary life, obesity and poor nutrition are believed to increase the risk for 

developing cancer [451, 452]. The mechanisms underlying this relationship 

though have not been established yet [377]. Exercise has been linked with 

reduced risk for cancer development and tumor progression [453]. The effects 

of exercise in chronic inflammation, cytokine production and immune system 

can mediate the positive effects of exercise on cancer [454]. Irisin is one of the 

cytokines that are produced during exercise and increasing literature indicates 

that it may have an important role in prognosis and treatment of various types 

of cancers [455, 456]. Our findings in this review confirm that irisin could be 

used as a biomarker and/or a prognostic factor for cancer. We also show that 

irisin is also implicated in tumor progression through different signaling 

pathways. 

The in vivo studies that assessed irisin levels in healthy and diseased patients 

show that irisin significantly decreases in patients with prostate [426], 

osteosarcoma [427], bladder [430], breast [435], colorectal [442], liver [440], 
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and gastric cancers [437]. In addition, the meta-analyses we performed showed 

that overall irisin decreases in patients with cancer independently of the type of 

cancer or the assay that was employed to detect irisin in serum samples, since 

a random effects model was applied to our analysis. These indicate that irisin 

could be a good diagnostic factor for cancer. 

The fact that irisin is decreased in different types of cancer may indicate the 

interactive relationship of irisin and cancer cachexia. Cancer cachexia is a 

wasting syndrome that is accompanied with weight and muscle loss [457]. The 

loss of muscle mass can lead to decreased amount of irisin in the circulation or 

on the affected tissues [458]. Irisin on the other hand can increase the 

expression of uncoupling protein 1, a protein that increases thermogenesis and 

energy consumption in adipose tissue [459]. Indeed Castro et al. [429] showed 

that changes in myokines is associated may induce tumor evasion and 

inflammation.  

Furthermore, in our systematic review we also show that irisin is involved in 

different signaling pathways that may reveal the mechanisms through which 

irisin may be implicated in the different types of cancer. A hallmark of cancer is 

the endothelial to mesenchymal transition (EMT) which is the phenotypic 

conversion of endothelial to mesenchymal cells and is involved in the regulation 

of processes such as tissue fibrosis, promotion of metastasis and 

chemotherapy resistance [460]. Irisin was showed to inhibit EMT through the 

modulation of STAT3/Snail pathway in osteosarcoma [415] and by mediating 

the PI3K/Akt/Snail signaling pathway [449]. PI3K/Akt signaling pathway is also 

downregulated in pancreatic and liver cancer [416, 417, 450] by inducing cell 

apoptosis. Moreover, Zhang Z. at al. [441] in their study showed that serum 
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irisin is decreased in breast cancer patients with spinal metastasis compared 

to non-metastatic patients. Finally, irisin has been shown to inhibit NF-kB 

signaling by increasing chemosensitivity and inducing cell apoptosis [416] 

which prevents tumor progression. Also, as we show in our meta-analysis, cell 

viability is decreased in the presence of irisin, which makes irisin a promising 

agent that could be used in the treatment of cancer. 

4.1. Strengths and limitations 

To the best of our knowledge this is the first systematic review with meta-

analysis conducted about the implication of irisin in different types of cancer. In 

our analysis we gathered and analysed information from 34 studies including 

information about 13 types of cancer and multiple subtypes of them. Also, our 

meta-analysis included information for 34 different cell lines that were employed 

in these studies. We included both in vivo and in vitro studies in our analysis to 

investigate both the possibility of irisin being a valid biomarker for cancer 

diagnosis and the effect of irisin in cancer development.  

We cannot disregard the fact that in our meta-analysis we included rather 

diverse information, such as type of cancer, different assays for detecting irisin 

or measuring cell viability, different antibodies, and different types of irisin 

(modified and non-modified). We tried to overcome these differences by 

applying random effects model in our analysis. Nevertheless, we could not 

overcome limitations such as the lack of clinical history of the patients, the lack 

of correlation with other health and lifestyle conditions, the gender of the 

participants or small sample size in some of the studies, and the use of only 
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animal models or in vitro experiments to produce the results in the eligible 

studies. Thus, in future studies these factors should be considered. 

5. Conclusion 

We conclude that irisin decreases in cancer patients and can be used as a valid 

biomarker for diagnosis of several types of cancer. Also, irisin can inhibit cell 

viability in a time and dose dependent manner which makes it a good candidate 

for the development of treatments against cancer. Finally, irisin can inhibit EMT 

and modulate tumor progression by its implication in multiple signaling 

pathways. 
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Figure 6. Graphical abstract. Intracellular pathways regulated by irisin in 3T3-

L1derived adipocytes. 

Abstract 

Adipose tissue plays a pivotal role in the development and progression of the 

metabolic syndrome which along with its complications is an epidemic of the 

21st century. Brown-like adipocytes reside within white adipose tissue (WAT) 

and respond to environmental cues releasing cytokines. Irisin is an adipo-

myokine secreted mainly by skeletal muscle and targeting, among others, 

adipose tissue. In brown adipose tissue it upregulates uncoupling protein-1 

(UCP1) which is responsible for mitochondrial non-shivering thermogenesis. 

Here we analysed the effects of irisin on the metabolic activity of 3T3-L1 derived 

adipocytes. Irisin affects mitochondrial respiration and lipolysis in a time-

dependent manner through the regulation of PI3K-AKT pathway. Irisin also 
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induces the expression of UCP1 and the regulation of NF-κB, and CREB and 

ERK pathways. Our data supports the role of irisin in the induction of non-

shivering thermogenesis, the regulation of energy expenditure and lipolysis in 

adipocytes. Thus, irisin may be an attractive therapeutic target in the treatment 

of obesity and related metabolic disorders. 

 

1. Introduction 

Metabolic syndrome and its complications have become an epidemic in the 

twenty-first century and a major public health issue. Adipose tissue (AT) plays 

a pivotal role in the development and progression of the metabolic syndrome 

[461, 462]. AT is the most plastic organ in the human body and can constantly 

expand and regress [376]. It is the major organ that regulates energy 

homeostasis in living organisms and responds to environmental cues. Brown-

like adipocytes reside within white adipose tissue (WAT) and can emerge 

through trans-differentiation after cold exposure, physical activity, and/or drug 

stimulation. This process is called browning of AT [121, 160] and it is 

characterized by the increase of non-shivering thermogenesis, which depends 

on uncoupling protein 1 (UCP1) and increased lipolysis [463]. Thus, AT 

browning leads to in heat production and/or energy dissipation and has been 

considered as a possible strategy for the treatment of obesity [179]. 

Adipocytes play a central role in energy balance. Alteration of the mechanical, 

metabolic and secretory functions of adipocytes contribute to the pathogenesis 

of metabolic diseases, including obesity. For years, adipocytes were 

considered only as storage cells for triglycerides, with a passive role in the 
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development of obesity. Today they are instead appreciated for their 

mechanical support, their thermal insulation function as well as the production 

of several hormone-like molecules, identified as adipokines [464, 465]. Notably, 

the release of adipokines changes, depending on AT localization, on its cellular 

composition, and on the interaction with vascular structures as well as following 

the onset of obesity [466]. 

Irisin is an adipo-myokine secreted mainly by skeletal muscle and by AT, after 

the proteolytic cleavage of fibronectin type III domain-containing protein 5 

(FNDC5) [466]. Physical activity induces the expression of irisin through the 

activation of the transcriptional factor peroxisome proliferator-activated receptor 

γ (PPARγ), the coactivator-1α (PGC-1α) and of FNDC5 [467, 468]. These 

pathways are involved in the browning of WAT [469]. The concentration of irisin 

into the bloodstream is also affected by diet and hormones, while its uptake and 

clearance are not yet well characterized [470]. 

The biological activity of irisin is not limited to adipocytes, since it can modulate 

several cellular responses, including proliferation, differentiation, and cell 

growth in normal and cancerous cells [471]. Irisin binding to α-integrin receptor 

[472] activates the intracellular integrin-dependent signaling pathway, including 

the phosphorylation of focal adhesion kinase (FAK), extracellular signal-

regulated kinases (ERK and MAPK), and the activator of transcription 3 

(STAT3) in several cells including cardiomyocytes, hippocampal neuronal cells, 

and osteoblasts [423, 473, 474]. Moreover, irisin is involved in whole-body 

metabolism and thermoregulation by affecting thyroid hormone secretion [475, 

476]. In brown adipose tissue (BAT), it upregulates the expression of PGC-1a, 

leading to increased UCP1 expression and mitochondrial respiration [477]. 
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UCP1 expression leads to non-shivering thermogenesis which takes place in 

the inner mitochondrial membrane of brown adipose tissue (BAT), WAT, and 

skeletal muscle[476] and can constitute up to 5% of the basal metabolic rate 

[478]. The mitochondrial expression of UCP1 separates the oxidative 

phosphorylation from ATP synthesis with energy being dissipated as heat, a 

process referred to as the mitochondrial proton leak [463, 479]. 

Despite the accumulating information about irisin, our knowledge of its 

mechanistic effects on adipocytes remains poor and limits our understanding 

of how the thermogenic process occurs after irisin release in the circulation. 

Here, we examine the role of hr-irisin on non-shivering thermogenesis and 

energy expenditure using the well-characterized 3T3-L1 derived adipocytes 

model [480]. We also monitor the time-dependent effects of hr-irisin on 

mitochondrial respiration and characterize the metabolic signaling pathways 

and the lipolytic process modulated by irisin. Our findings set the basis for the 

potential use of irisin as a therapeutic target in combating obesity and related 

metabolic disorders. 

2. Materials and Methods 

2.1 Reagents 

All reagents were of analytical grade. DMEM media and fetal calf serum were 

purchased from GIBCO Life Technologies (Grand Island, NY). Insulin, 

dexamethasone, 3-isobutyl-methyl-xanthine, Oil Red O, EtOH   Triton-X100, 

BriJ, and protease inhibitor were purchased from Sigma-Aldrich (St. Louis, 

MO). Recombinant human irisin was purchased from (Cayman Chemical, 

Michigan, USA). Anti-phospho-NF-κB [sc101748; working dilution (wd) 1:1000], 
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anti-NF-κB (sc109, wd 1:1000), anti-AKT (sc 1619, wd 1:1000), anti UCP- (sc 

6529, wd 1:1000), anti-CREB (sc 186, wd 1:1000) antibodies were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-ERK1,2 (#4695, wd 

1:2000), anti-phospho-AKT (#4060, wd 1:2000) and anti-phospho-ERK1/2 

(#4370, wd 1:2000) antibodies were purchased from Cell Signaling Technology 

(Beverly, MA). Donkey HRP-labeled secondary antibodies (anti-mouse Cat 

#SA1-100, wd 1:5000; anti rabbit Cat #31458, wd 1:5000; anti goat Cat 

#A16005, wd 1:5000) were purchased from Thermo Fisher Scientific. 

2.2 Cell lines  

Murine 3T3-L1 fibroblasts (ATCC, Manassas, VA) were maintained at no higher 

than 90% confluence in DMEM with 10% Bovine Serum (BS) and antibiotics 

(preadipocyte medium). To induce adipocyte differentiation, cell lines reaching 

the confluence received a differentiating medium, consisting of DMEM 

supplemented with 10% fetal bovine serum (FBS), 10 μg/ml insulin, 1 μM 

dexamethasone and 0.5 mM 3-isobutyl-methyl-xanthine (IBMX), for two days. 

The medium was then changed to 10% FBS-DMEM containing 10 μg/mL 

insulin. After the course of three to five days, differentiated adipocytes could be 

observed under the light microscope (accumulated lipid droplets in the 

cytoplasm) until day 12 to 15 of differentiation. 

2.3 Oil Red O staining 

Staining with Oil Red O was performed to confirm the differentiation of 3T3-L1 

cells. On day 12 of differentiation the cell monolayer was fixed for 24-hours (h) 

with phosphate buffered formalin (10%). After rinsing with water and EtOH 70%, 

the monolayer was stained with the Oil Red O solution (water-based solution of 
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60% saturated Oil Red O in isopropanol) for 15-min. Excess stain was removed 

with EtOH 70% followed by a last wash with water before observation under an 

inverted photomicroscope (Zeiss, Axiovert 200M). 

2.4 Extracellular mitochondrial flux assay 

3T3-L1 preadipocytes were seeded on Seahorse XFe24 culture plates (Agilent, 

Santa Clara, CA, USA) in a density of 30,000 cells/well and differentiated into 

mature adipocytes as described above. Then, cells were treated with 20 nM hr-

irisin (Boström et al., 2012) (Cayman Chemical, Michigan, USA) for 2-h and 4-

h. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

measurements were performed at 9-min intervals (3-min mixing, 3-min waiting 

and 3-min measuring) using a Seahorse XFe24 Extracellular Flux Analyzer 

(XFe Wave software) [481]. Seahorse XF Mito-Stress Test (Agilent, # 103015-

100) was used to measure key parameters of mitochondrial function. 

Sequential treatments with oligomycin (1 μM), FCCP (0.5 μM) and 

rotenone/antimycin A (0.5 μM) were performed to enable quantification of basal 

OCR, ATP-coupled OCR, proton leak, and maximal respiration. Finally, cells 

were lysed, and total proteins quantified by Bradford assay. Results are 

expressed as pmol of OCR / min for µg of proteins. 

2.5 ATP measurement 

ATP quantification was performed on 1x103 cells in growth medium with ATP 

Determination Kit (Molecular Probes, Thermo Fisher Scientific, #A22066) 

following manufacturer’s instructions. The bioluminescent signal was measured 

with EnSight Multimode Plate Reader (PerkinElmer, Waltham, Massachusetts, 

United States). 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



126 
 

2.6 RT-qPCR 

Total RNA was extracted using TRIzol Reagent (Invitrogen, Thermo Fisher 

Scientific) according to the manufacturer’s instructions. Two μg of total RNA 

were retro-transcribed with MMLV reverse transcriptase (Invitrogen, Thermo 

Fisher Scientific) using random hexaprimers. Then, cDNA was analyzed by 

quantitative PCR using the following primers:  

Plin1_For_TTACCTAGCTGCTTTCTCGGTG, 

Plin1_Rev_CACAGGCAGCTGCAGAACTC; 

Lipe_For_GCTGGGCTGTCAAGCACTGT, 

Lipe_Rev_GTAACTGGGTAGGCTGCCAT; 

ATGL_For_ACAGGGCTACAGAGATGGACT, 

ATGL_Rev_AGGCTGCAATTGATCCTCCTC; 

mGAPDH_For_CATGGCCTTCCGTGTTCCTAC, 

mGAPDH_Rev_TTGCTGTTGAAGTCGCAGGAG. 

mUCP1_For_AGGCTTCCAGTACCATTAGGT, 

mUCP1_Rev_CTGAGTGAGGCAAAGCTGATTT. 

Quantitative RT-PCR was performed using the iTaqTM Universal SYBR® 

Green Supermix (Bio-Rad, Hercules, CA, USA), by ViiA7 Real-Time PCR 

System (Life Technologies), and data were analyzed with Viia7 Real-Time 

Software (Life Technologies). 2-ΔΔϹt was calculated using murine_GAPDH as 

housekeeping. Data are expressed as relative expression ratios. All samples 

were analysed in triplicates. 
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2.7 Western Blot 

Whole-cell lysates were prepared in lysis buffer containing 1% Triton-X100, 0.1 

BriJ, 1mM sodium orthovanadate, and protease inhibitor cocktail. 50 μg of total 

proteins were separated by SDS-PAGE and probed with specific antibodies and 

donkey HRP-labeled secondary antibodies. Chemiluminescent signal was 

acquired by ChemiDoc Imaging System (BioRad). All experiments have been 

performed in duplicates. 

2.8 Statistical analysis 

Statistical analysis was performed using SPSS 22.0 (IBM, Armonk, NY, USA). 

Paired samples t-tests were used to assess the differences in proton leak, basal 

OCR, and mean ATP production. Repeated measures ANOVA was performed 

to assess differences in protein expression, gene expression, and ATP 

production. Post-hoc tests incorporating Bonferroni adjustment were performed 

for multiple comparisons. All values are reported as mean±SD. The level of 

significance was set at p<0.05. 

 

3. Results 

3.1 3T3-L1 differentiated cells show higher cellular respiration  

In a first set of experiments, we differentiated murine 3T3-L1 cells into adipose 

cells and analysed their metabolic potential. To this, confluent cells were treated 

with differentiating medium for 12 days. As show in Figure 6.1.A-C, the 

morphological changes of differentiated 3T3-L1 cells are clearly visible. These 
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cells are filled with lipid droplets (Oil red O stained) visible under the microscope 

(Figure 6.1.C). 

Seahorse Mito-Stress Test was employed to measure key parameters of 

mitochondrial function, including basal respiration, ATP-linked respiration, 

spare capacity, proton leak, and maximal respiration by directly measuring the 

OCR of undifferentiated and 3T3-L1 derived adipocytes (Figure 6.1.D-J). As 

expected, differentiation induced an increase in the metabolic capacity of 3T3-

L1 cells as demonstrated by the significantly higher basal OCR (Figure 6.1.E) 

and a simultaneous increase of the ECAR. Differentiation also significantly 

increased the maximal mitochondrial potential as demonstrated by the higher 

OCR measured upon treatment with the uncoupling agent FCCP (Figure 6.1.H) 

and the proton leak (Figure 6.1.G). These results confirm that our protocol was 

suitable to drive 3T3-L1 cell differentiation into mature adipocytes. 
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Figure 6.1. The differentiation of 3T3-L1 cells into adipose cells increases their 

mitochondrial metabolism. A-B) Representative images of undifferentiated (A) 

and differentiated 3T3-L1 cells (B) stuffed with lipid droplets (scale bar 20μm). 

C) Lipid droplets stained with oil O Red (scale bar 20μm). D) Seahorse Mito 

Stress Test performed on undifferentiated and differentiated 3T3-L1 cells. 

Sequential treatments with Oligomycin, FCCP and Rotenone/Antimycin A were 

performed to enable quantification of E) basal respiration, F) ATP-linked 

respiration, G) proton leak, H) maximal respiration, I) spare respiration and J) 

basal ECAR. Data were analyzed according to the Agilent Seahorse XF Cell 

Mito Stress Test Report Generator. * indicates statistically significant 

differences (p<0.05). Experiments were performed in triplicates. 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



130 
 

3.2 Irisin regulates browning of 3T3-L1 derived adipocytes through PI3K-Akt 

pathway 

To understand the effects of irisin on 3T3-L1 derived adipocytes, cells were 

treated for different times with 20 nM of hr-irisin. Then, 50 μg of the whole lysate 

were assessed for the activated intracellular signaling (Figure 6.2.). Irisin rapidly 

increased the phosphorylation level of the transcriptional factor cAMP response 

element-binding protein (CREB) (Figure 6.2.B), while nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-kB) (Figure 6.2.C) was 

downregulated. Also, the activation of their upstream modulators including 

protein kinase B (AKT) and extracellular regulated kinase (ERK), were reduced 

after the treatment with irisin (Figure 6.2.D-E). Irisin treatment induced a fast 

and transitory increase of the expression of the brown adipogenic marker UCP1 

both at mRNA and protein levels (Figure 6.2.F-G and S1), supporting the role 

of irisin in thermogenesis. Furthermore, the prolongation of irisin stimulation 

restored the UCP1 expression in 3T3-L1-derived adipocytes (Figure S1). 

 

Figure 6.2. Irisin downstream effect on protein expression. A) Western blot 
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analysis of 50μg of total protein lysates (all experiments were performed in 

duplicates). B-E) Phosphorylated vs unphosphorylated relative ratios for 

pCREB/CREB, pNF-κB/NF-κB, pAKT/AKT, and pERK/ERK were calculated by 

WB densitometry. F) Relative densitometric analysis of UCP1 protein 

normalized to FAK. G) mRNA expression of ucp1 calculated by RT-qPCR. * 

indicates statistically significant differences (p<0.05) from untreated cells. 

 

3.3 Irisin modulates cellular thermogenesis by reducing cellular respiration  

The effects of irisin on UCP1 expression prompted us to delve into the 

molecular mechanisms involved in the modulation of AT metabolism. To this, 

we analyzed the OCR, an index of OXPHOS, in 20 nM irisin-treated adipocytes 

by Seahorse Mito-Stress Test (Figure 6.3.A). Results showed that irisin rapidly 

affected the adipocyte metabolism. Indeed, the basal OCR was significantly 

reduced in the first 2-h of treatment [53±19.3 vs. 110±51.2 pmol/min/μg of 

untreated cells (p<0.05)] and returned to basal levels upon prolonged 

stimulation 74±7.6 pmol/min/μg (Figure 6.3.A-D). Importantly, to this point the 

amount of irisin in cell supernatant did not change over the stimulation (Figure 

S2). 

The energy map combining OCR with ECAR, a readout of cell glycolytic activity 

(Figure 6.3.B) indicated that 2-h of treatment with irisin results in a more 

quiescent metabolic profile, suggesting that irisin suppresses ATP production. 

Again, the energy phenotype was partially rescued at 4-h of treatment (Figure 

6.3.A). Also, proton leak and ATP-linked respiration show the same rapid and 

transitory increase (Figure 6.3.C-E). Accordingly, irisin stimulation induced the 
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expression of lipogenic genes including adipose triglyceride lipase (ATGL) and 

of the hormone-sensitive lipase (HSL). Perilipin (Plin1) continued to increase 

until 24-h after irisin treatment (Figure 6.4.A). The production of ATP increased 

during irisin stimulation (Figure 6.4.B). Of note, 20 nM of irisin ensured a 

stimulation with a large excess of soluble stimulus. Indeed, the amount of irisin 

in cell supernatant was almost constant during the experimental timeframe 

(Figure S2). 

 

 Figure 6.3.  Irisin reduces mitochondrial activity in adipose-derived 3T3 cells. 

A) Seahorse Cell Mito Stress Test performed on adipose-derived 3T3 cells in 

the absence or in the presence of 20 nM of irisin. Oxygen consumption rate 

(OCR) was recorded over time before and after sequential addition of 1 µM 

oligomycin (Oligom), 0.5 µM FCCP and 1 µM Rotenone/Antimycin-A (Rot/Anti-

A). B) Stressed energy phenotype of 3T3-L1 differentiated adipocytes with 

different periods of treatment with hr-irisin. Normalized OCR and ECAR were 

plotted to reveal overall basal metabolic profiles for differently treated cells. (C, 
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D, E) Proton leak, basal OCR and mean ATP-linked OCR were calculated. 

Basal OCR was calculated by subtracting non-mitochondrial respiration from 

baseline OCR. Note: * indicates statistical significance (p<0.05) from untreated 

cells. Experiments were performed in triplicates. 

 

Figure 6.4. Irisin affects the expression of lipogenic genes A) Relative 

expression of HSL, ATGL and Plin1 during treatment with irisin (0-h to 24-h). 

B) ATP concentration at different time points during 4-h.  * indicates statistically 

significant difference (p<0.05) from untreated cells. Experiments were 

performed in triplicates. 

 

4. Discussion 

Upon its discovery, irisin has been a subject of intense investigation [468]. 

Since irisin is an exercise-induced hormone [27] and passes a signal to AT, it 

is important to identify the molecular mechanisms that mediate its effects. Irisin 

holds an essential role in the upregulation of UCP1 [418, 469, 482], which is 

abundant in the inner membrane of the BAT mitochondria. However, the 

mechanism through which irisin causes the upregulation of UCP1 remains 
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unclear. Furthermore, the increase of irisin after physical exercise is another 

factor that needs to be clarified, since our current knowledge is based on 

measurements that took place across different time points, utilizing various 

exercise protocols [483]. As a result, controversial data about the clearance of 

irisin from the circulation exist in the literature. The present study addresses 

these gaps by defining a timeframe for the effect of irisin on adipocytes. 

We found that irisin regulates UCP1 gene in adipose derived 3T3-L1 cells 

inducing a fast and transitory increase in its expression, while it induces a slow 

and long-term upregulation of lipolytic genes. These data suggest that 

prolonged treatment with irisin could induce AT browning. Classically, UCP1 

gene expression is under the control of free fatty acids released upon extensive 

lipolysis [117]. However, more recent studies demonstrated that thermogenesis 

and UCP1 expression is independent from lipolysis, suggesting that the two 

processes may be involved in AT browning through distinct mechanisms [484]. 

Our results support this notion, showing that irisin induces a fast upregulation 

of ucp1 gene that precedes, and is likely independent from, the upregulation of 

lipolytic genes. Moreover, we elucidated the intracellular signaling activated by 

irisin, which involves NF-κΒ (p65), AKT, pCREB, and pERK.  

Adipocyte differentiation is under the control of PPARγ, which is responsible for 

regulating the expression of genes involved in adipogenesis and lipid storage 

[27, 485]. PPARγ, which has an important role in adipocyte differentiation [486], 

interacts with the p65 subunit of NF-κB by inhibiting NF-κB transcriptional 

activity [487]. NF-κB is a physiological regulator of mitochondrial respiration 

[488]. We observed that phosphorylation of the p65 subunit of NF-κB, which 

enhances the selective NF-κB-mediated gene expression [489], was 
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attenuated at 30-min and 2-h of hr-irisin treatment (Figure 6.3.B). The 

decreased phosphorylation of p65 after irisin administration in the medium 

indicates that irisin induces adipocyte differentiation through the regulation NF-

κB signaling pathway. The concomitant increase of UCP1 expression observed 

in this study further demonstrates the possible role of irisin in the induction of 

the browning process. 

Irisin is involved in the molecular pathway that drives the expression of UCP1 

which decreases the proton gradient developed in oxidative phosphorylation 

and generates heat [490]. As revealed in our results, 2-h of irisin treatment on 

3T3-L1 adipocytes moved the energy phenotype of the cells to a more 

quiescent state, indicating that the metabolic processes that produce energy in 

the form of ATP (oxidative phosphorylation and glycolysis) are initially restricted 

upon the presence of irisin. Of note, the ATP levels that we measured represent 

accumulated (produced and non-consumed) ATP in the cell medium. 

Accordingly, we found that ATP accumulates in the medium during irisin 

stimulation Taken together, our findings suggest that during exercise, and 

consequent release of irisin, 3T3-L1 cells release ATP in the extracellular 

environment. This extracellular ATP could have an autocrine effect (e.g., on 

insulin stimulated glucose uptake) [491] or be taken up by the muscle tissue as 

an extra fuel source [477]. 

The quiescent state that the cells are transitioning to after irisin administration 

could also indicate a role of irisin on fatigue development. Here we examined 

the effects of irisin on adipocytes, but if the present results are also confirmed 

in muscle cells, this would suggest that irisin acts as an autocrine agent to 

induce fatigue, potentially as a protective mechanism. Also, it would be 
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promising to use a systemic or an in vitro co-culture approach to understand 

the crosstalk between the muscle and adipose tissues and its potential role on 

fatigue development [492]. 

AKT regulates glycolysis and oxidative phosphorylation in AT through the 

glucose transporter [493], which mediates β3-adrenergic signaling followed by 

increased lipolysis and glucose uptake [494]. Our results are in line with 

previous findings demonstrating that reduced AKT levels in AT can induce 

browning of WAT [495]. Increased UCP1 expression accompanied by reduced 

activation of AKT upon irisin stimulation indicates that irisin targets the PI3K-

AKT pathway in AT. The CREB is a downstream target of PI3K-AKT pathway 

[496] and a transcriptional regulator of UCP1 [497]. CREB was activated rapidly 

after irisin treatment, and its activation was present even after 2-h of treatment. 

This confirms the involvement of irisin in UCP1 upregulation and its role in 

thermogenesis. Accordingly, irisin induces the expression of lipolytic genes, 

including ATGL, HSL and Plin1, which are necessary for thermogenesis. 

Extracellular signal kinases (ERK ½) mediate an inhibitory effect of the 

expression of UCP1 as a response to their phosphorylation of tumour necrosis 

factor-alpha (TNF-α) [498]. During 2-h stimulation with irisin, we observed that 

ERK ½ phosphorylation was reduced which indicates that irisin may modulate 

TNF-α activity. As we did not directly measure the expression of TNF-α, 

potential confirmation by future studies will demonstrate the role of irisin in the 

browning of white adipocytes through ERK signaling. Finally, we also measured 

the expression of FAK which participates in adipocyte differentiation, and its 

disruption impairs adipocyte survival in vitro in 3T3-L1 adipocytes [499, 500]. 
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We did not observe significant changes in the expression of FAK following irisin 

stimulation, indicating that it is not a molecular target of irisin in adipose tissue. 

Following previous methodology [27], we treated our cells with 20 nM hr-irisin. 

This may be considered relatively high compared to the levels of irisin in human 

blood plasma reported in some studies. The literature data on circulating irisin 

levels are neither concordant nor conclusive, as the results depend on the 

affinity of the antibody use [31]. Further analyses are necessary to establish the 

normative range of irisin in human blood plasma induced by physical activity 

[31]. Therefore, we based our experimental design on the available literature of 

in vitro experiments [27], considering that in vitro experiments require higher 

concentrations of stimuli as there is no constant source of the cytokine as in the 

in vivo environment. 

 

5. Conclusion 

In summary, in this study we demonstrate that irisin regulates the mitochondrial 

respiration in 3T3-L1 derived adipocytes and exerts its effects 2-h after 

induction in the cellular environment. The effects of irisin occur through the 

modulation of intracellular signaling pathways, the expression of lipolytic genes, 

as well as the upregulation of UCP1. Taken together, our findings demonstrate 

the potential role of irisin in the induction of non-shivering thermogenesis and 

the regulation of energy expenditure and lipolysis in WAT adipocytes. Since AT 

metabolism holds a crucial role in combating obesity and related metabolic 

disorders, irisin can be an attractive therapeutic target that needs to be 

investigated in future studies.  
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Chapter 7 

___________________________________________________________________________ 

 

Discussion 

In this thesis we show that AT holds a crucial role for the onset and development 

of metabolic disorders. Its attribute of communicating and exchanging 

biochemical signals with the surrounding tissues makes it a great target for 

therapeutical interventions against cancer, obesity, and other diseases of the 

metabolic system. 

In mammals, the adipose tissues are contained in a multi-depot organ: the 

adipose organ [9]. Each tissue presents a unique gene expression pattern 

which can be altered depending on the depot it is in and its interaction with 

other tissues [107]. WAT is known to store energy in the form of lipids.  

BAT, on the other hand, is a metabolically active tissue that consumes energy 

to produce heat. “It helps us to defend our body temperature in a comfortable 

manner.” as Dr. Barbara Cannon has stated, and this happens through the 

increased expression of uncoupling protein1 (UCP1) [131]. The UCP1 is highly 

expressed in the mitochondria of BAT and decreases the proton gradient 

resulting from oxidative phosphorylation. This process takes place when BAT 

is activated due to external stimuli such as, cold exposure or pharmacological 

agents such as menthol or capsaicin [501, 502]. Activation of BAT could be a 

very promising approach in combating obesity and other metabolic disorders, 
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since it is capable of expending huge amounts of energy compared to its mass 

within the human body[503]. The problem with BAT though, is that “We know 

where it can be found, but it's not always there in every single person. There's 

a region in the neck and the shoulders, and that is where you typically find it, 

but not everybody has it there.”  according to Dr. Aaron Cypess. 

Beige adipocytes reside within WAT and can trans-differentiate and acquire 

characteristics of brown adipocytes with a process called “browning” of WAT 

[504]. They present increased mitochondrial biogenesis and activity, and they 

express UCP1. Thus, these cells start consuming energy, after environmental 

stimulation, that is stored in the nearby WAT by inducing lipolysis [484]. Since 

beige adipocytes were described to be able to acquire a brown phenotype, they 

have launched immense interest as a target for treating metabolic diseases. In 

this light, we conducted the review presented in Chapter 2 to investigate how 

the communication between AT and the vascular network can induce energy 

expenditure in WAT. Since the available pharmacological treatments for obesity 

and its comorbidities are either ineffective or associated with critical side 

effects, the induction of browning in WAT can be a promising approach for 

treatment.  

In Chapter 3, in the second narrative review that was conducted, the angiogenic 

factors that can affect AT and can eventually be used as targets for altering its 

metabolic activity were investigated. A lot of these factors have shown potential 

in the treatment of metabolic disorders[155]. In some cases, though the amount 

of substance that needs to be used for effective response of AT can be 

prohibitive for their use in drug development [505]. Thus, an alternative 

approach for the induction of browning into WAT was explored. The use of 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



140 
 

biodegradable bioscaffolds for transplanting proliferating adipocytes and 

endothelial cells seems to be an auspicious approach for increasing energy 

expenditure in obese individuals.  

As mentioned above, not everyone has BAT that could be activated. It has been 

shown that obese individuals tend to have lower mass of BAT. Thus, the use of 

bioscaffolds can be a good approach to resolve this problem. Combining the 

information from the two reviews, a bioscaffold was tested for its capacity to 

facilitate angiogenic and adipogenic properties in vivo. Consequently, the study 

described in Chapter 4 was conducted, where a natural, biodegradable 

Histogel-based bioscaffold. HistoGel™ was tested. Indeed, it was shown that it 

can foster the migration, invasion, and reorganization of endothelial cells and 

promote blood vessel recruitment, which makes it a great candidate for use in 

increasing energy consumption. 

We may never be able to completely cure metabolic diseases such as cancer. 

There is growing evidence though, that we can prevent and treat a much 

greater proportion of cases than currently happens. In the prevention and early 

prognosis of cancer many factors are being studied either as 

diagnostic/prognostic biomarkers or as pharmacological treatments for the 

disease [506-508]. One of these factors is irisin. Upon its discovery, a lot of 

contradiction has occurred due to the differences of its detected concentrations 

in the circulation. Indeed, the different studies have demonstrated results that 

show huge differences in the concentration of irisin and the size of the detected 

protein. This can be attributed to many different factors. The very small size of 

the protein as well as the fact that it can be found in different forms (monomer 

or dimer) [29]  could be the reason for the various sizes that are being detected 
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in the literature. Considering the physiological amount of irisin in plasma, the 

different commercially available kits can produce quite different results. Thus, 

when comparing physiological to pathological results, it would be wise to refer 

to differences in percentage of irisin concentration or comparing the gold 

standard method for measuring its concentration (mass spectrometry) [509]. 

Irisin is a protein that targets AT and multiple tissues and has been investigated 

for its effect in several types of cancer [406]. As described in the systematic 

review presented in Chapter 5, irisin expression is reduced in cancer patients 

which makes it a good biomarker for diagnosis of the disease. Moreover, it 

seems that it can tackle a few of the hallmarks of cancer and increase sensitivity 

to chemotherapy, which also makes it a promising therapeutic agent. Of course, 

we cannot perceive cancer as one disease. It is a general definition for a series 

of diseases, so we need to be very cautious when we suggest a general 

approach [510]. Irisin though, in our meta-analysis seems to have this 

favourable effect in multiple types of cancer which makes it an excellent 

candidate for future studies. 

To understand how irisin communicates with AT, the experiments described in 

Chapter 6 were performed. Since irisin was initially described to target adipose 

tissue, an experimental in vitro model of AT, NIH-3T3-L1 derived adipocytes, 

was used to test the effect on irisin on it. We showed that irisin can affect 

mitochondrial respiration and lipolysis in a time-dependent manner through the 

regulation of PI3K-AKT pathway. It can also regulate signaling pathways where 

NF-κB, CREB and ERK proteins are involved in. Finally, we show that irisin 

induces the expression of UCP1 in 3T3-L1 adipocytes thus increases the 

energy expenditure of these cells.  
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Our studies are not free of limitations. Metabolic disorders include a wide range 

of pathologies that each needs a separate approach. Moreover, each individual 

needs personalized treatment since metabolic disorders do not occur from a 

singular event, or factor. They can occur due to genetic background, organ, or 

mitochondrial dysfunction [511]. All these are influenced by a plethora of factors 

in the environment such as nutrition, physical activity, lifestyle choices or 

ambient temperature [512]. Thus, following one strategy for their treatment is 

far from reasonable. Therefore, in our review the common ground between 

metabolic diseases was investigated, and this is the dysfunction of AT. The use 

of bioscaffolds for the employment of factors that could increase energy 

expenditure or as a vehicle for delivering specific substances [513] sounds 

promising, but before their use in vivo, their testing in vitro or on laboratory 

animals is crucial. Moreover, we should always make sure of the 

biodegradability of the proposed bioscaffolds [514] before we use them since 

the induction of angiogenesis could gradually lead to opposite results.  

The possible use of irisin in the diagnosis and treatment of cancer is proposed. 

The current literature indeed points to that conclusion, but more studies need 

to be conducted both in vivo and in vitro to understand the mechanisms that 

underlie the function of irisin. Today we are aware that irisin is naturally 

produced in our body after physical exercise, but a lot of information is missing 

about the type of exercise that is required for its expression [410]. We also are 

not aware of the dose of irisin that is required for sufficient response from the 

AT. These are certainly questions that need to be addressed in future research. 

The combined results of the abovementioned studies indicate the critical 

importance of AT in metabolic disorders and how it could be an excellent target 
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for pharmacological interventions. This thesis emphasizes the significance of 

the cross-communication of AT with other tissues and how this crosstalk could 

be employed in the development of drugs and strategies that could be beneficial 

against metabolic diseases. The immense value of angiogenesis in this 

crosstalk is also stressed since it is the delivery system for all the growth factors 

and cytokines that transfer between AT and tissues that target it. Two main 

strategies for future interventions are proposed, which are use of natural 

Histogel-based bioscaffolds and the employment of irisin as a therapeutic 

agent. Probably, the combined use of these two approaches could decipher 

more effective results. Of course, more research is required before we proceed 

to human in vivo experiments but nonetheless these two strategies constitute 

encouraging approaches in the battle against metabolic disorders. 

While conducting the above-mentioned research, there were many times that I 

hesitated in making bold statements about the produced results. I was constantly 

seeking for confirmation in the existing literature to explain my research, which is 

appropriate but not always convenient since results do not always follow the obvious 

path. This, many times has created controversy inside me on how these results could 

and should be interpreted. This also stimulated me to dive into the literature and 

understand how there is always a path to follow to reach into conclusions. Having to 

grow out of my molecular biology background and consider a wider image of science, 

has led me to writing this thesis with confidence, but most of all, to feeding my passion 

to explore new scientific skylines.  
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 Chapter 8 
___________________________________________________________________________ 

Key findings 

1. The crosstalk between AT and angiogenesis holds a crucial role for the 

onset and development of metabolic disorders. 

2. Therapeutic intervention on angiogenesis has great potential as a 

strategy to treat disorders associated with dysfunctional AT like obesity. 

3. Angiogenic factors and the use of natural bioscaffolds for the induction 

energy expenditure in WAT can be alternative approaches for combating 

obesity and other metabolic disorders. 

4. Histogel based scaffolds allow adhesion, migration, and endothelial cell 

reorganization and support the adhesion and the survival of 

undifferentiated and differentiated ADSCs in vitro and in vivo. 

5. Histogel-based bioscaffolds are a safe and promising bioengineering 

approach for improving energy consumption. 

6. Irisin can be used as a valid biomarker for diagnosis of several types of 

cancer. 

7. Irisin can potentially be used in the development of treatment in different 

types of cancer. 

8. Irisin alters cellular respiration in 3T3-L1 adipocytes after physical 

activity. 

9. Irisin regulates the expression of lipogenic genes in 3T3-L1 adipocytes. 
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Viaggiate che sennò poi diventate razzisti 

E finite per credere 

Che la vostra pelle sia l'unica ad aver ragione 

Che la vostra lingua è la più romantica 

E che siete stati i primi ad essere i primi 

Viaggiate che se non viaggiate 

Poi non vi si fortificano i pensieri 

Non vi riempite di idee 

Vi nascono i sogni con le gambe fragili 

E poi finite per credere alle televisioni 

E a quelli che inventano nemici 

Che calzano a pennello con i vostri incubi 

Per farvi vivere di terrore, senza più saluti 

Né grazie né prego né si figuri 

Viaggiate che viaggiare insegna a dare il buongiorno 
a tutti 

A prescindere da quale sole proveniamo 

Viaggiate che viaggiare insegna a dare la buonanotte 
a tutti 

A prescindere dalle tenebre che ci portiamo dentro 

Viaggiate che viaggiare insegna a resistere, a non 
dipendere 

Ad accettare gli altri non solo per quello che sono 

Ma anche per quello che non potranno mai essere 

A conoscere di cosa siamo capaci 

A sentirsi parte di una famiglia 

Oltre frontiere, oltre confini 

Oltre tradizioni e cultura 

Viaggiare insegna a essere oltre 

Viaggiate che sennò poi finite per credere 

Che siete fatti solo per un panorama 

E invece dentro di voi 

Esistono paesaggi meravigliosi 

Ancora da visitare 

 

 

 

Travel, otherwise, you will become racist 

And you end up believing 

that your skin is the only one that's right. 

That your language is the most romantic 

And that you were the first to be the first. 

Travel, that if you don't travel 

Then your thoughts won’t be strengthened 

won't get filled with ideas 

Your dreams will be born with fragile legs  

And then you will end up believing in tv-shows 

and to those who invent enemies 

That fit perfectly with your nightmares 

To make you live in terror, with no more 
acknowledgement 

neither gratitude nor pray nor imagination 

Travel, that traveling teaches to say good morning to 
everyone 

Regardless of which sun we come from 

Travel, traveling teaches everyone to say goodnight 

Regardless of the darkness we carry inside 

Travel that traveling teaches you to resist, not to 
depend 

To accept others not just for who they are 

But also, for what they can never be 

To know what we are capable of 

To feel part of a family 

Beyond borders, beyond confinements  

Beyond traditions and culture 

Traveling teaches us to be beyond 

Travel that otherwise you end up believing 

That you are made only for one view 

And instead, inside of you 

There are wonderful landscapes 

Still to visit 

 

Gio Evan
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Supplement (Chapter 4) 
___________________________________________________________________________ 

 

 

 

(a)Commercial low, high molecular weight HA was electrophoretically analyzed 

on agarose gel and stained with Stains-All solution. p.a. means pre-autoclaved. 

Three different standard molecules (2 × 103, 1.1 × 103, 300 kDa) were used as 

markers of molecular weight (MK). (b) HUVEC spheroids embedded in collagen 

gel were stimulated with commercial HA. The formation of radially growing 

sprouts was evaluated after 24 h of incubation. Data are the mean ± SEM of 
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three independent experiments (** p < 0.001, one-way ANOVA followed by 

Bonferroni’s test versus the control). 

 

 

 

 

Confluent ADSCs were differentiated in different conditions, i.e., DMEM 10% 

FCS, AdipoDiff (Milteny Biotech), DMEM complemented with 10% FCS and 3.3 

nM of BMP7, DMEM 10% complemented with 20 nM insulin (Sigma), 5 µM 

dexamethasone (Sigma), 125 µM indomethacin (Sigma), 1 nM triiodothyronine 

(T3), and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) in the absence or in the 

presence of 3.3 nM of hBMP7 for 15 days. Expression of adipose markers was 

analyzed by RT-PCR. ADSC derived beige cells were analyzed on Day 15 of 

differentiation. PPARγ, AdipoR, Prdm16, UCP-1, and Pdk4 mRNA expression 

levels were measured by RT-qPCR analysis. Data are the mean ± SEM (n = 5) 

and are expressed as relative expression ratios (ΔΔCt – fold increase). 
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Supplement 1 (Chapter 5) 
___________________________________________________________________________ 

Implication of irisin in different types of cancer: A Systematic Review and 

Meta-analysis. 

 

1. Materials and Methods  

1.1. Searching algorithm used in PubMed  

The following algorithm was applied to PubMed, EMBASE, and Cochrane 

library modified accordingly for each database: 

Search ((((irisin[Title/Abstract]) OR fndc5/irisin[Title/Abstract]) OR fibronectin 

type III domain containing 5/irisin[Title/Abstract])) AND 

(((((((((((cancer[Title/Abstract]) OR tumor[Title/Abstract]) OR 

tumour[Title/Abstract]) OR tumor growth[Title/Abstract]) OR tumour 

growth[Title/Abstract]) OR tumor progression[Title/Abstract]) OR tumour 

progression[Title/Abstract]) OR cancer cachexia[Title/Abstract]) OR 

metastasis[Title/Abstract]) OR malignant growth[Title/Abstract]) OR 

malignancy[Title/Abstract]) Sort by: Best Match 
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1.2. Participants in in vivo studies 

Table S1 Number of participants that were assessed in the systematic 
review  
 

Author and year  Healthy Diseased Total 

Altay et al 2016 [439] 12 48 60 

Altay et al 2018 [425] 25 23 48 

Aslan et al 2020 [426] 30 50 80 

Castro G et al, 2020 [429] - 94 94 

Cheng et al., 2020 [427] 30 30 60 

Coletta et al., 2021 [428] 33 - 33 

Gaggini et al 2017 [412] 18 18 36 

Esawy et al 2020 [430] 75 75 150 

Kim H. et al., 2019[515] - 138 138 

Provatopoulou X et al [435] 51 101 152 

Pazgan-Simon et al [434] 20 69 89 

Panagiotou et al 2016 [433] 80 16 96 

Sadim M.et al., 2017 [436] - 393 393 

Shi G. et al. [417] 20 20 40 

Zhu et al. 2018 [442] 40 42 82 

Zhang J et al. 2019 [440] 102 117 219 

Zhang Z. et. al, 2018 [441] - 148 148 

Zybek-Kocik et al.[443] 12 23 55 

Shahidi et al.[437] 29 22 51 

Ugur et al 2019 [438] 20 140 160 

Nowinska et al [432] 240 729 969 

Total 837 2296 3133 
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2. Results 

2.1. Risk of Bias Assessment  

Table S2. Office for Human and Animal Studies (OHAT) tool. Risk of bias Assessment. 
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Table S3. Office for Human and Animal Studies (OHAT) modified tool for in vitro studies. Risk of bias 
Assessment. 
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2015           

30 

Huang C.W. 
et al, 2020           

30 

Kong G. et. 
Al, 2017           

29 

Liu J et al 
2019 
 

          

29 

Liu J. et. al, 
2018           

28 

Moon et. al, 
2014           

30 

Nowinska K. 
et al, 2019           

30 

Shi G. et. al, 
2017           

28 

Tekin S. et 
al, 2015           

26 

Zhang D et 
al., 2019           

30 

Shao L. et. 
al, 2017           

29 
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2.2.  Data extraction 

The data that were extracted from the eligible publications have been 

divided in three tables: in vivo studies that have assessed irisin protein 

levels in blood samples, in vivo studies that assessed irisin protein levels on 

tissues, and in vitro studies. 

Table S4. Data extraction table. In vivo studies that assessed serum irisin levels in blood samples. 
 

Author and year  Type of cancer Assay/ Antibody General Conclusion 

Altay et al 2016 [439] gastric cancer ELISA kit/ 
Sunred Biological 
Technology Co., 
Shanghai 

Factors released from gastric tumor 
tissue activate a number of signaling 
pathways, stimulating FNDC5 and its 
coactivator PGC1-a in white and 
brown adipose tissue, and thus an 
increase in irisin in the circulation. No 
indication of how irisin is increased in 
the circulation though. 

Altay et al 2018 [425] renal cancer ELISA kit/ 
Sunred Biological 
Technology Co., 
Shanghai 

Increased irisin serum protein 
expression in renal cancer group. 
Increased irisin in the circulation leads 
to weight loss of mice with 
experimentally induced gastric cancer. 

Aslan et al 2020 
[426] 

prostate cancer ELISA kit/YL biont 
biotech Co. 
Shanghai 

Decreased serum protein 
concentration of irisin in prostate 
cancer patients. Irisin can potentially 
be used as a biomarker for prostate 
cancer. 

Castro G et al, 2020 
[429] 

Cancer 
associated 
cachexia 

Myokine 
quantification kit/ 
HMYOMAG-56 K, 
Merck-Millipore, St. 
Charles, MO, USA 

Different myokine content in skeletal 
muscle, plasma, and tumor from 
patients with cancer-associated 
cachexia may have a role in tumor 
evasion, inflammation, and tissue 
remodeling. These changes may be 
implicated in the decreased 
capacity for skeletal muscle 
regeneration, increased muscle 
breakdown and tumor aggressiveness 
associated with cachexia 

Cheng et al., 2020 
[427] 

osteosarcoma 
(bone cancer) 

ELISA kit/ Adipogen 
AG, Liestal, 
Switzerland 

Decreased serum protein 
concentration of irisin in osteosarcoma 
patients.Irisin/FNDC5 and miR-214-3p 
might be used for the treatment of 
osteosarcoma patients in the future. 

Coletta et al., 2021 
[428] 

breast cancer Luminex® 
Human Myokine 
Magnetic Bead Panel 
/ HMYOMAG-56 K, 
Millipore Corporation, 
Billerica MA 

Reduction of resting levels of irisin 
after moderate-intensity continuous-
training. Exercise intensity does not 
impact the myokines levels in 
overweight postmenopausal women 
with increased risk for breast cancer. 

Gaggini et al 2017 
[412] 

hepatocellular 
carcinoma 

ELISA kit/ Adipogen 
AG, Liestal, 
Switzerland 

No change in irisin protein level. 
Increased mRNA expression in HCC 
patients. Irisin could be used a s a 
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future therapeutic agent for treatment 
of carcinogenesis. 

Esawy et al 2020 
[430] 

bladder cancer ELISA kits/ 
BioVendor 
Laboratory Medicine, 
Brno, Czech 
Republic 

Decreased serum irisin levels in 
cancer patients. Serum irisin can be a 
good biomarker for prognosis and 
diagnosis of bladder cancer 

Kim H. et al., 
2019[515] 

Metastatic solid 
tumors 

Luminex multiplex 
assay / Human 
Myokine magnetic 
bead panel kit, Merck 
Millipore 

Irisin does not predict overall survival 
for patients with metastatic solid 
tumors. 

Provatopoulou X et 
al [435] 

breast cancer ELISA kit/ AdipoGen 
International, Liestal, 
SW 

Decreased serum levels of irisin breast 
cancer patients. Irisin is implicated in 
breast cancer development and can 
potentially serve as biomarker for the 
presence of the disease. 

Pazgan-Simon et al 
[434] 

hepatocellular 
carcinoma 

Elisa Kit / BioVendor-
Laboratorni Medicina 

Decreased serum levels of irisin in 
HCC patients. Lower irisin levels favor 
faster fibrosis progression and 
facilitate cancer progression. No clear 
effect of irisin on carcinogenesis 

Panagiotou et al 
2016 [433] 

thyroid cancer ELISA kit/ Phoenix 
Pharmaceuticals, 
Burlingame, CA 

Decreased serum irisin levels in 
patients. subclinical or interventional 
changes of thyroid state do not affect 
the levels of irisin in humans 

Sadim M.et al., 2017 
[436] 

breast cancer Radio-immunoassay 
kit /Phoenix 
Pharmaceuticals, 
Burlingame,Calif) 

Irisin/ FNDC-5 SNP, rs726344 was 
significantly associated with weight 
change at 18 months in univariate 
analysis. 

Shi G. et al. [417] hepatocellular 
carcinoma 

ELISA kit/ USCN Life 
Science, 
Wuhan, China 

Serum irisin level unaltered in healthy 
and diseased participants. Irisin mRNA 
expression increased in patients, may 
have protective roles in liver cancer 
cells through activation of the 
PI3K/AKT pathway, which may induce 
liver cancer progression and 
decreased sensitivity to chemotherapy. 

Zhu et al. 2018 [442] colorectal cancer ELISA kit/ USCN Life 
Science, 
Wuhan, China 

Individuals with high ATF3 and low 
irisin levels were more likely to have 
CRC. Irisin may represent diagnostic 
biomarkers for CRC patients together 
with ATF3. 

Zhang J et al. 2019 
[440] 

hepatocellular 
carcinoma 

ELISA kit/ USCN Life 
Science, 
Wuhan, China 

Decreased Irisin serum level in 
patients. Irisin may be a novel serum 
biomarker in the diagnosis of HCC and 
a predictor of complications after 
hepatectomy. 

Zhang Z. et. al, 2018 
[441] 

breast cancer to 
spinal metastasis 

ELISA kit/ Aviscera 
Biosciences, Santa 
Clara, CA 

The serum irisin was higher in patients 
without spinal metastasis. Higher 
serum irisin can be a protective factor 
of spinal metastasis in patients with 
breast cancer. 

Zybek-Kocik et 
al.[443] 

thyroid cancer ELISA kit/ Phoenix 
Pharmaceuticals, 
Burlingame, CA 

Irisin concentration changes are 
associated with prolonged 
hypothyroidism and might primarily 
be the result of prolonged myopathy. 

Shahidi et al.[437] gastric cancer ELISA kit/ Bioassay 
Technology 
Laboratory, China 

Decreased irisin serum level could be 
a prognostic factor for gastric cancers 
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Table S5. Data extraction table. In vivo studies that assessed irisin protein levels on various 
tissues. 
 

Author and year Type of cancer Antibody General Conclusion 

Aydin et al 2016 
[424]  

Hepatocellular 
carcinoma, brain cancer, 
colon cancer, stomach 
cancer, esophageal 
cancer, pancreatic 
cancer 

anti-irisin, Phoenix 
Pharmaceuticals, 
Inc., Burlingame, 
CA 

Increased irisin immunoreactivity 
on tissues of gastrointestinal 
system cancers but not on liver 
cancer. Additional investigation 
required for the use of irisin 
treatment of cancer by induction of 
hyperthermia. 

Kuloglu et al 2016 
[414] 

Breast cancer, ovarian 
cancer 

Not reported Increased immunoreactivity of 
irisin in breast and ovarian 
cancers. Accordingly, irisin 
may regulate the thermal activity 
inside breast and ovarian tumors 
and then prohibit the proliferation 
of cancer cells. 

Kuloglu et al 2019 
[413] 

Renal cancers anti-irisin, Phoenix 
Pharmaceuticals, 
Inc., Burlingame, 
CA 

Decreased irisin expression was 
detected in chromophobe RCC, 
while strong immunostaining was 
detected in oncocytomas. Irisin 
immunoreactivity may be a useful 
test for differentiating benign 
lesions from renal cancer. 

Ugur et al 2019 [438] Thyroid cancer anti-irisin, Phoenix 
Pharmaceuticals, 
Inc., Burlingame, 
CA 

Irisin immunoreactivity can 
be used as a biomarker for 
differentiating oncocytic variants of 
thyroid carcinomas from other 
types of thyroid cancer. Irisin is 
involved in carcinogenesis in the 
thyroid gland. 

Nowinska et al [432] Lung cancer anti-irisin/FNDC5; 
Novus 
Biologicals, 
Littleton, CO, USA 

Irisin was expressed in NSCLC 
tumors. Significant difference in 
the levels of irisin expression in 
cancer cells of SCC compared to 
the AC subtype. Expression of 
irisin in stromal fibroblasts may be 
associated with an increased 
proliferation of cancer cells and 
may also be an independent 
prognostic factor for survival in 
patients with NSCLC. 
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Table S6. Data extraction table. In vitro studies. 
 

Author and year Type of cancer/  
cell lines 

Type of irisin General conclusions 

Fan G. et al. 2020 
[516] 

 

Lung cancer/ A549, 
H358, H1299, 
H1650 HBE and 
BEAS-2  

Human recombinant irisin, 
non-modified, Sigma-
Aldrich (St. Louis, MO, 
USA). 

Lower irisin expression in 
cancer cell lines. Irisin inhibits 
cell proliferation in cancer cell 
lines. Irisin a promising 
therapeutic agent for lung 
cancer. 

Gannon_et_al-
2015 [445] 

 

Breast 
cancer/MCF-10a, 
MCF-7, MDA-MB-
231  

Human 
recombinant non-modified 
irisin (INM), Cayman 
Chemical 
(Ann Arbor, MI) 

Irisin may allow for reduced 
doses of common antineoplastic 
agents (Increased tumor 
sensitivity) thereby improving 
patient tolerance and prognosis. 
Irisin may be a future 
therapeutic agent. 

Huang C.W. et al. 
2020 [446] 

 

Glioblastoma/ U-87 
MG, T98G, LN-18 
and 3T3-L1 cell line 

radioactive 68Ga-DOTA-
irisin (no further info) 

Consistent irisin administration 
can effectively inhibit cell 
proliferation, reduce protease 
secretion, 
impede cell invasion and restrict 
tumor growth. Irisin may be 
useful as a prognostic 
biomarker. 

Kong G. et. al 2017 
[415]  

 

Osteosarcoma/ 
U2OS and MG-63 

Irisin (modified) Phoenix 
Pharmaceuticals 
(Burlingame, CA, 
USA) 

Irisin suppressed the migration 
and invasion of osteosarcoma 
Cells reversed the EMT induced 
by IL-6 in osteosarcoma cells. It 
has an inhibitory role in IL-6-
induced EMT modulated via the 
STAT3/Snail pathway. 
Irisin is a promising agent in 
osteosarcoma treatment. 

Liu J et al 2019 
[447] 

 

Pancreatic cancer/ 
MIA PaCa-2, BxPC-
3, and H9c2 

Non modified irisin by 
Sangon Biotech 
(Shanghai, China) 

Irisin increases the 
chemosensitivity of PC cells to 
DOX or GEM and enhance 
DOX-induced apoptosis in PC 
cancer cells through 
upregulation of PARP and 
caspase-3 and downregulation 
Bcl-2, BCL-xL, and 
PI3K/AKT/NF-kB signaling 
pathway. irisin could be used as 
an adjunctive agent combined 
with chemotherapy for the 
treating PC cells. 

Liu J. et. al, 2018 
[416] 

 

Pancreatic cancer/ 
MIA PaCa-2 and 
Panc03.27 

Anti-Irisin (Human, Rat, 
Mouse, Canine specific) 
antibody, 
Phoenix Pharmaceuticals 
(CA, USA). 

Irisin inhibits migration and 
invasion of PC cells via 
inhibition of epithelial-to-
mesenchymal 

transition pathway. Irisin 

activates the AMPK-mTOR 
signaling pathway, which may 
play a critical role in irisin-
induced inhibition of pancreatic 
cancer cell growth. 
Irisin may be employed as a 
therapeutic candidate for the 

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



197 
 

treatment of pancreatic cancer 
in clinical practices. 

Moon et. al, 2014 
[448] 

 

Endometrial, colon, 
thyroid and 
esophageal cancer/ 
KLE and RL95-2, 
HT29, MCA38, 
SW579, BHP7, 
OE13 and OE33 

Human recombinant irisin 
made by Aviscera 
Bioscience 
(Santa Clara, CA) by 
Phoenix Pharmaceuticals 
(Burlingame, CA). 

Irisin, in physiological and high 
physiological/ 
pharmacological concentrations, 
has no in vitro effect on cell 
proliferation and malignant 
potential of obesity-related 
cancer cell lines. 

Nowinska K et al 
2019 [432] 

 

Lung cancer/ NCI-
H1703 (SCC) and 
NCI-H522 (AC) 

polyclonal rabbit anti-
irisin/FNDC5, (Novus 
Biologicals, Littleton, CO, 
USA) 

Irisin expression in stromal 
fibroblasts may influence cancer 
cell proliferation and may be a 
prognostic factor for survival in 
Lung cancer. 

Shi G. et. al, 2017 
[417] 

 

Hepatocellular 
carcinoma/ 
SMMC7721 cells 

human recombinant 
modified (glycosylated) 
irisin (IM) from PlexBio 
(San Francisco, CA, USA) 
and human 
recombinant nonmodified 
irisin (INM; Cayman 
Chemical, Ann Arbor, 
MI, USA) 

Increased irisin 
levels may have protective roles 
in liver cancer cells through 
partial activation of the 
PI3K/AKT pathway, which may 
facilitate liver cancer 
progression and decrease the 
sensitivity to chemotherapy. 

Tekin S. et al, 2015 
[517] 

 

Prostate cancer/ 
LNCaP, DU-145, 
PC3 

Irisin (modified) Phoenix 
Pharmaceuticals 
(Burlingame, CA, 
USA) 

Our study results exerted that 
treatment with the physiological 
and pharmacological 
concentrations of irisin 
decreased cell viability in 
androgen receptor positive and 
negative prostate cancer cell 
lines in a dose dependent 
manner. Cytotoxic effects of 
irisin emerge via an androgen 
receptor independent 
mechanism. 

Zhang D et al., 
2019 [450] 

 

Pancreatic cancer/ 
PANC-1 and BxPC-
3 

Irisin human recombinant 
(modified), 
(Cayman Chemicals, MI, 
USA) 

Irisin could inhibit cell 
proliferation and induce the 
apoptosis of pancreatic cancer 
cells. In addition, irisin was able 
to downregulate the activation of 
the PI3K/AKT signaling pathway 
in pancreatic cancer cells. Irisin 
could be used as a therapeutic 
agent for pancreatic cancer. 

Shao L. et. al, 2017 
[449] 

 

Lung cancer/ A549 
cells and NCIH446 
cells 

Not reported Irisin inhibits EMT and reduces 
the invasion of lung cancer cells 
via mediating the 
PI3K/AKT/Snail signaling 
pathway. The migration and 
invasive ability of lung cancer 
cells may be controlled by irisin, 
by inhibiting the PI3K/AKT/Snail 
signaling pathway and EMT. 
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2.4. Metanalyses results 

 

Figure S1. Standardized mean differences between serum irisin level in 

healthy and diseased participants 
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Figure S2. Standardized mean differences between irisin protein level on 

healthy and diseased tissues. 

 

 

  

Institutional Repository - Library & Information Centre - University of Thessaly
17/07/2024 16:33:04 EEST - 3.137.186.117



200 
 

Figure S3. Standardized mean differences between treated and untreated 

cells with low dose of irisin after 12, 24 and 48 hours 
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Figure S4. Standardized mean differences between treated and untreated 

cells with physiological dose of irisin after 12, 24,48 and 72 hours 
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Figure S5. Standardized mean differences between treated and untreated 

cells with pharmacological dose of irisin after 24, 48 and 72 hours 
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Supplement 2 (Chapter 5) 
___________________________________________________________________________ 

Implication of irisin in different types of cancer: A Systematic Review and 

Meta-analysis. 
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Supplement (Chapter 6) 
___________________________________________________________________________ 

Irisin regulates thermogenesis and browning in 3T3-L1 

adipocytes. 

 

Find below the supplementary figures that correspond to the main text. 

 

Figure S1. UCP1 expression in undifferentiated, differentiated 3T3-L1 

preadipocytes and treated for 2-h and 4-h with 20nM of human recombinant 

irisin. 50μg of protein was used to determine protein expression (A). UCP1 

relative expression at the same timepoints (B). AU= arbitrary unit. 
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Figure S2. Irisin concentration was not affected throughout the assays. 

A) Western Blot of irisin and B) Quantification of irisin concentration at different 

time points in 24-h.  
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