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ABSTRACT 
 

Introduction: White adipose tissue (WAT) stores excess energy as triglycerides, while 

brown adipose tissue (BAT) dissipates energy through heat, acting as a defence against cold 

and obesity and as a positive regulator of metabolic functions. BAT thermogenic functions 

are mainly induced by mitochondrial uncoupling protein-1 (UCP-1), which induces uptake 

of lipids and glucose to sustain oxidation and thermogenesis in both brown and beige 

adipocytes. The ghrelin gene-derived peptides, acylated ghrelin (AG), unacylated ghrelin 

(UAG) and obestatin (Obe), are key regulators of energy homeostasis, as well as glucose 

and lipid metabolism. In vivo studies suggest that AG, via the growth hormone (GH) 

secretagogue receptor type 1a (GHSR-1a), exerts inhibitory effects on UCP-1 mRNA 

expression and noradrenaline release in BAT; moreover, ablation of GHSR-1a in mice 

increased BAT thermogenic functions. However, the role of the ghrelin peptides in adipose 

browning and BAT function is yet unknown. Thus, we aimed to assess the role of AG, UAG 

and Obe in promoting adipocyte browning. Methods: 3T3-L1 murine preadipocytes were 

differentiated into white adipocytes for 7 days and, to induce browning, the cells were further 

incubated for 72 h with 0.5 μM rosiglitazone and 1 μM insulin (transdifferentiation medium). 

Mature adipocytes isolated from subcutaneous (SC) and omental (OM) adipose tissue were 

placed into culture with DMEM/F12 containing FBS 1% and insulin 17 nM and incubated 

at 37 °C for 24 h. To assess the effects of ghrelin gene peptides on browning of adipocytes, 

the cells were treated with AG, UAG and Obe (500 nM) during transdifferentiation and then 

we evaluated the mRNA expression of BAT-specific genes and lipolytic/lipogenic genes (by 

real-time PCR), as well as proteins by Western blot analysis, and lipid droplets accumulation 

by Oil-Red O staining. Lipolysis was also studied by ELISA and regulation of mitochondrial 

fatty acid uptake and oxidation by real time PCR. Results: UAG and Obe, but not AG, 

increased the mRNA levels of BAT genes (Ucp-1, Pgc-1α, Prdm16, Cd137 and Dio2) and 
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proteins (UCP1, PGC-1α and PRDM16). Furthermore, UAG and Obe increased the 

expression of lipolytic genes (Cpt-1a and Sirt1), while reducing the lipogenic gene C/ebp in 

3T3-L1 and human adipocytes. Moreover, in 3T3-L1 UAG and Obe increased the number 

of small lipid droplets, characteristics of brown adipocytes, induced the expression of 

lipolytic enzymes and increased the isoproterenol-induced glycerol release, suggesting a role 

of this peptides in mitochondrial activity and fatty acids oxidation. Finally, both UAG and 

Obe, but not AG, promoted the mRNA expression of the main browning genes in human SC 

and OM adipose tissue. Conclusions: Our findings indicate that UAG and Obe, but not AG, 

promote browning of adipocytes and suggest that these peptides could represent novel 

potential therapeutic candidates for the treatment of obesity and metabolic diseases. 
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INTRODUCTION 
 

 

1. ADIPOSE TISSUE 
 

In a world struggling with a pandemic of obesity, there is a constant need to seek for new 

therapeutic strategies for its treatment. The pathogenesis of simple obesity assumes an 

imbalance between the energy intake and expenditure that leads to the accumulation of 

energy surplus in the form of adipose tissue (AT). Therefore, the available methods for 

obesity treatment are based on either reducing calorie intake (diets, pharmacological 

approaches, bariatric surgery) or increasing energy expenditure (physical activity). AT is 

comprised of different cells located in the intercellular matrix. These cells include 

adipocytes, preadipocytes, adipose stem cells (ASCs), fibroblasts as well as endothelial, 

nerve and immune cells whose interactions are fundamental for AT homeostasis [1], [2], [3]. 

AT is composed mainly by adipocytes, which are predominantly white adipocytes in the 

white adipose tissue (WAT), and brown adipocytes in the brown adipose tissue (BAT). 

Consequently, WAT and BAT have different structures and biological roles. White 

adipocytes have a single large lipid droplet occupying most of the cell volume with few 

mitochondria, dislocating the nucleus peripherally. Brown adipocytes are polygonal cells 

containing several small lipid droplets (therefore, called multilocular adipose tissue), with a 

central nucleus surrounded by a clear cytoplasm and large amounts of mitochondria [4]. 

Also, WAT and BAT have different origins and progenitor cells, and many adipogenesis 

mediators [5]. WAT is found throughout the body, being divided into visceral (around organs 

– mesenteric, perigonadal, omental) and SC (under the skin – inguinal) depots. BAT is found 

in specific regions that comprises interscapular, subscapular, axillary, perirenal and 

periaortic regions in rodents, and cervical, supraclavicular, paravertebral, mediastinal and 

perirenal regions in humans [6]. WAT represents the main energy reservoir of the body, 
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while BAT is characterized by energy dissipation through thermogenesis. Both WAT and 

BAT function as endocrine tissues, signaling to other organs through adipokines (WAT) and 

batokines (BAT) [7], [8]. Brite adipocytes were reported as a new type of adipocytes set in 

WAT but resembling to brown adipocytes phenotype. In the basal state, brite adipocytes act 

as white adipocytes, but under the adequate stimulus they might transform into brown-like 

adipocytes [9]. Recent studies have indicated that human BAT is a brite adipocyte that was 

originally white, but, under stimulation acquired a brown-like phenotype [10]. Thus, human 

white adipocytes can be converted into brite adipocytes with beneficial metabolic 

consequences [11]. In newborns, nonshivering thermogenesis in brown adipose tissue (BAT) 

plays a significant role in maintaining body temperature, while in older individuals this 

mechanism seems to be less pronounced since BAT was thought to fade with age. However, 

the development of modern imaging techniques such as positron emission tomography 

(PET) has enabled the location of BAT deposits in various areas of the adult body. It has 

also been found that brown adipocyte-like cells can be dispersed in WAT. Moreover, the 

amount of BAT positively correlates with the energy expenditure, and in obese subjects is 

significantly lower than in slim individuals. Therefore, strategies aimed at induction and/or 

activation of BAT could be potentially useful in the treatment of obesity [12]
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Figure 1: Adipocytes (Bargut et al.: Browning in experimental models, 2017). 

 

 

1.1 Browning of adipocytes and underlying mechanisms 
 

BAT has become central in obesity research because of adaptive thermogenesis, the 

process of regulated heat production that is mediated by the catabolism of energy 

substrates without the release of chemical energy from the breakdown of adenosine 

triphosphate. This process is piloted by UCP1, a transmembrane protein located in the 

mitochondrial membrane in brown adipocytes; it participates in adaptive thermogenesis 

by uncoupling the production of adenosine triphosphate from the catabolic pathways of 

lipids and carbohydrates [13]. The energy produced is released by brown adipocytes in 

form of heat that diffuses in the body, thanks to the rich vascularization of BAT. UCP1 
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is exclusively expressed in BAT and an increase in BAT mass in obese patients may 

improve energy dissipation. A possible way to increase the expression of UCP1 in AT is 

the conversion of white (pre)adipocytes into brown-like fat cells, known as browning of 

WAT[14]. The browning of white adipose tissue is mainly driven by sympathetic 

stimulation and by the interaction of norepinephrine (NE) with β3-adrenergic receptors 

(β3-ARs) present on the plasma membrane of white adipocytes. This interaction triggers 

a signal transduction cascade leading to the overexpression of uncoupling protein 1 

(UCP1) and other thermogenic proteins [13]. 

 

 

 

Figure 2: Browning of adipose tissue is an adaptive and reversible response to environmental 

challenges 
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1.2 Endogenous browning factors 
 

As previously mentioned, UCP1 expression is under adrenergic control: the activation 

of β3-ARs by NE triggers a signal transduction cascade that involves a number of 

enzymes and transcription factors that, either directly or indirectly, affect the expression 

level of UCP1 [15]. The interaction of NE with β3-ARs causes the activation of a linked 

stimulatory G protein (Gs) that, in turn, activates the membrane enzyme adenylyl cyclase 

(AC). AC stimulates the production of cyclic adenosine monophosphate (cAMP), which 

is the necessary activator of protein kinase A (PKA). The PKA-dependent transduction 

pathways that lead to the overexpression of UCP1 are p38 mitogen-activated protein 

kinase (MAPK), which stimulates the expression of the PPARγ coactivator-1α (PGC-

1α) and the activating transcription factor 2, that are directly involved in the 

overexpression of UCP1; cAMP response element binding protein, which directly binds 

on UCP1 promoter in a p38 MAPK independent manner [15], [16]. The MAPK 

signalling pathway is linked to phosphorylation of a set of important transcription 

factors, including cAMP-response element binding protein (CREB), which controls 

expression of type 2 iodothyronine deiodinase (DIO2) [15], [17]. DIO2, in turn, converts 

inactive tetraiodothyronine (T4) to triiodothyronine (T3) in brown adipose tissue and 

thereby increases the activation of thyroid hormone receptors as well as UCP1 

expression. The MAPK pathway also phosphorylates cAMP-dependent transcription 

factor ATF-2, which in turn initiates transcription of Ucp1 and Ppargc1a (encoding the 

PPARγ cofactor PGC-1α) [18]. Surprisingly, primary white adipocytes isolated from 

inguinal and epididymal fat depots, but not primary brown adipocytes, increase Ucp1 

and Ppargc1a mRNA levels in vitro at temperatures below 37 °C, independently of the 

CREB pathway [19]. This phenomenon was also observed in cold-exposed mice that 

lack all three β-adrenergic receptor types, which suggests that a certain proportion of the 
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thermogenesis that occurs in WAT could result from a novel, as yet undefined 

mechanism [19].  

 

1.3          Regulation mediated by the PGC-1α–PPAR complex 
 

PGC-1α is differentially expressed in BAT and skeletal muscle upon cold exposure [20], 

and is probably considered the most important regulatory protein in thermogenesis. 

PGC-1α activated the expression of UCP1 and other key mitochondrial enzymes of the 

respiratory chain, such as Cox4, increasing mitochondrial biogenesis [20]. PGC-1α binds 

to complexes of PPARα or PPARγ and retinoid X receptor (RXR), which both activate 

UCP1 expression by binding to a PPAR response element in the UCP1 promoter. Thus, 

treating adipocytes with PPARα, PPARγ or RXR agonists results in increased 

transcription of UCP1 [21], [22]. Importantly, activation of UCP1 expression via PPAR 

response elements in its promoter involves a positive feedback loop, resulting from the 

induction of Ppargc1a [23]. This mechanism might also be fine-tuned by direct negative 

regulators of PGC-1α, such as twist basic helix-loop-helix transcription factor 1, which 

is co-induced by PPARδ [23]. 

 

1.4 PR domain zinc finger protein 16 (PRDM16) - mediated 

regulation  
 

The activity of the PGC-1α–PPAR complex is modulated by another BAT-specific 

cofactor, PR domain zinc finger protein 16 (PRDM16). This cofactor is highly enriched 

in brown adipocytes compared with white adipocytes and is essential for the 

development of brown adipocytes. In mice, PRDM16 suppresses classic white adipocyte 

genes by interacting with C-terminal-binding proteins, and stimulates the transcription 
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of several proteins involved in thermogenesis in WAT (including PGC-1α, UCP1 and 

DIO2) [24], [25]. When expressed in adipose tissue, PRDM16 contributes to the high 

levels of UCP1 in inguinal WAT [26]. Notably, PRDM16 is also required for the WAT 

remodelling induced by β3-adrenergic signalling [26]. Moreover, chronic rosiglitazone-

mediated activation of PPARγ induces PGC-1α [27] and stabilizes PRDM16 protein, 

which increases browning [28]. 

 

2 THE GHRELIN GENE PEPTIDES 
 

Ghrelin is a 28-amino acid acylated peptide identified by Kojima et. al in 1999 in rat 

stomach as endogenous ligand for growth-hormone secretagogues-receptor1 a (GHSR-

1a). It is mainly synthesized by the endocrine cells of the oxyntic mucosa of the stomach 

and largely found in other tissues like intestine, pituitary and hypothalamus [29]. Ghrelin 

was originally identified as a growth hormone secretagogue, but further studies 

underlined its important role in the regulation of body weight and appetite. Ghrelin 

shows many effects, in particular it regulates gastric acid secretion, blood glucose 

control, increase drug and food addiction, promotes renal protection and has various 

effects on cardiovascular system [30]. The clear preprandial rise and postprandial fall in 

plasma ghrelin levels support the hypothesis that ghrelin plays a physiological role in 

meal initiation [31]. The effects of this hormone result from the activation of central, 

vagal and enteric neural receptors as well as receptors on immune cells, underlining 

ghrelin involvement in neuroprotection and in immune function improvement [32]. 

Recently, a new literature shows some involvement of ghrelin genetic variants in several 

neoplastic conditions [33]. GHSR-1a is a G protein-coupled receptor (GPCRs) involved 

in many regulatory effects on physiology and behavior. Stimulation of GHSR-1a by 

acylated ghrelin triggers the phospholipase C (PLC) signal, leading to increase inositol 
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phosphate (IP) turnover and protein kinase C (PKC) activation, resulting in the release 

of calcium from intracellular stores. GHSR-1a activation also inhibits K+ channels, 

allowing the entry of calcium through voltage-gated L- and T-type channels [34]. Human 

ghrelin derives from a 117-residue prepropeptide by post-translational cleavage. It exists 

in two different forms in our body: unacylated ghrelin (UAG) and acylated (AG). 

Acylation on the third serine residue is necessary to activate GHSR-1a, thanks to  ghrelin 

O-acyltransferase (GOAT) enzyme [35]. Surprisingly, AG comprises <10% of the total 

circulating ghrelin but performs most of the central ghrelin functions [36], [37]. Further 

studies on the precursor peptide, searching for putative hormone derived from the same 

prepropeptide, discovered another secreted and bioactive peptide named obestatin. 

Obestatin, a 23-amino acid peptide hormone, was isolated in 2005 by Zhang and 

colleagues from the rat stomach. It is a peptide with a molecular mass of 2516.3 Da and 

its amino-acid sequence is FNAPFDVGIKLSGAQYQQHGRAL [37]. Zhang and 

colleagues compared preproghrelin gene in 11 species and, on the basis of bioinformatic 

prediction, identified that the predicted sequence of obestatin, is 100% identical in rat 

and mice. This is an evidence that this hormone peptide plays key role in metabolic 

process common to all these species and it is preserved through the evolution [38]. 

Noteworthy, and similar to ghrelin, the biological activity of the ghrelin-associated 

peptide obestatin also depends on modification: obestatin requires amidation at its C-

terminal glycine residue to exert its effects [37]. To characterize endogenous obestatin 

effects, Zhang and colleagues synthesized the peptide and performed 

radioimmunoassays on rat-tissue extract with obestatin-specific antibody. They showed 

its function on food intake in adult mice, by intraperitoneal and intracerebroventricular 

injection of obestatin and in association with ghrelin. Treatment with obestatin revealed 

a reduction of body-weight and suppression of emptying activity and jejunal motility, 

antagonized the stimulatory effect of ghrelin in rodent [37]. This initial investigation on 
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food intake gave the hormone its name: the word obestatin is a contraction of obese and 

derives from Latin “obedere”, meaning “to devour” and “statin”, denoting suppression 

[39]. Although obestatin and ghrelin derived from the same gene growth hormone 

secretagogue receptor ligand (GHRL), they showed opposite effects on food intake, body 

weight and metabolic control. Obestatin appears to function as part of a complex gut-

brain network whereby hormones and substances from the stomach and intestines signal 

the brain about satiety or hunger [40]. In contrast to ghrelin, obestatin seems to exert 

orexigenic activity, decreasing food intake and reducing ghrelin stimulatory effect on 

growth hormone (GH) secretion. However, various experimental conditions in vivo 

showed that obestatin itself or in co-administration with ghrelin has no inhibitory effect 

on food intake and body weight gain; this suggested controversial behavior of this 

hormone [41].  

 

2.1 Preproghrelin gene 
 

The human ghrelin gene is located on the chromosome 3p25–26 (Fig.3) and it is 

constituted by five exons and three introns in 141, 258, 367 of a 511bp DNA [30]. The 

5’flanking is 2000 bp region upstream the start codon and contains putative binding sites 

for several transcription factors, such as activator protein 2 (AP2), basic helix–loop–

helix (bHLH), polyomavirus enhancer activator 3 (PEA-3), hepatocyte nuclear factor-5, 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and half sites for 

estrogen and glucocorticoid response elements [42]. Two different transcripts (forms A 

and B) were originated from two distinct transcriptional initiation sites: one at -80 and 

another at -555 relative to the ATG initiation codon. Studies revealed that transcript A is 

the main form of human ghrelin mRNA in vivo, an alternative splicing product from 

exon 2 to exon 4.  
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Figure 3. One ancestor, several peptides post-translational modifications of preproghrelin 

generate several peptides with antithetical effects. (Adapted from Gualillo et al., 2006) 

 

In rodent, pig and human ghrelin genes, complementary DNA analyses revealed a 

truncated splicing variant lacking the codon Gln14(CAG) encodes a des-Gln14-ghrelin 

precursor. Des-Gln14-ghrelin is identical to ghrelin, except for the deletion of Gln14. 

However, human des-Gln14-ghrelin plasma level is low and negligible [38]. Human 

ghrelin mRNA, form A, codes for a 117 amino acid peptide, called preproghrelin. 

Ontogenetic studies on ghrelin gene products underlined the key role of prohormone 

convertase 1/3 (PC 1/3)  processing from preproghrelin to ghrelin and possibly obestatin 

in rat pancreas and stomach [43].  
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2.4 Ghrelin receptor gene 
 

The GHSR is encoded by a conserved single-copy gene (GHSR) located on chromosome 

3 in humans [44], and is composed of two exons, whose alternative splicing can generate 

two mRNA species, named GHSR1a and GHSR1b. GHSR1a mRNA encodes a 366-

amino acid G protein-coupled receptor (GPCR) with seven transmembrane domains 

(TMDs). Conversely, GHSR1b mRNA is formed by retention of the intron between 

exons 1 and 2, which generates a 289-amino acid GPCR isoform with only five TMDs 

and having a dissimilar 24-amino acid sequence at the C-terminal region compared with 

the GHSR1a sequence. To date, the functional activity of truncated GHSR1b remains to 

be fully elucidated [44], while it is well-established that GHSR1a is the receptor 

responsible for transducing the signal of AG and the family of synthetic GH 

secretagogues (GHSs; [45]). In fact, the interaction of GHSR1a and AG is determined 

by the conformational flexibility introduced by ghrelin when it is modified with Ser3 

acylation.  

 

2.3 Additional receptors for ghrelin gene-derived peptides 
 

The family of receptors that mediate the actions of ghrelin gene-derived peptides is yet 

to be fully identified. The presence of specific uncharacterized GHSR(s), different from 

GHSR1a, has been previously suggested in cardiomyocytes, human erythroleikemic 

HEL cells and chondrocytes [44]. Furthermore, the existence of a common receptor that 

mediates the biological effects shared by AG and UAG has also been postulated in breast 

cancer cell lines, cardiomyocytes, human prostatic tumors, and related cell lines [46]. 

Also, the receptor(s) for obestatin are still not determined. This peptide was initially 

reported to bind and activate the orphan G-protein-coupled receptor 39 (GPR39; [37]), 
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this notion is still a matter of debate [47],[48]; more recently, the glucagon-like peptide-

1 receptor (GLP-1R) has been postulated as an alternative receptor for obestatin 

([49][50]). Similarly, the receptor(s) that mediate(s) the biological actions of the recently 

identified splicing variants (In1-ghrelin, Ex3-deleted ghrelin, etc.) is/are still unknown.  

 

2.4 Ghrelin-O-acyl-transferase 
 

Ghrelin Ser3 can be post-translationally modified by GOAT [51][35], an enzyme that 

belongs to the super-family of membrane bound O-acyltransferases (MBOATs; [52]), 

which is also named MBOAT4, located on chromosome 8p12 . GOAT is a polytopic 

integral membrane protein that octanoylates Ser3 of proghrelin in the endoplasmic 

reticulum (ER) lumen after signal peptide cleavage [53]. GOAT enzyme can process a 

range of fatty acids, being the most likely acyl donors for the acyl-coAs, infact GOAT 

has been postulated to be a putative transporter of acyl-coA from the cytosol to the ER 

lumen [35]. GOAT mRNA is expressed in human tissues such as pancreas, intestine, 

skeletal muscle, heart, bone and stomach [54]. Indeed, GOAT protein and mRNA 

transcripts exist in individual ghrelin-containing cells as is the case of gastric mucosal 

oxyntic cells [55]. Moreover, some studies have shown that GOAT mRNA expression 

levels do not exactly correlate with ghrelin expression levels, but they can be compared 

to the expression levels of the In1-ghrelin variant [56]. 

 

2.5 Ghrelin Gene-Derived Peptides and Adipocytes 
 

Expression of the ghrelin gene products, both at the mRNA and protein level, has been 

demonstrated in human and rodent adipocytes [57][58][59]. Similarly, GHSR-1a is 

expressed in adipocytes and in rodent and human adipose tissue [60][61][59], although 
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opposite findings have been also shown [62][47]. AG and UAG also bind to common 

receptor(s) in adipocytes, suggesting the existence of a yet unknown receptor, likely 

different from GHSR-1a [62]. In vivo, both intracerebroventricular and intraperitoneal 

administration of AG in rodents induces adiposity [63][64] and promotes the increase of 

fat storage-promoting enzymes in WAT [65]. Also UAG, like AG, has been shown to 

promote adiposity in vivo and the effects of both peptides were found to be either 

independent of GHSR-1a [66] or of the AG orexigenic effect [22][67]. Interestingly, 

mice overexpressing UAG in adipose tissue showed reduced fat mass and resistance to 

obesity induced by high fat diet; moreover, these mice demonstrated improved insulin 

sensitivity and glucose tolerance, suggesting positive effects of UAG in glucose 

metabolism [68]. Furthermore, in GHSR-1A deleted mice UAG suppressed the 

expression of genes involved in lipid metabolism, particularly those involved in 

lipogenesis, in WAT and muscle, suggesting direct, GHSR-independent action of UAG 

to improve insulin sensitivity and metabolic profile [69]. AG adipogenic action was also 

observed in brown adipose tissue (BAT), where AG either decreased or increased the 

expression of uncoupling protein (UCP) mRNA [65]. Another study failed to 

demonstrate any effect of AG on BAT accumulation, although increased mitogen-

activated protein kinase activity and decreased adiponectin gene expression was 

observed [70]. In rats, both intracerebroventricular and intraperitoneal administration of 

AG reduced noradrenaline release in BAT, suggesting an important role of AG in the 

regulation of energy metabolism by suppression of the sympathetic nervous system 

innervating brown adipocytes [71][72]. AG has been also found to promote leptin 

secretion from rat white adipocytes [73], whereas UAG exhibited opposite effects in 

human adipocytes [58]. GHSR-1a ablation in aging mice was shown to reduce 

glucose/lipid uptake and lipogenesis in WAT and to increase thermogenic capacity in 

BAT, suggesting that GHSR-1a is an important regulator of lipid metabolism during 
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normal aging [74]. In agreement with most in vivo data, different studies have reported 

ghrelin-induced adipocyte differentiation in vitro [60][61][75]. In 3T3-L1 preadipocytes, 

AG promotes cell proliferation and glucose uptake, inhibits apoptosis, activates 

PI3K/Akt and ERK1/2 signaling and induces adipocyte differentiation [75]. Conversely, 

ghrelin overexpression in 3T3-L1 adipocytes and AG administration to these cells was 

also reported to reduce adipocyte differentiation, through increased cell proliferation and 

mitogen-activated protein kinase activity, and inhibition of peroxisome proliferator 

activator receptor-γ (PPAR-γ) [76]. In human adipocytes isolated from subcutaneous 

abdominal fat UAG, but not AG, showed inhibition of lipolysis [58]. Accordingly, recent 

data indicated that UAG improves glucose metabolism and reduces lipolysis in vivo in 

healthy volunteers [77]. Furthermore, AG infusion in humans acutely induced lipolysis 

and insulin resistance independently of GH and cortisol secretion [78]. Recently, 

obestatin effects have been demonstrated in adipocytes, both in vitro and in vivo. These 

studies suggested that obestatin plays a positive role on adipocyte function and glucose 

metabolism [50], [59], [61]. Obestatin stimulates proliferation and inhibits apoptosis in 

3T3-L1 adipocytes, and its antiapoptotic effect involves activation of PI3K/Akt and 

ERK1/2 signaling [49], [61]. Obestatin promotes differentiation of both 3T3-L1and 

human subcutaneous (SC)- and omental (OM)-derived adipocytes and increases 

expression of adipogenic genes [49], [57], [59]. Furthermore, it inhibits lipolysis in 3T3-

L1 cells [49], [59]and human SC and OM adipocytes isolated from both lean and obese 

individuals [49]. Similar inhibitory results were obtained for nonesterified fatty acid 

(NEFA) release in 3T3-L1 cells [61]. Furthermore, in human SC adipocytes, obestatin, 

used in the nanomolar range, increased adiponectin and reduced leptin secretion [49] . 

Moreover, it promoted glucose uptake in both 3T3-L1 [49], [57] and human SC 

adipocytes, as well as translocation of the glucose transporter GLUT4 [50]. Sirtuin 1 

(SIRT1), which has been reported to increase glucose transport and insulin signaling in 
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adipocytes [79], was increased by obestatin and involved in obestatin stimulatory effect 

on glucose uptake, as demonstrated by studies using small interfering RNA (siRNA) 

[50]. Obestatin also increased PI3K/Akt phosphorylation in 3T3-L1 and human SC 

adipocytes, as well as the Akt downstream pathways GSK-3β, mTOR and S6K1. 

Moreover, Akt activation was demonstrated in vivo in WAT of rats infused with 

obestatin [50] [57]. Obestatin also potently increased free fatty acid uptake in 3T3-L1 

adipocytes [61]. Interestingly, obestatin showed binding specificity for both 3T3-L1 and 

human SC preadipocytes and differentiated adipocytes, and its binding was displaced by 

both the GLP-1R agonist exendin-4 (Ex-4) and the antagonist exendin-9 (Ex-9). Notably, 

obestatin binding in 3T3-L1 preadipocytes and adipocytes was prevented by siRNA 

against GLP-1R [50]. In agreement with the previous findings in pancreatic β-cells [49], 

these results suggest specific obestatin interaction with GLP-1R in adipocytes. Obestatin 

secretion in both 3T3-L1 and human SC and OM adipocytes was increased during 

differentiation [50], suggesting that obestatin may be a novel adipokine exerting 

autocrine/paracrine effects, in line with other studies [59].  
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AIM OF THE STUDY 
 

WAT stores excess energy as triglycerides, while BAT dissipates energy through heat, acting 

as defence against cold and obesity and as a positive regulator of metabolic functions. BAT 

activity and browning of WAT are increased by cold exposure, exercise and catecholamines, 

and promote fatty acid oxidation and UCP-1 activity through -adrenergic receptors. The 

ghrelin gene peptides, AG, UAG and Obe, play an important role in regulating energy 

metabolism, lipid metabolism, adipogenesis and energy expenditure. In vivo studies have 

demonstrated that AG, through its binding with the growth hormone (GH) secretagogue 

receptor type 1a (GHSR-1a), exert inhibitory effects on UCP-1 mRNA expression and 

noradrenaline release in BAT. Moreover, ablation of GHSR-1a in mice increased 

thermogenic capacity of BAT by enhancing mitochondrial biogenesis. Despite the evidences 

about the effects of AG on BAT, little is known on the actions of UAG and Obe, that have 

been often shown to antagonize or exert opposite metabolic effects compared to AG. 

However, there are still no data about the role of these peptides in browning of adipocytes. 

Thus, aim of this study was to investigate the effects of AG, UAG and Obe in promoting the 

browning of WAT and the regulation of BAT activity. In particular we studied the effects of 

the ghrelin gene peptides on browning, lipolysis and fatty acids oxidation in 3T3-L1 

preadipocytes transdifferentiated in brite adipocytes. Moreover, we analyzed the browning 

effects of AG, UAG and Obe in human mature adipocytes isolated from subcutaneous (SC) 

and omental (OM) adipose tissue of obese individuals. 
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MATERIALS AND METHODS 
 

3T3-L1 cell culture 

 3T3-L1 murine preadipocytes (ATCC) were maintained in Dulbecco Modified Eagle’s 

Medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS) (Life 

Technologies). Differentiation was induced in confluent cells by replacing DMEM with 

differentiation medium (DM) consisting of 5 μg/ml insulin, 1 μM dexamethasone (Dexa), 

and 0.5 mM IBMX in DMEM with 10% fetal bovine serum (FBS) (Sigma-Aldrich). After 2 

days, cells are switched to maintenance medium consisting of DMEM with 10% FBS and 1 

μg/ml insulin (Sigma-Aldrich), for up to day 7. For differentiation of white adipocytes 3T3-

L1 in brown adipocytes, at day 7 of differentiation, cells were treated with 

transdifferentiation medium (0.5 μM rosiglitazone (Sigma-Aldrich) and 1 μM insulin) for 

72 h with or without Dexamethasone (Sigma-Aldrich). The cells were cultured al 37 °C in a 

5% CO2 humidified atmosphere. 

 

Human individuals 

Subcutaneous (SAT) and omental (OAT) AT explant from obese individuals were obtained 

during bariatric surgery at the Department of Surgical Sciences, University of Turin. SAT 

explants were also obtained from elective plastic surgery of lean adult individuals at the 

Department of Reconstructive and Aesthetic Plastic Surgery, University of Turin. 

 

Isolation of human mature adipocytes 

 Human subcutaneous and omental adipose tissue was washed and minced carefully, 

followed by digestion in DMEM/F12 containing 750 µg/ml Collagenase II, 2% BSA and 15 

mM Hepes at 37°C for 2 h. Undigested tissue is removed by filtration using 100 µm nylon 
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filter. After centrifugation, floating cells are considered mature adipocytes while the pellet 

contains preadipocytes. The floating mature adipocytes were washed three times with PBS 

1X and after centrifugation were put into culture with DMEM/F12 containing FBS 1% and 

Insulin 17 nM and incubate at 37 °C for 24 h with or without AG, UAG or Obe (500 nM). 

 

Oil Red O Staining 

Transdifferentiated 3T3-L1 adipocytes were fixed with 3% paraformaldehyde 

(Thermofisher) for 20 min and washed twice with phosphate buffered saline (PBS) 1X. The 

fixed cells were then stained using oil red O solution (Sigma-Aldrich) for 30 min and washed 

with distilled water. After drying, the fixed cells were imaged under light microscopy at 

20X. 

 

Real-Time PCR 

Total RNA isolation and reverse transcription to cDNA (1 μg RNA) from 3T3-L1 and human 

adipocytes treated with TRIzol reagent (Life Technologies) were performed as described 

previously [80]. cDNAs were treated with DNA-free DNase (Life Technologies) and the 

reaction performed with 50 ng cDNA, 100 nM of each primer and SYBR-green Mastermix 

(Euroclone) using the ABI-Prism 7300 (Applied Biosystems). 18S rRNA was used as 

endogenous control. Relative quantification was performed using the comparative Ct 

(2−ΔΔCt) method. Primers were designed with the Primer 3 Software 

(http://www.primer3.org/). Sequences of primer sets used in this study are listed in Table 1.  

 

 

 

 

http://www.primer3.org/
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Table 1: 

Gene Forward Reverse 

3T3-L1   

Ucp1 5’-GGTTTTGCACCACACTCCTG-3’ 5’-GTACATGGACATCGCACAGC-3’ 

Prdm16 5’ATCCACAGCACGGTGAAGCCAT-3’ 5’-ACATCTGCCCACAGTCCTTGCA-3’ 

Pgc-1α 5’-ATGTGCAGCCAAGACTCTGTA-3’ 5’-CGCTACACCACTCTAACTCAC-3’ 

Tmem26 5’-GATGGCTTTGGACTTGGGTA-3’ 5’- GTCAACGGTCCCGTAAATTG-3’ 

Cd137 5’ -GGTCTGTGCTTAAGACCGGG-3’ 5’-TCTTAATAGCTGGTCCTCCCTC-3’ 

Dio2 5’-GTGTCAACACGCATTTCAT-3’ 5’-GCTCATCTCCTATGACCTACGG-3’ 

Cpt-1α 5’GGCATAAACGCAGAGCATTCCTG-3’ 5’-CAGTGTCCATCCTCTGAGTAGC-3’ 

C/ebp 5’-GCAAAGCCAAGAAGTCGGTGGA-3’ 5’-CCTTCTGTTGCGTCTCCACGTT-3’ 

Atgl 5’-GGAACCAAAGGACCTGATGACC-3’ 5’-ACATCAGGCAGCCACTCCAACA-3’ 

Hsl 5’-GCTCATCTCCTATGACCTACGG-3’ 5’-TCCGTGGATGTGAACAACCAGG-3’ 

Human   

UCP1 5’-AGTTCCTCACCGCAGGGAAAGA-3’ 5’-GTAGCGAGGTTTGATTCCGTGG-3’ 

PRDM16 5’-CAGCCAATCTCACCAGACACCT-3’ 5’-GTGGCACTTGAAAGGCTTCTCC-3’ 

PGC-1a 5’-CCAAAGGATGCGCTCTCGTTCA -3’ 5’-CGGTGTCTGTAGTGGCTTGACT-3’ 

18s 5’-GTGGAGCGATTTGTCTGGTT-3’ 5’-CGCTGAGCCAGTTCAGTGTA-3’ 

 

 

Western blotting 

 3T3-L1 adipocytes were lysed in RIPA buffer (Sigma-Aldrich) and protein concentrations 

were calculated as previously described (2). Proteins (70 μg) were resolved in 11% SDS-

PAGE and transferred to a nitrocellulose membrane. After blocking with 5% Bovine Serum 

Albumin (BSA) in Tris-buffered saline with 0.1% Tween (Sigma-Aldrich) for 1 h at room 

temperature, membranes were incubated overnight at 4 °C with the specific antibody UCP-

1, PGC-1α, PRDM16 and ATGL (diluition 1:1000). Blots were reprobed with actin 

(diluition 1:500) for protein normalization. Immunoreactive proteins were visualized using 

horseradish peroxidase-conjugated anti-rabbit or anti-mouse (1:4000) secondary antibodies 

by enhanced chemiluminescence using ChemiDoc XRS (Bio-Rad, Milan, Italy). Each 

experiment was performed in triplicate. Densitometric analysis was performed with Quantity 

One Software (Bio-Rad, Milan, Italy). 
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Lipolysis assay 

 Lipolysis was evaluated by measuring the amount of glycerol released into the medium. 

Transdifferentiated 3T3-L1 adipocytes were treated with AG, UAG or Obe (500 nM) in the 

presence or absence of isoproterenol (ISO, 100 nM) for three hours. Following the 

manufacturer’s instructions, 50 microliters of medium was then transferred into a new 96-

well plate for glycerol measurement on a microplate reader at 570 nm (nm (Eti System Fast 

Reader ELX; BioTek Instruments, Winooski, VT, USA). The amount of glycerol release 

was calculated as micromoles per milligram of protein and expressed as percentage of ISO-

induced lipolysis. 

 

Statistical Analysis 

Results are presented as mean ± SEM. Significance was calculated by unpaired two-tailed 

Student's t-test or one-way ANOVA followed by followed by Dunnett's or Tukey's post-

hoc test, as appropriate, using GraphPad Prism v.5 (GraphPad Software, SanDiego, CA, 

USA). 

 

Study approval 

 The study protocol for the use of human adipose tissue explants was approved by the local 

ethics committee [Ethics Committee of A.O.U. Città della Salute e della Scienza of Turin, 

Turin, Italy (Protocol number 0021413, February 26, 2021)] and all the individuals provided 

informed written consent before surgery. 
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RESULTS 
 

The ghrelin gene derived peptides induce browning of adipocytes 

To investigate the possible browning effect of the ghrelin gene peptides, 3T3-L1 adipocytes 

were treated with different doses of AG, UAG and Obe (0-500 nM), and expression levels 

of Ucp1 were examined by Real-time PCR. Our results show that all AG, UAG and Obe 

induced mRNA expression of Ucp1, with the most relevant effect observed at concentration 

500 nM, a concentration that was used for the next experiments. In particular, as expected, 

AG had less effect on Ucp1 mRNA expression than UAG and Obe (Fig. 1A). Next, 3T3-L1 

adipocytes were treated with 500 nM of AG, UAG and Obe, and the expression levels of 

beige-specific genes were determined. We used 1 µM β-3 adrenergic agonist CL316246 as 

positive control for all the experiments. The results revealed that UAG and Obe, but not AG, 

increased the mRNA levels of distinct beige markers such as Pgc-1α, Prdm16, Cd137 and 

Dio2 (Fig. 1B-E). The increased expression of UCP1, PGC-1α and PRDM16 was also 

confirmed at the protein level by Western blotting analysis (Fig. 1F). 
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Figure 1: Effect of the ghrelin gene peptides on expression of brown adipocyte-specific genes and 

proteins. 3T3-L1 adipocytes were treated with the β3-AR agonist CL316246 (CL,1µM), AG, UAG or Obe 

(500 nM) during transdifferentiation. The mRNA expression levels of browning genes were evaluated by real-

time PCR (n=5), 1-way ANOVA and Tukey’s post hoc test. (A-E) and protein expression by Western blot 

(n=3), 1-way ANOVA and Tukey’s post hoc test. (F). Results are mean ± SEM.  (*P<0.05; **P<0.01; 

***P<0.001 vs c).   
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The ghrelin gene peptides regulate lipid metabolism in 3T3-L1 adipocytes 

To determine the effects of the ghrelin gene peptides on lipid accumulation, the formation 

of lipid droplets was detected using Oil Red O (ORO) staining. ORO staining showed a 

reduction in the formation of lipid droplets in 3T3-L1 adipocytes treated with UAG and Obe, 

but not with AG (Fig. 2A). Furthermore, our data demonstrate that UAG and Obe led to 

significant elevation of marker of β-oxidation Cpt1α and Sirt1 (Fig. 2B-C), while decrease 

the mRNA expression of lipogenetic gene C/ebp (Fig. 2D), suggesting enhanced fat 

oxidation upon UAG and Obe treatment. Lipolysis was further measured by the content of 

glycerol released in the culture medium. As expected, UAG and Obe, but not AG, increased 

the Isoproterenol-induced glycerol release, suggesting a role of these peptides in 

mitochondrial activity (Fig. 2E). 
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Figure 2: Effect of ghrelin gene peptides on lipid metabolism. (A) Representative images of Oil Red O 

staining were taken at 20 X and scale bars = 50 μm. (B-D) The mRNA expression of Cpt-1α, Sirt1 and C/ebp 

was evaluated by real-time PCR (n=4), 1-way ANOVA and Tukey’s post hoc test. Results are mean ± SEM.  

(*P<0.05; **P<0.01; ***P<0.001 vs c). (E) Lipolysis was measured in the presence or absence of 100 nM 

Isoproterenol (ISO) which was added for 3 hours with or without β3-AR agonist CL 316243 (1 µM) or AG, 

UAG or Obe 500 nM) The results are expressed as percentage of glycerol release compared to the control (n = 

4), 1-way ANOVA and Tukey’s post hoc test. Results are mean ± SEM.  (*P<0.05; **P<0.01; ***P<0.001 vs 

c; #P<0.05 vs Isoproterenolo).  
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The ghrelin gene peptides induce the expression of lipolytic enzymes HSL and ATGL 

In order to better understand the influence of the ghrelin gene peptides on lipid metabolism, 

we evaluated the expression levels of hormone-sensitive lipase (Hsl) and adipocyte 

triglyceride lipase (Atgl). As shown in Fig. 3, UAG and Obe increased the mRNA expression 

of Hsl and Atgl, while AG had no effect on Hsl and it had a significant reduction on Atgl 

(Fig. 3A-B). The protein expression of ATGL was also confirmed by Western blot analysis 

(Fig. 3C). 

 

                     

Figure 3: Effects of the ghrelin gene peptides on lipolytic enzymes. The mRNA expression of Hsl and Atgl 

was evaluated by real-time PCR (A-B) and protein expression by Western blot (C). Results are mean ± SEM 

(n=3), 1-way ANOVA and Tukey’s post hoc test. (*P<0.05; **P<0.01; ***P<0.001 vs c). 
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Involvement of growth hormone secretagogue receptor (GHSR-1a) and glucagon-like 

peptide 1 receptor (GLP-1R) on UCP1 mRNA expression 

To evaluate the direct effect of GHSR-1a and GLP-1R on thermogenic regulation, we 

stimulated 3T3-L1 adipocytes with [D-lys3]-GHRP-6 to antagonize the GHSR-1a and 

Exendin-9 to antagonize GLP-1R. As shown in Figure 4, 10 µM [D-lys3]-GHRP-6 abolished 

the stimulatory effect of AG on UCP1 mRNA expression (Fig. 4A), while had no effect on 

the stimulatory effect of UAG, suggesting that the AG receptor is not involved in the effects 

of UAG (Fig. 4B). Furthermore, 10 nM Exendin-9 abolished the stimulatory effect of Obe 

on UCP1 mRNA expression in 3T3-L1 adipocytes (Fig. 4C). These results suggest that AG, 

and Obe, increase the browning of adipocytes through binding to GHSR-1a and GLP-1R, 

respectively, while UAG effects likely involve a different receptor that remains to be 

identified. 

 

 

Figure 4: Effects of GHSR-1a and GLP-1 inhibitors on UCP-1 mRNA expression. 3T3-L1 adipocytes 

were treated with [D-lys3]-GHRP-6 (D-lys, 10 µM), Exendin-9 (Ex-9, 10 nM) AG, UAG or Obe (500 nM) 

during transdifferentiation. UCP-1 mRNA expression was evaluated by real-time PCR (A-C) (n=3), 1-way 

ANOVA and Tukey’s post hoc test. Results are mean ± SEM.  (*P<0.05; ***P<0.001 vs c; #P<0.05 vs AG; 

###P<0.01 vs Obe, ns=no significant).  

 

 



31 
 

The ghrelin gene peptides increase beige/brown fat specific markers in human 

adipocytes 

We next aimed to verify the effects of the ghrelin gene peptides on human primary 

adipocytes derived by subcutaneous (SAT) and omental (OAT) adipose tissue derived by 

obese individuals. We treated mature adipocytes extracted by SAT and OAT  with AG, UAG 

and Obe for 24 hours and next we assessed the expression of the main browning genes by 

real-time PCR. As shown in the figure 5, UAG and Obe, but not AG, were able to increase 

the mRNA expression of UCP1, PGC-1a and PRDM16 both in SAT (Fig. 5A) and OAT 

(Fig. 5B). 

 

Figure 5. Effects of ghrelin gene peptides on browning genes in SAT and OAT. Mature adipocytes 

explanted by SAT and OAT were treated with β3-AR agonist CL316246 (CL,1µM), AG, UAG or Obe (500 

nM) for 24 h. The mRNA expression of UCP1, PGC-1Α and PRDM16 for SAT (A) and OAT (B) was evaluated 

by real-time PCR (n=3), 1-way ANOVA and Tukey’s post hoc test. Results are mean ± SEM. (*P<0.05; 

***P<0.001 vs c).  
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DISCUSSION 
 

Adipose tissue is an essential organ that is related with the modulation of energy metabolism 

and insulin sensitivity [81]. It includes various cell types, such as white and brown 

adipocytes. Each of these types of adipocytes has unique cell-autonomous functions, and 

they differ at the molecular and morphological levels [85]. WAT principally stores lipids in 

the form of TGs, thereby acting as a repository of surplus energy in the body. Conversely, 

BAT utilizes stored lipids for nonshivering thermogenesis, involving β-oxidation and 

uncoupling of oxidative phosphorylation in mitochondria. Consistent with this function, the 

cytoplasm of BATs contains numerous mitochondria and small lipid bodies [82]. Thus, 

enhancing BAT activity or transition to brown-like cells of WAT can improve energy 

expenditure and in turn has the potential to ameliorate or prevent the development of 

metabolic diseases that are linked with obesity. The results of the present study demonstrate 

for the first time that UAG and Obe can induce the brown fat phenotype in 3T3-L1 and 

human primary adipocytes. 

The modulatory roles of the ghrelin gene peptides in inducing the brown adipocyte-like 

phenotype in 3T3-L1 adipocytes and human primary adipocytes were established based on 

enhanced expression of brite-specific and thermogenic markers such as Cd137 and Dio2 as 

well as PRDM16, PGC-1α, and UCP1, respectively. Cd137 and Dio2  are considered to be 

distinct molecular signatures of inducible brown adipocyte-like cells and are highly enriched 

in beige adipocytes [83]. It is well recognized that PRDM16 and PGC-1α play predominant 

roles in determining the fates of precursor cell lineages of adipocytes, as well as brown 

adipocyte development and function [84]. PGC-1α is considered as a master regulator of 

mitochondrial biogenesis, which is one of the characterized features of brown adipocytes 

[85]. Overall, our results demonstrate that UAG and Obe, but not AG, stimulate the brown 

adipocyte-like phenotype in 3T3-L1 adipocytes. 
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Fatty acids released by lipolysis can be oxidized in mitochondria. CPT1 is a rate-limiting 

enzyme in β-oxidation because it is required for the transfer of free fatty acids (FFa) into the 

mitochondria. CPT1 overexpression leads to greater fatty acids oxidation, lipolysis, UCP1 

expression and mitochondrial activity, and its expression is regulated transcriptionally by 

PPARγ and PGC1α [86]. Sirt1 plays a key role in thermogenesis and is a master regulator of 

mitochondrial biogenesis in adipose tissue by deacetylation of PPARγ, increasing PGC1α 

promoter activity and then driving UCP1 transcription [87]. Therefore, enhanced expression 

of these two genes is likely to reflect the stimulatory action of ghrelin gene peptides 

regarding fat oxidation. We have demonstrated that both UAG and Obe increase the 

expression of these molecules in 3T3-L1 adipocytes, implying that treated cells adopt a more 

pronounced brown/beige phenotype. C/EBP is recognized as a major player in obesity and 

adipogenesis. Inhibiting the expression of this important transcription factor has been shown 

to reduce adipocyte differentiation in 3T3-L1 preadipocytes [88]. We found that both UAG 

and Obe reduced the mRNA expression of C/EBP in 3T3-L1 adipocytes, while AG, in line 

with the literature, significantly increased its mRNA expression, indicating a reduction in fat 

deposition for UAG and Obe conversely to AG. 

The lipolytic process occurs through consecutive steps that require the action of at least three 

different lipases: adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and 

monoacylglycerol lipase (MGL). ATGL is responsible for the initial step of lipolysis to 

catalyse the conversion of triacylglycerols (TGs) into diacylglycerols (DGs), whereas HSL 

is predominantly responsible for the hydrolysis of DGs to monoacylglycerols (MGs), and 

MGL hydrolyses MGs. However, ATGL and HSL are responsible for more than 95% of TG 

hydrolysis in adipocytes [89]. Enhancing lipolysis not only reduces adipocyte size and lipid 

accumulation but also impairs insulin sensitivity by increasing the level of free fatty acids. 

However, free fatty acids from lipolysis can act as substrates for β-oxidation and upregulate 



34 
 

UCP1 activity [87]. The present study shows that the treatment with UAG and Obe, 

contrarily to AG, increased the mRNA expression of HSL and ATGL in 3T3-L1 adipocytes, 

which would result in the hydrolysis of TG to form diglycerol (DG), monoglycerol (MG), 

and FFA. 

As previously described, AG, which contains an n-octanoic acid at the third Ser residue, 

activates GHSR-1a. In vivo, administration of AG in rodents induces adiposity [62] and 

promotes the increase of fat storage-promoting enzymes in WAT [65]. In contrast UAG, 

which does not activate GHSR-1a, improves glucose metabolism and reduces lipolysis [77]. 

Furthermore, GHSR-1a ablation in aging mice was shown to reduce glucose/lipid uptake 

and lipogenesis in WAT and to increase thermogenic capacity in BAT, suggesting that 

GHSR-1a is an important regulator of lipid metabolism during normal aging [74]. Regarding 

obestatin, its receptor is still not determined. This peptide was initially reported to bind and 

activate the orphan G-protein-coupled receptor 39 (GPR39) [37], but more recently our 

group demonstrated that obestatin at least partly interacts with  glucagon-like peptide-1 

receptor (GLP-1R) in pancreatic cells and in adipocytes [49][50].  In this study, to determine 

whether GHSR-1a and GLP-1 has direct effects on adipocytes browning and lipid 

metabolism, we treated 3T3-L1 adipocytes [D-lys3]- GHRP-6, an antagonist of GHSR-1a, 

and with Exendin-9 (Ex-9), an antagonist of GLP1-R. D-Lys3 inhibited Ucp1 mRNA 

expression induced by AG but had no effects on the increase of Ucp1 by UAG, suggesting 

that effects of UAG are not due to GHSR-1a activation. Furthermore, Ex-9 inhibited Ucp1 

mRNA expression induced by Obe, suggesting the involvement of GLP-R in the browning 

effects of Obe. 

Finally, we wanted to analyse the effect of the ghrelin gene peptides on human primary 

adipocytes obtained by SC and omental OM adipose tissue explants. These cells mimic more 

likely what happens in patients with obesity. We treated human mature adipocytes with of 
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AG, UAG or Obe and evaluated the mRNA expression of the main browning genes. UAG 

and Obe significantly enhanced brown adipogenesis in the bot SAT and OAT, as 

demonstrated by increased UCP1, PGC-1a and PRDM16 and mRNA expression. AG on the 

contrary decreased the mRNA expression of the main browning genes in both SAT and 

OAT. Future studied are needed to examine the ghrelin gene peptides effects on protein 

expression and mitochondrial respiration in the human mature adipocytes. 

In conclusion, the results of this study demonstrate that UAG and Obe, but not AG, promote 

the expression of browning specific genes and proteins, regulate lipid metabolism and 

promote mitochondrial biogenesis in 3T3-L1 adipocytes and human SC and OM adipose 

tissue, suggesting novel potential therapeutic roles for these peptides in obesity and 

metabolic diseases. 
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