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1. Abstract 

Metabolic and/or endocrine dysfunction of the white adipose tissue 

contributes to the development of metabolic disorders, such as Type 2 Diabetes 

and other pathologies, like atherosclerosis and cardiovascular disease.  

Therefore, the identification of products able to improve adipose tissue function 

represents a valuable strategy for the prevention and/or treatment of these 

disorders. The aim of this study was to investigate whether a nutraceutical 

compound obtained from Citrus Aurantium L. fruit juice (CAde) might regulate 

adipocyte differentiation and function in vitro, elucidate the underlying 

molecular mechanism through which CAde may exert its function and evaluate 

whether it might be effective against micro-environmental insults, which affect 

adipogenesis and adipose tissue function. The following results have been 

obtained in two separate studies. 

 

Study 1: CAde enhances terminal adipocyte differentiation of 3T3-L1 cells 

raising the expression of CCAAT/enhancer binding protein beta (C/ebpβ), 

peroxisome proliferator activated receptor gamma (Pparγ), glucose transporter 

type 4 (Glut4) and fatty acid binding protein 4 (Fabp4). CAde improves insulin-

induced glucose uptake of 3T3-L1 adipocytes, as well. A focused analysis of the 

phases occurring in the differentiation process from pre-adipocytes into mature 

adipocytes furthermore revealed that CAde promotes the early differentiation 

stage by anticipating the 3T3-L1 cell cycle entry and progression during mitotic 

clonal expansion.  

 

Study 2: CAde enhanced the early adipogenesis phases by down-regulating 

miR-155 expression and increasing both C/ebpβ and cAMP response element-

binding protein (Creb) mRNA and protein levels. Also, CAde prevented the anti-

adipogenic effects of the Tumor necrosis factor alpha (TNFα) by improving 

adipocyte differentiation and restoring miR-155 and C/ebpβ and Creb gene 

expression respectively, at early time points in cells exposed to TNFα.  

 

In conclusion, in my PhD thesis I revealed the nutraceutical properties of 

CAde on the fat cell functional capacity in terms of enhanced adipocyte 

differentiation and function in vitro. I also demonstrated that the down-

regulation of the miR-155, which causes the up-regulation of the target genes, 

C/ebpβ and Creb, is part of the mechanism through which CAde enhances 

adipocyte differentiation of pre-adipocytes in vitro. Furthermore, I provided 

substantial evidence of the efficacy of CAde against micro-environment insults, 

which are harmful to adipose cell functionality.  

These data suggest that the development of nutraceutical products derived 

from CAde may be an effective strategy for treating adipocyte dysfunction and 

its related disorders. 
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2. Introduction 

2.1 Adipose tissue 

Adipose tissue (AT) is a complex organ with heavy effects on physiology 

and pathophysiology. However, for long time AT has been considered a 

connective tissue, storing just lipids, and without any link with the metabolism 

in living organisms [1, 2]. Nevertheless, this notion gradually shifted and AT is 

now recognized as a tissue critical in the regulation of energy homeostasis and 

metabolic functions. AT is indeed a metabolically active tissue, consisting of 

lipid-filled cells, called adipocytes, that make-up 90% of the tissue volume [3]. 

In addition, to mature adipocytes, fat pads contain several metabolically active 

and inflammatory cells, including stromal vascular cells such as fibroblasts, 

leukocytes, macrophages, pericytes, endothelial cells, and pre-adipocytes, which 

take on a significant part in the integrity of AT [4].  

Three forms of AT can be distinguished in mammals: white, brown and 

beige, also called “brite” (brown in white). They differ from each other for 

morphology, location and function (Figure 1) [5].  

White adipose tissue (WAT), the most abundant AT, is a heterogeneous 

tissue whose different anatomical locations determine its core functions and 

metabolic identity [6]. In humans, WAT consists of a central intra-abdominal 

portion (visceral adipose tissue, VAT), associated with metabolic disease risk, 

and a subcutaneous peripheral depot (subcutaneous adipose tissue, SAT) 

associated with protective effects on energy homeostasis [7]. WAT primary 

function is to preserve energy homeostasis by storing triglycerides and releasing 

fatty acids for energy synthesis. Nevertheless, WAT also regulates a wide range 

of functions, including immune and inflammatory regulation, glucose and lipid 

homeostasis, and control of food intake or metabolism by secreting adipokines 

[2]. The energy-storing white adipocytes exhibited a variable size (25-200 μm) 

and contained a single, large and unilocular droplet of lipid surrounded by a 

cytoplasm layer. Because of the single lipid droplet, in adipocytes the nucleus is 

situated in the periphery and the thin ring of cytoplasm contains few 

mitochondria and little but recognizable smooth endoplasmic reticulum (ER) [8]. 

White adipocytes are also distributed and subdivided into small lobules, which 

are well vascularized by the surrounding anatomical vessels and innervated by 

sympathetic and parasympathetic nervous systems [9]. 

Brown adipose tissue (BAT) is the leading site of mammalian non-shivering 

thermogenesis and energy expenditure. BAT is a remarkably plastic tissue, and 

its depots expand when thermogenesis is triggered by hypertrophic and 

hyperplastic processes [10].  Differently from the initial thoughts, BAT is not 

only restricted to neonates and young children in humans. Recent studies, using 

positron emission tomography (PET) imaging techniques, have indeed reported 

functional BAT also in adults, primarily in the ventral neck, supraclavicular area, 

mediastinum, paravertebral and suprarenal fat [11].  Furthermore, BAT has been 

inversely associated with body mass index (BMI) [12]. BAT is different from 

WAT due to a unique secretory profile and essentially opposite physiological 
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functions in energy metabolism [13]. The brown adipocytes are characterized by 

the expression of uncoupled protein 1 (UCP1), which dissipates energy as heat 

through the oxidative phosphorylation for ATP synthesis, constituting the 

primary thermogenesis regulator [14]. Energy-expended brown adipocytes are 

cells with tiny, multilocular lipid droplets. They also contain several highly 

oxidative mitochondria compared to white adipocytes. The more significant 

number of mitochondria supports the brownish colour of this tissue [15]. Also, 

BAT is highly vascularized and internalized by the sympathetic nervous system, 

which promotes heat dissipation through the blood vessels [16]. 

Recently, the presence of a third type of AT, the beige AT, has been 

proposed [17]. In particular, it has been reported that sustained thermogenic 

activation caused by prolonged cold exposure leads to WAT “browning”, with 

brown adipocyte-like cells appearing in WAT depots. A dynamic hormonal 

interplay and several environmental factors such as prolonged cold exposure, 

exercise and environmental enrichment control the browning cycle [18]. The 

most concentrated beige adipocytes are in the inguinal WAT, a large 

subcutaneous depot in rodents, while it has not been determined how many beige 

adipocytes are present in human WAT depots [19]. Some beige cells show 

distinct gene expression patterns compared to those of white or brown 

adipocytes, and importantly, the thermogenic profile of beige adipocytes is 

reversible. Thus, former beige adipocytes can shift their morphology and gene 

expression profile into a white adipocyte upon warm adaptation [16]. 
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White Adipose 

Tissue 

Beige Adipose 

Tissue 

Brown Adipose 

Tissue 

Localization • Subcutaneous

• Intra-abdominal

• Epicardial

• Gonadal

• Emerges in white

adipose tissue depots

with appropriate

stimuli

• Interscapular

• Paravertebral

• Perirenal

• Cervical

• Supraclavicular

Morphology • Spherical • Spherical • Elliptical and smaller

than white

Cell 

composition 

• Single lipid droplet

• Few mitochondria

• Flattened peripheral

nucleus

• Little endoplasmic

reticulum

• Unilocular

morphology but

small lipid droplets

after stimulation

• Mitochondria appear

after stimulation

• Multiple small lipid

droplets

• Large number of

mitochondria

• Oval central nucleus

Function • Storing energy • Thermogenic

potential

• Expending energy 

and heat production 

• (non- shivering 

thermogenesis)

Uncoupling 

protein 

• Undetectable • Positive after 

stimulation

• Positive

= mitochondria  = nucleus  = lipid droplet 

Figure 1. Characteristics of white, brown, and beige adipocytes. Modified from El Hadi H et 

al. Front Physiol. 2019  

2.2 Cellular Heterogeneity of Adipose Tissue (AT) 

As above mentioned, adipocytes are the primary cells of the AT and the 

main ones responsible for the energy homeostasis control and adipokines 

release. AT is however formed by other different cell types, including pre-

adipocytes, immune cells, nerve cells, and vascular cells. The interplay among 

all of them contributes to the main functions of each AT depots [2]. Mature 

adipocytes are replaced during normal AT turnover by newly differentiated and 

mature adipocyte progenitors or pre-adipocytes. The adipocyte turnover in adult 

humans is observed around 10% yearly [20]. This number changes under 

conditions of nutrient challenge that cause WAT expansion, and it is likely also 

depot-specific [21]. Pre-adipocyte functions in fat depots also include 

modulation of the extracellular matrix (ECM) remodelling and secretion of 

endocrine factors [22]. Immune cells also constitute an essential cellular 

component within the varied AT cellularity. In particular, the first immune cells 

identified in AT were the adipose tissue-resident macrophages (ATM), which 

showed a close connection with obesity [23]. Moreover, AT is characterized by 
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a neuronal net, which controls processes such as lipolysis or thermogenesis. 

Nerve cells comprising the neuronal mesh stimulate the sympathetic neural 

system in the WAT parenchymal in cold environments, leading to the release of 

free fatty acids (FFAs) via lipolysis and activating BAT thermogenesis [24]. 

Likewise, WAT is linked by sensory nerve afferent networks to other organs, 

including the brain [25]. Moreover, vascularization of fat depots in adults 

proceeds through angiogenic expansion of the existing vasculature, as shown to 

occur during the formation of fat pads from implanted cells [26]. Interestingly, 

high AT areas rich in adipocyte precursor cells are highly vascularized, 

suggesting a relationship between mature adipocyte turnover and 

vascularization. Metabolic processes in adipocytes are also dependent on an 

adequate nutrient uptake or release, leading, therefore, to a central role of the 

blood vessels in this process [27]. 

 

2.3 Origin of Adipose Tissue (AT) 

AT is formed at stereotypical times and locations in various organisms [28]. 

For each AT depot, gene signature, lipid storage ability, and adipokine profile 

follow a specific developmental origin [29]. Although white and brown 

adipocytes originate from the same mesenchymal stem cells, the paraxial 

mesodermal mesenchymal stem cells express the Myogenic transcription factor 

5 (Myf5) and become brown adipocytes or myocytes [30]. On the other hand, 

the lateral mesodermal mesenchymal stem cells, which do not express Myf5, 

differentiate into white adipocytes or pericytes associated with the blood vessels.  

White adipogenesis is a two-step, closely controlled process involving 

multiple factors [31]. First, pluripotent stem cells differentiate into unipotent 

adipocyte precursors or pre-adipocytes. Subsequently, these pre-adipocytes 

differentiate into mature adipocytes [32].  

PPARγ, a nuclear-receptor superfamily member, has been identified as the 

master regulator of white adipogenesis [33]. Indeed, whereas PPARγ deficiency 

fails to promote adipogenesis, its overexpression is sufficient to induce 

adipocyte differentiation in fibroblasts [34]. Cold or 3-adrenergic stimulation are 

instead causes of a rise in brown adipocytes. WAT-derived progenitor cells have 

recently been shown to undergo brown adipogenesis in vitro in both mice [35, 

36] and humans [37], but the underlying molecular mechanism remains 

unexplained.  

Besides PPARγ, other factors or pathways, including pro-adipogenic 

factors, such as C/EBPs and Krüppel-like factors (KLFs), regulate adipogenesis 

[38]. In support of this, the bone morphogenetic proteins (BMPs), members of 

the transforming growth factor (TGFβ) superfamily, also play an essential role 

in this transformation, due to their regulatory function, by boosting the 

differentiation of pluripotent stem cells to chondrocytes, osteoblasts or 

adipocytes [39]. In particular, BMP-2 and BMP-4, through the induction of the 

small mothers against decapentaplegic (SMAD) pathways, promote the 

transcription of target genes involved in white adipogenesis [40]. BMPs also 

mediate their signals via SMAD-independent pathways, including the-p38 
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mitogen-activated protein kinase (MAPK) and MAP3K7, also known as TAK1, 

signalling pathways [41]. Nonetheless, other transcription factors, such as the 

anti-adipogenic GATA transcription factor, repress adipogenesis.  

Adipogenesis of brown adipocytes is different from that of white adipocytes. 

The activation of both BMP-7 and PR domain 16 (PRDM16) is necessary to 

promote BAT adipogenesis. PRDM16 selectively initiates the switch of 

myoblasts to brown adipocytes by forming a transcriptional complex with 

C/EBPβ. It also suppresses white adipocyte-specific genes, forming complexes 

with C-terminal binding proteins, CTBP1 and CTBP2, and upregulates brown 

fat-specific markers, such as PRDM16, PPAR coactivator 1 (PGC-1) a/b and 

UCP1 [42]. 

 

2.4 White adipocyte adipogenesis 

Adipogenesis is the differentiation process during which pre-adipocytes 

develop into mature fat cells (adipocytes) and accumulate lipid droplets [43] 

(Figure 2). During adipocyte differentiation, the adipocyte phenotype’s 

acquisition is characterized by chronological changes in numerous genes 

expression. It is characterized by the expression of early, middle, and late 

mRNA/protein markers and the accumulation of triglycerides. Genes that are 

inhibitory to adipogenesis or simply unnecessary for adipose cell activity are 

repressed in addition to those that are activated. Changes in gene expression 

during the early and late adipocyte maturation stages have primarily been studied 

using pre-adipose cell lines. The different adipogenesis phases can be summed 

up in the following phases: growth arrest, mitotic clonal expansion, early 

differentiation and late differentiation [44]. 
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Figure 2. Adipocyte differentiation and gene expression. The major identified events of pre-

adipocyte differentiation are presented chronologically. Areas labeled with gene names represent 

periods of gene expression in the differentiation program. The discrete levels of differentiation 

(early, middle and late) are likewise offered. Modified from Ntambi JM et al. J Nutr. 2000  

 

Growth arrest. This process is required to withdraw committed pre-

adipocytes from the cell cycle. Growth arrest can be induced through contact 

inhibition. However, contact inhibition is not essential for adipogenesis; indeed, 

pre-adipocytes cultivated at low density in medium without serum have been 

observed to differentiate in the absence of cell-cell contact, which indicates that 

growth arrest and lack of confluence are sufficient conditions for the initiation 

of adipogenesis. Two major transcription factors act cooperatively in growth 

arrest, PPARγ [45] and C/EBPs [46]. Low expression of these two adipocyte 

transcription factors is indeed sufficient to mediate growth arrest preceding 

differentiation. 

Mitotic Clonal Expansion (MCE). After the growth arrest, to be determined 

to proceed to differentiation, committed pre-adipocytes must receive a 

combination of mitogenic and adipogenic signals [47]. In this phase, pre-

adipocytes re-enter into the cell cycle and undergo about two rounds of division. 

The cell-cycle markers of S-phase entry are synchronously expressed 

concomitant with the initiation of DNA replication [48]. MCE is a required step 

in the adipocyte differentiation program. Thus, blocking DNA replication by 

various means, e.g., by inhibitors of DNA polymerase or by blocking 
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progression of the cell cycle [49], prevents differentiation. Also, the constitutive 

over-expression of cell-cycle inhibitor, such as p27, prevents cells from entering 

the S-phase of the cell cycle and thereby disrupts all subsequent steps of 

differentiation [48]. 

Changes in gene and protein expression during adipogenesis. Following 

growth arrest and clonal expansion, temporal and dynamic changes of gene and 

protein expression patterns occur during adipogenesis [50]. These modifications 

are reflected by the presence of early, intermediate and late markers of 

differentiation and by the accumulation of triglycerides, and are primarily 

consequences of specific regulation at a transcriptional level, though the 

regulation also occurs at a post-transcriptional level in some instances. Silencing 

of unnecessary genes for adipocyte differentiation and function also occurs in 

this phase [51].  

The C/EBPs and PPAR transcription-factor families are mainly involved in 

the early and intermediate stage of adipogenesis. Three transcription factors 

from the C/EBPs family, C/EBPα, C/EBPβ, and C/EBPδ, have been related to 

adipocyte differentiation induction. These transcription factors have C-terminal 

basic region/leucine zipper (bZIP) domains that confer DNA binding ability and 

dimerization, either as homodimers or heterodimers, with other family members 

[52, 53]. The PPARs, a subgroup of nuclear hormone receptors, have been linked 

to adipocyte differentiation and the most adipose-specific is PPARγ, which is 

most abundant in AT and adipocyte cell lines and least abundant in other tissues 

and cell lines [54]. Two isoforms of PPARγ, i.e. PPARγ1 and PPARγ2, are 

generated by alternative splicing and alternate translation initiation [55]. 

Although PPARγ2 appears to be more adipose-specific than PPARγ1 [56], 

functional differences between the two isoforms have not been detected. 

Expression of PPARγ is induced concomitantly with (or perhaps preceding) and 

before the transcriptional activation of most adipocyte genes [57]. In this phase, 

morphological changes in cells after differentiation induction occur due to actin 

cytoskeleton remodelling, enable cells to lose their fibroblastic form and to take 

a spherical shape. The development of cortical actin structures in adipocytes 

progresses with filamentous actin accumulation near the cell membrane. The 

actin-related protein 2/3 (Arp2/3) complex controls actin cortical assembly and 

nucleation. Yang et al. reported that knocking out Arp2/3 severely inhibited 

adipocyte differentiation and that the cortical actin cytoskeleton was needed for 

the translocation of the glucose transporter type 4 (GLUT4) into cell membrane 

[58].  

Terminal differentiation. During this last phase, for adipocytes in culture, 

there is a significant increase in lipogenesis protein levels and enzymes involved 

in triacylglycerol metabolisms such as ATP citrate lyase (ACLY), malic enzyme, 

acetyl CoA carboxylase (ACC), stearoyl CoA desaturase (SCD1), glycerol 3-

phosphate acyltransferase (GPAT), glycerol 3-phosphate dehydrogenase 

(GPDH), fatty acid synthase (FAS) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) [59]. Furthermore, adipocytes synthesize specific 

proteins for AT, such as the glucose transporter Glut4, the fatty acid-binding 
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protein 4 (Fabp4), the fatty acid transporter CD36, and perilipin, which coats the 

lipid droplets of adipocytes [60].  During terminal differentiation, the leptin level 

also increases with a much higher level in vivo than in vitro [61]. 

 

2.5 Other factors involved in white adipocyte adipogenesis 

As described above, adipogenesis is regulated by several adipocyte-

selective mRNAs and transcription factors that regulate the proliferation and 

differentiation of cells [2, 38, 62]. However, recent research indicates that even 

miRNAs are implicated in adipocyte differentiation and mature adipocyte 

function, including lipolysis, glucose-uptake, and insulin sensitivity. In detail, 

miRNAs are a class of short non-coding RNAs (19-22 nucleotides) involved in 

the post-transcriptional regulation of genes [63]. miRNAs can bind to 

complementary target sites in mRNAs, causing translation repression or 

cleavage, deadenylation and degradation of target mRNA genes [64]. Several 

studies have shown that miRNAs play an important role in adipogenesis [65]. 

For example, miR-422b, -148a, -107, -103, -30c, -30a-5p, and -143 are induced 

during adipogenesis, but are downregulated in mature adipocytes. Conversely, 

miR-222 and -221 are decreased during adipogenesis, but are upregulated in 

mature adipocytes [66]. Although ectopic expression of miR-103 or miR-143 has 

little effect on adipocyte growth, they accelerate the rate of adipocyte 

differentiation, as measured by triglyceride accumulation. Expression of 

PPARγ2 is doubled by ectopic expression of either miR-103 or miR-143. 

However, miR-103 increases the expression level of FABP4 and adiponectin 

[66]. Each miRNA targets multiple mRNAs, which may coordinate or 

antagonize each other’s functions. Several miRNAs are also dysregulated in 

other metabolic tissues during obesity-related diseases [67].  

Among miRNAs, miR-155 is of particular interest. miR-155 is a typical 

multifunctional miRNA involved in numerous physiological and pathological 

processes such as haematopoietic lineage differentiation, immunity, 

inflammation, cancer, and cardiovascular diseases [68 , 69]. Furthermore, has 

also been described that miR-155 is involved in the regulation of adipocyte 

differentiation [70]. Liu et al. indeed reported that miR-155 expression is down-

regulated at the early stage of 3T3-L1 adipogenesis and that its overexpression 

suppresses adipocyte differentiation by directly targeting the 3’-untranslated 

regions (3’-UTRs) of C/ebpb and Creb mRNAs [70]. Also, it has been identified 

as the most responsive miRNA to inflammatory stimuli [70, 71], and its 

expression is higher in the AT of obese compared to normal-weight subjects and 

correlates with both TNFα expression and BMI [71]. Thus, the modulation of 

the miR-155 expression in adipocyte precursor cells may offer new ways to 

enhance AT homeostasis during obesity. 
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2.6 Adipose Tissue (AT) Dysfunction 

The development of AT dysfunctions is, at least in part, due to the chronic 

availability of excess nutrients, that promotes the expansion of fat depots, and to 

altered secretion of bioactive mediators from AT. However, it largely remains 

unknown. Recently, it has been proposed a model in which genetic, 

environmental, and behavioural factors are involved both in decreased physical 

activity and excess energy intake, and in physiologic versus pathologic fat 

accumulation [72]. Based on this model, the physiologic response to excess 

energy intake and/or less energy expenditure increases fat cell number known as 

hyperplasia (recruitment of new adipocytes from a reservoir of resident 

progenitor cells of adipose tissue). These fat cells function normally and are 

insulin sensitive. On the contrary, the pathophysiologic response to excess 

energy intake and/or less energy expenditure cause adipocyte hypertrophy, 

which refers to expanding single adipocyte size [73]. 

AT ability to expand is essential for accommodating energy availability 

changes, but this capacity is not unlimited and varies between individuals [74]. 

Indeed, adipocytes can grow up to ~20 fold in diameter and several thousand-

fold in volume [75]. However, when adipocytes become too large, several 

signals will be induced. For example, when vascularisation is inadequate for the 

expanded AT, hypoxia can occur. In addition, endoplasmatic reticulum (ER) 

stress [76], either induced by hypoxia or nutrient excess, leads to an unfolded 

protein response (UPR) [77].  

Dysfunctional adipocytes produce more inflammatory adipokines and 

cytokines than functional adipocytes. Also, adipocyte hypertrophy attracts 

immune cells (among which macrophages), the physiological role of infiltrating 

macrophages is probably debris clearing due to premature adipocyte apoptosis 

[78]. Eventually, a positive feedback cycle is formed in which infiltrating 

macrophages recruit several immune cells, and a state of chronic inflammation 

is induced. Some of the adipokines and cytokines secreted interfere with insulin 

signalling, others with adipocyte differentiation. For example, TNFα and 

Interleukin-6 (IL-6) impair adipocyte differentiation, reduce lipid accumulation, 

and increase adipocyte lipolysis [79]. The latter is on top of the limited capacity 

of hypertrophic adipocytes to absorb and release FFAs. This induces a 

redirection of lipids in non-adipose organs, including the liver, skeletal muscle, 

heart and pancreas, forming ectopic fat deposition (Figure 3) [80, 81]. If lipid 

supply exceeds oxidative capacity in these tissues, intracellular lipid 

accumulation occurs, and organ function might be impaired. The consequences 

of ectopic fat accumulation depend on the specific organ. However, the 

mechanisms leading to organ function disruption are quite similar at the cellular 

level since lipid accumulation is associated with decreased insulin sensitivity 

[82]. Thus, antagonizing deleterious effects associated with the unhealthy 

expansion of the WAT is necessary to enhance AT homeostasis and may 

represent a source of new therapeutic agents. 
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Figure 3. Adipose tissue dysfunction and systemic effects on peripheral tissues. Modified from 

Jack BU et al, Biomed Pharmacother. 2019.  

 

2.7 Interventions affecting adipose tissue (AT) function 

Increasing physical activity and weight reduction are two significant 

lifestyle changes to reduce insulin resistance and visceral obesity (mainly by 

decreasing the size of existing adipocytes), and they are central in modifying AT 

dysfunction. Several studies indicated that after 12 weeks of restricted caloric 

intake and increased exercise, TNFα, leptin and IL-6 levels decreased while anti-

inflammatory cytokines (adiponectin and IL-10) were significantly increased in 

obese subjects with metabolic risk factors [83]. Even before weight reduction, 

insulin sensitivity improved, and adiponectin plasma levels increased, 

suggesting that adipocyte function has ameliorated [84, 85]. However, changes 
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in lifestyle are difficult to achieve and maintain in clinical practice, but are 

required for a constant improvement of a patient’s metabolic profile [86].  

Statins have anti-inflammatory properties, which may also influence 

adipocyte function [87]. Nevertheless, short-term treatment with simvastatin and 

ezetimibe alone or in combination did not result in changes in adiponectin, 

leptin, and resistin levels in healthy subjects and obese patients with metabolic 

syndrome [88, 89]. Moreover, lower (instead of higher) adiponectin levels have 

been observed after simvastatin treatment in patients with vascular diseases [90]. 

In randomized statin trials, a lower incidence of Type 2 Diabetes (T2D) has been 

also observed in patients on statin compared with the placebo group [91]. The 

underlying mechanism of this effects is unclear since insulin sensitivity and 

adiponectin levels did not improve after nine weeks of simvastatin treatment in 

subjects with metabolic syndrome [92]. 

Fibrates, which act as agonists of PPARα, stimulate cellular fatty acid 

uptake and β-oxidation pathways predominantly in the liver, kidney, heart, and 

skeletal muscle. Recent research shows that PPARα may also be involved in 

adipocyte gene regulation specific for fatty acid metabolism [93]. A decrease in 

very low-density lipoprotein production is observed in combination with a 

reduction in fatty acid and triglyceride synthesis [94]. 

Thiazolidinediones (TZDs) are ligands of the nuclear transcription factor 

PPARγ and have been shown to regulate the expression of numerous genes 

affecting glycaemic control, lipid metabolism, and inflammation in pre-

adipocytes. TZDs improve insulin sensitivity in T2D patients and are proposed 

to have favourable effects on other metabolic alterations seen in metabolic 

syndrome and adipocyte dysfunction. Although currently available, TZDs 

(rosiglitazone and pioglitazone) have similar effects on insulin action, and they 

differ in their effects in the occurrence of vascular events and carotid artery 

intima-media thickening in patients with T2D [95].  

In patients with abdominal obesity, there is evidence that the 

endocannabinoid system is hyperactive, leading to increased food intake and 

weight gain, offering a new therapeutic option [96]. Rimonabant is an antagonist 

of the endocannabinoid-1 receptor (CB1), a receptor present on cells of the 

central nervous system, the liver, and adipocytes. Treatment with rimonabant 

leads to a reduction in body weight and waist circumference, and a 15% 

reduction in plasma triglycerides and a 25% increase in High-density lipoprotein 

cholesterol levels have been reported [97]. As a marker of AT dysfunction, 

Adiponectin increased 58% when compared with that at the start of the 

treatment. This increase may not only be explained by changes in body weight, 

leaving the suggestion that direct CB1 receptor blockade in adipocytes results in 

changes in adipocytes function [97]. 
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2.8 Nutraceuticals and effects on adipose tissue (AT) function 

In the last decades, scientific research has also focused on producing 

beneficial compounds that can play an essential role in future therapeutic 

development (dietary supplements, functional food, nutraceuticals and 

conventional drugs) from medicinal and food plants for human healthy [98]. It 

is important to emphasise that the terms “nutraceuticals”, “functional foods” and 

“dietary supplements” are still vague and are often confused. These concepts 

deserve to be distinguished. “Functional food” has been coined to identify foods 

or nutrients whose intake contributes to essential biochemical changes within the 

body that are different from those associated with their function as nutrients [99]. 

“Dietary supplements”, instead, are products intended to supplement the diet, 

contains one or more dietary ingredients (including vitamins, minerals, herbs or 

other botanicals, amino acids, and other substances) with a more defined health 

role to supplement the total dietary intake of these ingredients [100]. Ultimately, 

“nutraceuticals” focus more on disease prevention and/or treatment. Stephen De 

Felice coined this term from the words “nutrition” and “pharmaceutical” in 1989. 

According to De Felice, nutraceuticals can be described as “a food (or part of a 

food) that provides medical or health benefits, including the prevention and/or 

treatment of a disease” [101].  

Nutraceuticals provide various advantages and are believed to have 

physiological benefit or protection from CVD, obesity, diabetes, cancer, stress, 

Parkinson and Alzheimer diseases, pulmonary and respiratory disorders [102]. 

For example, in recent years, scientific results have shown that nutraceuticals 

composed of minerals, dietary fibres, and omega-3 polyunsaturated fatty acids 

(PUFAs) are recommended for the prevention and treatment of CVD [103]. 

Recent evidence from human and animal studies strengthens also their use as 

complementary strategy in support to the pharmacological treatment of several 

diseases, including T2D and obesity [104]. Some of them are, indeed, being used 

as good co-adjuvants along with the balanced diets and with the currently used 

drugs for the management of the blood glycaemia and for the prevention and 

treatment of T2D [105, 106]. Oral administration of the high molecular weight 

Gymnema sylvestre R. Br. leaf extract, Om Santal Adivasi, increases circulating 

serum insulin and reduces both fasting and post-prandial blood glucose in 

humans [107]. Also, oral assumption of hydroalcoholic extracts of Trigonella 

foenum-graecum L. seeds improves glycemic control and decreases insulin 

resistance in T2D [108]. Further, it has been demonstrated that nutraceuticals 

composed of capsaicin-conjugated linoleic acid, Momordica charantia, and 

Psyllium fibre have potential anti-obesity properties [102]. Caffeine and 

ephedrine have been proposed as treatments for weight loss and weight 

maintenance for a long time, as well [109]. Caffeine indeed increases energy 

expenditure by inhibiting the phosphodiesterase (PDE)-induced degradation of 

intracellular cyclic adenosine monophosphate (cAMP) and decreases energy 

intake by reducing food intake [110].  

Nutraceuticals are also involved in regulating AT functions. For example, 

supplementation of dietary polyphenols, epigallocatechin-3-gallate and 
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resveratrol (RES) for 12 weeks induces suppression of gene sets related to 

adipocyte turnover (adipogenesis and apoptosis/autophagy), inflammation and 

the immune system in AT in overweight and obese men and women [111]. 

Moreover, curcumin treatment increased Sirtuin 1 mediated adiponectin 

transcription and reduced ER stress in adipocytes by activating forkhead 

transcription factor O1 (Foxo1) and enhancing Foxo1 and C/EBPα interaction 

[112, 113]. Also, curcumin treatment blocked inflammatory response in the 

epididymal AT through inhibition of nuclear factor kappa-light-chain-enhancer 

of activated B cells (NFκB) expression and c-Jun N-terminal kinases signaling 

pathway activation in diet induced obese mice [114]. Nobiletin, a 

polymethoxylated flavone, present in some citrus fruits such as Citrus Depressa 

Hayata and Citrus Sinensis L., has shown to regulate AT function in diet induced 

obese mice, as well [115]. Nobiletin treatment indeed increased energy 

expenditure related genes in WAT and improved insulin signalling through the 

inhibition of the inflammatory cytokines TNFα and IκB kinase/ NFκB 

activation. Furthermore, in these mice it also reduced significantly the body and 

total WAT weight, plasma TG and increased plasma adiponectin levels. Finally, 

quercetin, a flavonoid present in citrus fruits, has been reported to improve 

obesity-associated inflammation acting on multiple targets [116]. Indeed, 

quercetin supplementation significantly suppressed the pro-inflammatory 

cytokines TNFα, IL-6, and monocyte chemoattractant protein-1 (MCP-1) levels 

in epididymal WAT and sera, suggesting its ability to reduce obesity-induced 

AT and systemic inflammation [117]. 

 

2.9 Citrus Aurantium Linnaeus 

Citrus Aurantium L., also known as “bitter orange”, is a common plant 

present in the Mediterranean basin, whose health properties have been described 

since the time of the ancient Greeks and Romans [118]. Citrus Aurantium L., 

indeed, contains several bioactive compounds, including alkaloids, flavonoids, 

and polyphenols [119]. In particular, the predominant components of Citrus 

Aurantium L. are flavonoids, including flavones, flavanones, flavonols, and 

anthocyanins (present only in blood oranges) [120, 121].  

Several studies have been performed investigating the effects of different 

Citrus Aurantium L. parts, including flowers, fruits and essential oils, 

demonstrating that compounds in Citrus Aurantium L. have beneficial properties 

[122, 123]. For example, extracts obtained from the immature fruits of Citrus 

Aurantium L. are commonly used in weight management due to effects on 

thermogenesis regulation [124]. Also, specific bioactive components present in 

Citrus Aurantium L., such as the alkaloid p-synephrine and its metabolite p-

octopamine, exhibit sympathomimetic actions on the α- and β-adrenergic 

receptors thus modulating lipolysis of adipocytes [125]. The use of Citrus 

Aurantium L. extract and of its constituent p-synephrine (C9H13NO2) for the 

treatment of obesity in 360 subjects was also reviewed. Citrus Aurantium L. 

extracts, alone or combined with other ingredients, enhance energy expenditure 

and metabolic rate and promote weight loss when given for 6-12 weeks in these 
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subjects without causing any significant adverse effects [119]. However, to date, 

due to substantial qualitative and quantitative differences in the composition 

among Citrus Aurantium L. extract preparations, several studies conducted both 

at pre-clinical and clinical level have reported conflicting findings on the 

effective role of Citrus Aurantium L. extracts as thermogenic agents [119, 124]. 

Several in vitro and in vivo studies have supplied evidence to support the 

protective effect of Citrus Aurantium L flavonoids against AT inflammation 

associated with obesity [126]. Naringenin and hesperetin have shown to inhibit 

TNFα-stimulated FFAs secretion both in 3T3-L1 adipocytes and in mouse 

epididymal primary adipocytes, through the inhibition of NF-κB and ERK 

pathways [127]. In addition, naringenin treatment for 14 days, suppresses 

macrophage infiltration into epididymal AT in diet-induced obese mice. In these 

mice, this effect was mediated by the suppression of MCP-1 expression, through 

inhibition of JNK phosphorylation in AT [128].   

Based on the above, it is thus plausible that Citrus Aurantium L. extracts 

may exert beneficial properties on adipose function. However, up today the 

potential nutraceutical effects of Citrus Aurantium L. on metabolic health 

targeting of AT has not been clearly addressed [129]. 
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3. Aim of the study 

Metabolic and/or endocrine dysfunction of the WAT contributes to the 

development of metabolic disorders, such as T2D and other pathologies, like 

atherosclerosis and CVD. Therefore, the identification of products able to 

improve AT function represents a valuable strategy for the prevention and/or 

treatment of WAT dysfunction.  

Nutraceuticals, which are nutritional products derived from plants and food 

sources with health or medical benefits, might be used as a complementary 

strategy to support the pharmacological treatment of these disorders. E.g., some 

of them are being used as good co-adjuvants along with balanced diets and with 

the currently used drugs for weight loss or management of blood glycaemia.  

In my PhD thesis, disclosed the nutraceutical properties of preparation of 

Citrus Aurantium L. dry extracts (CAde) obtained from its fruit juice on 

adipocyte function, by i. investigating the potential effects of this compound on 

the regulation of 3T3-L1 cells adipocyte differentiation and function in vitro, 

and by ii. exploring the molecular mechanisms at the basis of the compound 

action. I also investigated whether CAde might be effective against micro-

environmental insults, which affect adipogenesis and adipose tissue function. 
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4. Materials and Methods 

4.1 Citrus Aurantium L. Dry Extract (CAde) 

Dry extracts from Citrus Aurantium L. (CAde) fruit juice were obtained as 

previously described [130]. Briefly, Citrus Aurantium L. fruit juice was provided 

by the company “Agrumaria Corleone” (Palermo, Italy), which used fruits 

harvested from Citrus Aurantium L. plants cultivated in Eastern Sicily, Italy. To 

remove fibers, 100 mL of hand-squeezed juice were centrifuged at 12000 rpm 

for 15 min at 25°C, and then lyophilized for 24 h by setting the condenser 

temperature at -52°C and the vacuum value at 0.100 mBar. The powder was 

extracted with MeOH, and the procedure was repeated three times for the 

complete recovery of polyphenolic compounds. The extract was filtered through 

a 0.45 μm nylon membrane (Merck Millipore, Billerica, MA, USA), evaporated 

under vacuum to dryness, and stored at 4°C until used. The lyophilized dried 

extracts were then re-hydrated with distilled H2O to a final concentration of 10 

mg/mL. Quantitative analysis of compounds in CAde was also performed 

through advanced processes of extraction and refining, details are reported in 

Table 1. Treatments with CAde were made to concentrations and at the time 

indicated in the following paragraphs of the section “Materials and Methods”.  

 

Compound Extract flavonoids 

Narirutin 67.51 ± 1.98 mg/g 

Vicenin-2 55.56 ± 2.47 mg/g 

Hesperidin 39.05 ± 1.94 mg/g 

Lucenin-2 4’-methyl ether 23.58 ± 2.55 mg/g 

Neohesperidin 10.45 ± 2.32 mg/g 

Nobiletin 19.48 ± 0.88 mg/g 

Sinensetin 8.57 ± 0.86 mg/g 

Heptamethoxyflavone 3.96 ± 0.89 mg/g 

Tetramethyl-o-isoscutellarein 3.77 ± 0.47 mg/g 

Isosinensetin 3.53 ± 1.14 mg/g 

Eriocitrin 3.06 ± 0.21 mg/g 

Neodiosmin 3.01 ± 0.41 mg/g 

Tangeretin 2.91 ± 0.49 mg/g 

Isoquercitrin 2.86 ± 0.37 mg/g 

Hexamethoxyflavone isomer 1.86 ± 0.54 mg/g 

Didymin 1.75 ± 0.19 mg/g 

Hexamethoxyflavone 1.25 ± 0.57 mg/g 

 

Table 1. Quantitative flavonoid profile of CAde. The amount of the compounds is expressed as 

milligram per gram of extract. Data are reported as mean ± relative standard deviation (RSD%) 

values of at least three independent experiments. 
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4.2 Cell culture, adipocyte differentiation and treatments 

Murine embryonic fibroblast 3T3-L1 cells were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured 

in expansion medium containing Dulbecco's modified Eagle's medium (DMEM, 

4.5 g/L glucose, Sigma Aldrich, St Louis, MO, USA) supplemented with 10% 

fetal calf serum (FCS, Thermo Fisher Scientific, Waltham, MA, USA), 

100U/mL penicillin (Lonza Walkersville, MD, USA), and 100mg/mL 

streptomycin (Lonza Walkersville, MD, USA), at 37°C in a humidified 

atmosphere of 5% CO2 [131].  

3T3-L1 cells were differentiated as previously described [132]. In details, 

to induce differentiation, 3T3-L1 pre-adipocytes were seeded in a 6-well culture 

plate at a density of 8.0 x 104 cells per well and grown in expansion medium. 

Two days after 100% confluence (Day 0, D0), the pre-adipocyte expansion 

medium (DMEM 10% FCS) was removed. Adipocyte differentiation was 

initiated by culturing growth-arrested 3T3-L1 pre-adipocytes for 48 h with the 

differentiation medium (AS) containing DMEM (4.5 g/L glucose) 10% fetal 

bovine serum (FBS, Thermo Fisher Scientific) supplemented with 3-isobutyl-1-

methylxanthine (0.5 mM, Sigma Aldrich, St Louis, MO, USA), dexamethasone 

(1 μM, Sigma Aldrich) and insulin (1 μg/mL, Sigma-Aldrich, St. Louis, MO, 

USA). Starting from day 2 (D2), cells were cultured in an adipocyte maintenance 

medium containing DMEM (4.5 g/L glucose) 10% FBS supplemented with 1 

μg/mL insulin, and the medium was changed every 48 h until day 8 (D8). CAde 

(100 μg/mL) was added in every medium replacement except on experiments 

where it was added only from D0 to D2 or from D2 to D8.  

For the experiments with specific flavonoids metabolites, 3T3-L1 pre-

adipocytes were seeded in a 6-well culture plate at a density of 8.0 x 104 cells 

per well. Two days after confluence, growth-arrested 3T3-L1 pre-adipocytes 

were cultured in AS for 2, 4 and 8 h in the presence of 6.7 μg/mL narirutin or 

3.9μg/mL hesperidin or 5.5 μg/mL vicenin-2. Compounds were from 

Extrasynthese (Genay, France).  

For long-term experiments with TNFα, cells were differentiated, as above 

described, in the presence of CAde (100 μg/mL), or TNFα (1 ng/mL; EMD 

Millipore, Burlington, MA) or both. CAde was added at D0 and in every medium 

replacement. TNFα was added only at day 0. For short-term experiments with 

TNFα, 3T3-L1 cells at D0 were stimulated for 15, 30, 60, 120, and 240 min in 

AS or in AS supplemented with CAde (100 μg/mL), or TNFα (1 ng/mL) or both. 

 

4.3 Sulforhodamine B (SRB) assay 

SRB assay is a colourimetric assay frequently used in cytotoxicity screening 

[133]. It relies on the ability of SRB, a bright-pink aminoxanthene dye with two 

sulfonic groups, to stoichiometrically bind to protein components of cells [134]. 

SRB assay was performed as described [135]. The method was optimized for the 

toxicity screening of CAde in a 96-well plate. After 24 h of treatment, cells were 

fixed with 50% trichloroacetic acid at 4°C (100 μl/well, final concentration 10%) 

for 1 h, and then stained with 0.4% SRB (Sigma-Aldrich) dissolved in 1% acetic 
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acid (50 μl/well) for 30 min. Excess of dye was removed by washing with l% 

(vol/vol) acetic acid. Plates were air-dried, and protein-bound dye was 

solubilized in 100 mM Tris base solution. Optical density was determined at 490 

nm using a microplate reader. 

 

4.4 Image Acquisition, Oil-Red O Staining, and Triglyceride (TG) 

quantification assay 

Images of 3T3-L1 cells at day eight post-induction were taken using an 

Olympus microscope system (Olympus, Center Valley, PA, USA). 

Microphotographs are shown (×10 magnifications); scale bars, 30μm. Oil-Red 

O staining was performed as described in [136]. Briefly, 3T3-L1 cells at day 

eight post-induction were fixed with 10% formaldehyde for 5 min at room 

temperature, washed with PBS 1X and then dried thoroughly. Fixed cells were 

stained for 30 min at room temperature with Oil-Red O staining solution (Sigma-

Aldrich), consisting of 0.5g Oil Red O dissolved in 60% isopropyl alcohol 

solution. Excess dye was washed with 60% isopropyl alcohol. The Oil Red O 

dye was then extracted from the stained cells using 100% isopropyl alcohol 

(1mL). Intracellular lipid content was then quantified by measuring the optical 

density of the dissolved Oil-Red O staining at 490nm by a spectrophotometer.  

Cellular TG concentration was determined according to [137]. Briefly, 3T3-

L1 cells at day eight post-induction were lysed into PBS 1X by sonication. TG 

content per sample was measured using a TG assay kit from Sigma-Aldrich. Per 

sample DNA was also isolated using the AllPrep DNA/RNA/miRNA Universal 

Kit (Qiagen, Hilden, Germany), and DNA concentration was quantified and used 

to normalize data. The values were expressed as μg Triglyceride (TG)·μg 

Deoxyribonucleic acid (DNA)−1. 

 

4.5 Total RNA and miRNA Purification, Reverse Transcription, and qPCR 

Total RNA, including miRNA, was isolated from 3T3-L1 cells using 

AllPrep DNA/RNA/miRNA Universal Kit (Qiagen), according to the 

manufacturer’s instructions. Total RNA concentration was quantified with a 

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA).  

Gene expression was determined as described [138]. Total RNA (1000 ng) 

was reverse-transcribed using the SuperScript III Reverse Transcriptase 

(Qiagen). Gene expression was analyzed by quantitative real-time PCR using 

the iQ SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) 

and quantified as relative expression units. Cyclophilin was used as a 

housekeeping gene. Primer sequences used are the following: C/ebpβ: F, 5’-

cgcccgccgcctttagac-3’; R, 5’-cgctcgtgctcgccaatgg-3’; Creb: F, 5’-

agctgccactcagccgggta-3’; R, 5’-tggtgctcgtgggtgctgtg-3’; Pparγ: F, 5’-

ggaagccctttggtgactttatgg-3’; R, 5’-gcagcaggttgtcttggatgtc-3’; Glut4: F, 5’-

cctggaatgctgtctctgg-3’; R, 5’-tggctctgtcttaatgttgatg-3’; Fabp4: F, 5’-

aatcaccgcagacgacag-3’; R, 5’-acgcctttcataacacattcc-3’; Cyclophilin: F, 5’-

gcaagcatgtggtctttggg-3’; R, 5’-gggtaaaatgcccgcaagtc-3’.  
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miRNA expression was determined as described in [139]. Total RNA (500 

ng) was reverse-transcribed using the miScript II RT Kit (Qiagen). miRNA 

expression was analyzed by quantitative real time-PCR using the miScript 

SYBR Green PCR Kit (Qiagen) and quantified as relative expression units. U6 

small nuclear RNA (snRNA) was used as housekeeping small RNA. Primer 

sequences were from Qiagen: Mm_miR-155_1 miScript Primer Assay, 

MS00001701; Mm_miR-130a_1 miScript Primer Assay MS00001547; 

Mm_miR-375_2 miScript Primer Assay MS00032774; RNU6B_13 miScript 

Primer Assay, MS00014000. 

 

4.6 2-Deoxy glucose (2-DG) uptake 

2-DG uptake was performed as previously described [140]. In details, 3T3-

L1 cells differentiated for eight days in mature adipocytes treated or not with 

CAde (100 μg/mL) from D0 to D8, or from D0 to D2 or from D2 to D8, were 

starved for 24 h in DMEM supplemented with 0.1% BSA. Adipocytes were then 

washed twice with KRH buffer (HEPES 50 mM, NaCl 137 mM, KCl 4.7 mM, 

MgSO4 1.3 mM, CaCl2 1.85 mM, BSA 0.1%) and stimulated or not with insulin 

(100 nmol/L) for 30 min. Glucose uptake was determined by the addition of 2-

DG mix containing 1 mM of cold 2-DG and 0.25 μCi of 2-[14C]-DG for 5 min. 

Cells were then washed with KRH buffer and lysed with NaOH 0.05 M. The 2-

DG uptake was quantified by liquid scintillation counting and normalized for 

protein content by Bradford protein assay. 

 

4.7 Cell growth and flow cytometry analysis 

Cell growth analysis was performed as previously described [141]. Briefly, 

the mouse embryonic 3T3-L1 pre-adipocytes and the mouse embryonic 

fibroblasts NIH-3T3 cells were seeded in 6-well culture plates at a density of 8.0 

x 104 cells per well. The day after (day 0), 3T3-L1 pre-adipocytes were cultured 

in complete medium for the following 72 h in the presence or absence of CAde 

(100 μg/mL). Cell growth was analysed by counting cells at day 0 and every 24 

h for three days using the TC10™ Automated Cell Counter (Bio-Rad 

Laboratories).  

Flow cytometry analysis was performed as previously described [47]. 3T3-

L1 and NIH-3T3 cells were seeded in a 6-well culture plate at a density of 8.0 x 

104 cells per well. After two days post-confluence, cells were incubated in 

complete medium for the following 16 h in the presence or absence of CAde 

(100 μg/mL) or DMEM differentiation medium in the presence or absence of 

CAde (100 μg/mL) for 12, 14 and 16 h. The 3T3-L1 cells were harvested and 

fixed with ethanol 70% a 4°C overnight. Fixed 3T3-L1 cells were stained with 

propidium iodide 50 μg/mL (PI; Sigma Aldrich) and incubated with RNase 10 

μg/mL (Sigma Aldrich) for 30 min at 37°C in the dark. Fluorescence emitted 

from cells was measured by flow cytometry (BD FACSAria III, Becton, 

Dickinson and Company, Franklin Lakes, NJ) using BD FACSDiva software. A 

total of 10.0 x 103 cells in each sample were analyzed. 
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4.8 Chromatin immunoprecipitation (ChIP) 

Chromatin immunoprecipitation (ChIP) assays are used to evaluate 

transcription factor-DNA interactions and are critical for advancing gene 

expression regulation and epigenetic modifications studies. ChIP can detect and 

relatively quantify specific protein-DNA and protein-protein interactions at a 

single locus or multiple loci. ChIP involves chemically cross-linking proteins to 

DNA sequences, which is followed by immunoprecipitation of the cross-linked 

complexes, and analysis of the resultant DNA by endpoint. 

ChIP assays were performed as described [135]. For the ChIP assay, 

sonicated chromatin was immune-precipitated with the anti-CREB antibody 

(48H2; #9197; Cell Signaling Technology) and anti-rabbit IgG from Sigma-

Aldrich. Relative protein binding to the C/ebpβ gene was evaluated on recovered 

DNA by qPCR. Primers used are the following: CREB bs: F, 5’-gccctctcgcgctc-

3’; R, 5’-ggctccgctgcgtc-3’. Samples were normalized to their respective input 

using the 2-ΔCT method. 

 

4.9 Western blot (WB) analysis 

WB analysis was performed as described in [131]. 3T3-L1 cell lysates were 

obtained by lysing cells in buffer containing 20 mm Tris-HCl, pH 7.5; 5 mm 

Ethylenediaminetetraacetic acid (EDTA); 150 mm NaCl; 1% Nonidet P40 

(NP40), 10 μm phenylmethylsulfonyl fluoride (PMSF); 5 μg/mL aprotinin; and 

5 μg/mL leupeptin. Reagents used for cell lysates were from Sigma-Aldrich. 

Protein concentration was determined by Coomassie blue protein assay (Bio-

Rad Laboratories). Equal amounts of proteins lysates were then analyzed by 

SDS-PAGE, and then electrophoretically transferred to a Polyvinylidene 

fluoride (PVDF) membrane. Membranes were probed with antibodies to 

phospho-CREB Ser133 (1B6; #9196 Cell Signaling Technology, Danvers, MA, 

USA), total CREB (48H2, #9197; Cell Signaling Technology, Danvers, MA, 

USA), C/EBPβ (C-19, sc-150; Santa Cruz Biotechnology, Dallas, TX, USA), 

VINCULIN (7F9, sc-73614; Santa Cruz Biotechnology, Dallas, TX, USA), and 

β-ACTIN (I-19; sc-1616 Santa Cruz Biotechnology), and successively re-probed 

with secondary mouse or rabbit antibodies (Bio-Rad Laboratories) before signal 

detection with Enhanced chemiluminescence (ECL) plus (GE Healthcare, 

Chicago, IL, USA). 

 

4.10 miRNA Mimic and Inhibitor Transfection 

miRNA mimic and inhibitor transfection were performed according to 

[138]. Briefly, 100% confluent 3T3-L1 cells (day 2) were transfected with 5 

nmol·l−1 of miRIDIAN mimic mmu-miR-155-5p (C-310430-07-0005, 

Dharmacon Inc., Lafayette, CO, USA) or 5 nmol·L−1 of the miRIDIAN Hairpin 

Inhibitor mmu-miR-155-5p (IH-310430-08-0005, Dharmacon Inc.) using 

Lipofectamine 3000 Reagent (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. The non-targeting control oligonucleotide 

miRIDIAN microRNA Mimic negative control #1 (5 nmol·L−1; CN-001000-01-

05, Dharmacon Inc.) and the non-targeting control oligonucleotide miRIDIAN 
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microRNA Hairpin Inhibitor negative control #1 (5 nmol·L−1; IN-001005-01-

05, Dharmacon Inc.) were used as a negative control of miRNA mimic and 

inhibitor transfection, respectively. Forty-eight hours after the transfection (D0), 

adipogenesis was induced into cells and cells were left to differentiate into 

mature adipocytes for a further 8 days, as described above in this section. 

 

4.11 Statistical procedures 

For experiments with only two groups, the comparison was made using a 

two-tailed, unpaired Student’s t-test. For experiments with three or more groups, 

comparison between groups was determined by one-way analysis of variance 

(ANOVA) and Bonferroni correction post hoc test was carried out to determine 

significant differences between specific groups. GraphPad Software was used to 

analyse data (GraphPad Software, version 6.00 for Windows, La Jolla, CA). 
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5. Results 

To establish whether and how our Citrus Aurantium L. fruit juice CAde 

preparation exerts beneficial properties on adipose cells, different aspects of 

adipocyte function of 3T3-L1 cells, including differentiation, lipogenesis, 

glucose uptake and response to micro-environmental insults have been 

investigated. In the first part of these “results” section (5.1 - 5.7), data relative to 

CAde effects on early and late phases of differentiation process, gene expression 

and glucose uptake have been reported. In the second part of this section (5.8-

5.10), data relative to CAde effects on miRNA regulation of specific target genes 

and evaluation of protective properties of CAde on microenvironment insults are 

reported. 

 

5.1 CAde does not influence 3T3-L1 cell viability 

Firstly, cell viability of the 3T3-L1 cells in response to CAde at the 

concentrations of 1, 10, 100 and 1000 μg/mL was investigated. SRB assays 

showed a 10% reduction of viability in cells exposed to the highest CAde 

concentration (1000 μg/mL) compared with untreated cells, whereas CAde did 

not affect 3T3-L1 cell viability at lower doses (1, 10 and 100 μg/mL; Table 2). 

The concentration of CAde (1000 μg/mL) was therefore excluded for the 

subsequent experiments. 

 

Cells CAde (μg/mL) Cell viability (% over Ctrl) 

3T3-L1 pre-adipocytes / 100.0 ± 0.0 

 1000 μg/mL       92.6 ± 2.7*** 

 100 μg/mL 99.1 ± 3.3 

 10 μg/mL 103.9 ± 5.4 

 1 μg/mL 103.8 ± 3.7 

 
Table 2. Effects of CAde on 3T3-L1 pre-adipocytes cell viability. 3T3-L1 pre-adipocytes 

cultured in a 96-well plate were treated with scalar concentrations of CAde for 24h. Cytotoxicity 

was then determined by SRB assay as described under “Materials and Methods”. Data are mean 

± SD of determinations from three independent experiments. Statistical analysis was performed 

using one-way ANOVA. ***p<0.001, vs untreated 3T3-L1 pre-adipocytes. 

 

  



 

 

26 

5.2 CAde treatment promotes adipogenesis in 3T3-L1 cells 

To explore the adipogenic effects of CAde, 3T3-L1 pre-adipocytes were 

differentiated into mature adipocytes with an adipogenic stimuli (AS) in the 

presence or absence of various doses of CAde (1, 10 and 100 μg/mL) for eight 

days. Lipid accumulation of cells and TG deposition were measured at the end 

of the treatment, as events associated with terminal adipocyte differentiation.  

As shown by Oil-Red O staining, in the presence of CAde at a dose of 10 or 100 

μg/mL for eight days, but not at 1 μg/mL, cells displayed a dose-dependent 

increase of the intracellular lipid accumulation compared to control adipocytes 

(Figures 4A and 4B). Concurrently, treatment with CAde at the doses of 10 and 

100 μg/mL, but not at the lower concentration of 1 μg/mL, enhanced about 40 

and 70%, respectively, the TG deposition of treated 3T3-L1 adipocytes 

compared with the TG deposition of control adipocytes (Figure 4C). DNA 

content of 3T3-L1 cells treated with all three concentrations of CAde (1, 10 and 

100 μg/mL) was unchanged compared with the untreated control cells (data not 

shown). Altogether, these results indicate that treatment with CAde facilitates 

3T3-L1 adipogenesis in terms of lipid accumulation and TG. From now on, the 

dose of 100 μg/mL CAde, which showed the more adipogenic effect on the 3T3-

L1 cell, was used for all subsequent experiments. 
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Figure 4. The effects of CAde on TG deposition and intracellular lipid accumulation in 3T3-

L1 adipocytes. 3T3-L1 pre-adipocytes were differentiated into mature adipocytes for eight days, 

as described under “Materials and Methods”, in the absence (Ctrl) or presence of CAde (1, 10 or 

100 μg/mL). Microscopic images (10X magnification) (A), and lipid quantization (B) of mature 

adipocytes stained with Oil-Red O. The results are means ± SD of the Oil-Red O absorbance 

values measured at 490 nm from three independent experiments and are expressed as fold 

changes over control. Statistical analysis was performed using one-way ANOVA. **p<0.01 vs 
Ctrl. C) Total TG deposition of mature adipocytes. Data are mean ± SD of determinations from 

three independent experiments. Statistical analysis was performed using one-way ANOVA. 

**p<0.01, and ***p<0.001, vs Ctrl.  
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5.3 CAde up-regulates the expression of master regulators of adipogenesis 

in 3T3-L1 cells 

To investigate how CAde promotes adipogenesis in 3T3-L1 cells, we 

measured the expression of adipogenic markers at day 2 (D2), D4 and D8 of the 

differentiation process. The mRNA levels of the CCAAT/enhancer-binding 

protein beta (C/ebpβ) at D2 were increased by 2-fold (Figure 5A), the expression 

levels of the Peroxisome proliferator-activated receptor gamma (Pparγ) at D4 

were increased by 1.8-fold (Figure 5B), and glucose transporter type 4 (Glut4) 

and the Fatty acid-binding protein 4 (Fabp4) at D8 were increased by 2.3- and 

1.9-fold, respectively, (Figures 5C and 5D) in 3T3-L1 cells differentiated in the 

presence of CAde compared with control cells. Differently, no changes in the 

mRNA expression levels of C/ebpδ at day 2 and C/ebpα at day 4 were found 

among cells differentiated in the presence or absence of CAde (data not shown). 

These findings suggest that CAde enhances the expression of specific master 

regulator genes of adipogenesis as early as 2 days upon induction of 

differentiation. 

Figure 5. The effects of CAde on gene expression during adipogenesis in 3T3-L1 cells. 3T3-

L1 pre-adipocytes were differentiated into mature adipocytes for eight days, as described under 

“Materials and Methods”, in the absence (Ctrl) or presence of CAde (100 μg/mL). At the 
indicated time points, cells were collected for the extraction of RNA. qPCR was performed to 

detect the mRNA expression of (A) C/ebpβ at D2, (B) Pparγ at D4, and (C) Glut4 and (D) Fapb4 

at D8 of the adipogenesis. Results are means ± SD of three independent experiments and are 

expressed as relative changes over control. Statistical analysis was performed using Student’s t-

test. **p<0.01, and ***p<0.001 vs Ctrl at D2, D4 or D8. 
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5.4 CAde promotes the early stages of adipocyte differentiation and 

enhances insulin-mediated glucose uptake in 3T3-L1 cells 

The pre-adipocyte differentiation into mature adipocytes requires cell 

commitment and mitotic clonal expansion (MCE), occurring within the first 48 

h upon adipogenic induction, and intermediate and late cell differentiation 

phases, proceeding from D2 to D8 [142]. To evaluate whether CAde modulates 

specific phases of adipose cell differentiation, 3T3-L1 cells were differentiated 

in the presence of CAde from D0 to D2 or from D2 to D8 of adipocyte 

differentiation. At the end of the differentiation process, similarly to adipocytes 

matured in the presence of CAde for eight days (D0-D8), cells exposed early to 

CAde (D0-D2) showed a significant increase of both TG deposition and 

intracellular lipid accumulation compared with control mature adipocytes 

(Figures 6A, 6B and 6C). Also, gene expression of Pparγ at D4, and Glut4 and 

Fabp4 at D8 was augmented in these conditions (Figures 6D, 6E and 6F).  

On the other hand, in cells treated with CAde from D2 to D8, no increases of TG 

levels and lipid droplet formation at D8 (Figures 6A, 6B and 6C) and of the 

mRNA expression of Pparγ, Glut4 and Fabp4 of adipocyte differentiation 

(Figures 7A, 7B and 7C), were observed compared with control adipocytes. 

These data indicate that the effectiveness of treatment with CAde is restricted 

within the first 48 h of the differentiation process in 3T3-L1 cells. Then, to 

determine whether the treatment with CAde may also enhance adipocyte 

functionality, we investigated the basal and the insulin-mediated 2-DG uptake 

in mature 3T3-L1 adipocytes differentiated in the presence or absence of CAde 

from D0 to D8, from D0 to D2 or from D2 to D8. As expected, in adipocytes 

differentiated without CAde, 100 nmol/l insulin for 30 min induced by 4.5-fold 

the 2-DG uptake compared with the basal 2-DG uptake (Figure 8A). On the other 

hand, cells differentiated in the presence of CAde from D0 to D8 showed a 5.7-

fold increase of the insulin-mediated 2-DG uptake compared with the basal 2-

DG uptake (Figure 8A). Interestingly, the cells treated with CAde from D0 to 

D2, similarly to the cells exposed to CAde from D0 to D8, also increased the 

insulin-mediated 2-DG uptake compared with control cells (Figure 8A). On the 

contrary, the insulin-mediated 2-DG uptake of cells treated with CAde from D2 

to D8 was similar to the glucose uptake of unexposed control cells (Figure 8A). 

These data suggest that the treatment with CAde, even restricted within the first 

48 h of the differentiation process, also promotes glucose uptake in response to 

insulin stimulation. 
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Figure 6. The effects of CAde on the early stage of adipogenesis in 3T3-L1 cells. 3T3-L1 pre-

adipocytes were differentiated into mature adipocytes for eight days, as described under 

“Materials and Methods”, in the absence (Ctrl) or presence of CAde (100 μg/mL) from D0 to D2 

(D0-D2), from D2 to D8 (D2-D8) and from D0 to D8 (D0-D8). A) Total TG deposition of mature 

adipocytes. Data are mean ± SD of determinations from three independent experiments. 
Statistical analysis was performed using one-way ANOVA. ***p<0.001, vs Ctrl. Microscopic 

images (10X magnification) (B) and lipid quantization (C) of mature adipocytes stained with 

Oil-Red O. The results are means ± SD of the Oil-red O absorbance values measured at 490 nm 

from three independent experiments and are expressed as fold changes over control. Statistical 

analysis was performed using one-way ANOVA. **p<0.01 vs Ctrl.  
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Figure 7. The effects of CAde on the early stage of adipogenesis in 3T3-L1 cells. 3T3-L1 pre-

adipocytes were differentiated into mature adipocytes for eight days, as described under 
“Materials and Methods”, in the absence (Ctrl) or presence of CAde (100 μg/mL) from D0 to D2 

(D0-D2), from D2 to D8 (D2-D8) and from D0 to D8 (D0-D8). qPCR was performed to detect 

the mRNA expression of (A) Pparγ at D4, and (B) Glut4 and (C) Fapb4 at D8 of the 

adipogenesis. Results are means ± SD of three independent experiments and are expressed as 

relative changes over control. Statistical analysis was performed using one-way ANOVA. 

*p<0.05, **p<0.01, and ***p<0.001 vs Ctrl at D2, D4 or D8.  
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Figure 8. The effects of CAde on the early stage of adipogenesis in 3T3-L1 cells. 3T3-L1 pre-

adipocytes were differentiated into mature adipocytes for eight days, as described under 

“Materials and Methods”, in the absence (Ctrl) or presence of CAde (100 μg/mL) from D0 to 

D2 (D0-D2), from D2 to D8 (D2-D8) and from D0 to D8 (D0-D8). A) The uptake of 2-DG was 

then evaluated in mature adipocytes upon stimulation with insulin (100 nmol/l; Ins) for 30 min. 

The results are means ± SD of three independent experiments. Statistical analysis was performed 

using one-way ANOVA. ***p<0.001 vs Ctrl -Ins; ###p<0.001, CAde D0-D8 + Ins vs CAde D0-

D8 -Ins; ¶¶¶p<0.001, CAde D0-D2 + Ins vs CAde D0-D2 -Ins; †††p<0.001, CAde D2-D8 + Ins vs 

CAde D2-D8 -Ins; §p<0.05 vs Ctrl + Ins. 

 

5.5 CAde modulates cell cycle progression during MCE in 3T3-L1 cells 

After exposure to AS, post-confluent growth-arrested pre-adipocytes, 

undergo two successive mitoses over two days, indicated as MCE [143]. 

Therefore, to evaluate whether CAde promotes adipocyte differentiation in 3T3-

L1 cells by inducing changes in cell cycle progression during MCE, cell cycle 

distribution was analysed by flow cytometry. At 12 h post-induction, no 

differences of the cell distribution in the G0/G1, S and G2/M phases were 

observed among 3T3-L1 pre-adipocytes exposed or not to CAde (Figures 9A and 

9B). At 14 h post-induction, treatment with CAde decreased the number of cells 

in the G0/G1 phase and concomitantly increased the number of cells in the S 

phase (S phase: Ctrl, 26.5% ± 5.7% vs CAde, 38.0% ± 1.0%; p<0.05; Figures 

9A and 9B). At 16 h post-induction, CAde not only decreased the number of 

cells in the G0/G1 phase but also increased the number of cells in the S and 

G2/M phases (S phase: Ctrl, 40.2% ± 1.5% vs CAde, 52.2 ± 0.9%; p<0.001; 

G2/M phase: Ctrl, 11.1% ± 2.5% vs CAde, 17.0 ± 2.2%; p<0.05; Figures 9A and 

9B). Interestingly, CAde did not induce enhancement of MCE in the 

uncommitted mouse embryonic fibroblasts NIH-3T3 cells (data not shown). 
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not shown). In addition to this, treatment with CAde did not change both 3T3-

L1 and NIH-3T3 cell proliferation (data not shown). Thus, these results suggest 

that CAde exhibits pro-adipogenic properties specifically in 3T3-L1 cells by 

modulating and promoting their cell cycle progression in the early stage of the 

differentiation process. 

Figure 9. The effects of CAde on cell cycle progression during adipogenesis in 3T3-L1.  MCE 

was induced in 3T3-L1 pre-adipocytes with differentiation medium, as described under 

“Materials and Methods”. Cells were then harvested at 12, 14, and 16 h after the initiation of 

differentiation in the absence (Ctrl) or presence of CAde (100 μg/mL) and stained with the PI 

solution for flow cytometer cell cycle analysis. A) Histograms of cell cycle distribution in 

G0/G1, S or G2/M phases. B) Quantitative analysis of cell cycle distribution. The results are 
means ± SD of three independent experiments. Statistical analysis was performed using 

Student’s t-test *p<0.05, and ***p<0.001, CAde S Phase vs Ctrl S Phase; #p<0.05, CAde G2/M 

Phase vs Ctrl G2/M Phase. 
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5.6 CAde early enhances C/ebpβ expression through the activation of CREB 

in 3T3-L1 cells 

C/ebpβ plays a basic role in regulating adipogenesis and is necessary to 

initiate the MCE in 3T3-L1 cells [144-149]. To investigate whether and how 

CAde directly modulates C/ebpβ, we measured both the C/ebpβ gene expression 

and the activation state of its transcriptional regulator CREB [146] in the early 

times post the adipogenic induction of 3T3-L1 cells with the AS. As expected, 

in the control cells, AS induced already upon 1 h a 1.7-fold increase of the 

mRNA expression of C/ebpβ, which levels furtherly raised at 2 and 4 h and 

reached its maximal expression at 8 h post-treatment (Figure 10A). 

Concurrently, in these cells, AS also led to CREB activation, measured as 

phosphorylation of the Ser133, which was evident as early as 1 h and persisted 

up to 8 h following the adipogenic induction (Figure 10B). Interestingly, 

treatment with CAde also enhances the effect of AS on C/ebpβ expression and 

CREB activation (Figures 10A and 10B). Indeed, in cells treated with CAde, the 

C/ebpβ gene expression resulted in to be increased of about 30, 40 and 45% at 

2, 4 and 8 h upon AS and CAde induction, respectively, compared with its 

expression at the same time points in the AS treated control cells (Figure 10A). 

These data were also paralleled by a strong induction of the CREB activation, in 

which phosphorylation levels were higher as early as 1 h after the combined AS 

and treatments with CAde and remained more elevated up to 8 h following the 

treatments compared with the phosphorylation levels of the AS treated control 

cells (Figure 10B). Furthermore, the specific recruitment of CREB to its binding 

sites (Site 1, -111/-101 bp from the C/ebpβ gene transcription starting site, TSS, 

and Site 2, -65/-55 bp from the TSS) on the C/ebpβ promoter investigated by 

ChIP analysis showed a 2-fold increase in CREB binding to the C/ebpβ promoter 

at 4 h in 3T3-L1 cells differentiated in the presence of CAde compared with the 

AS treated cells (Figure 10C). These data indicate that CAde enhances the 

adipogenic induction effect in 3T3-L1 cells at least in part by early promoting 

and sustaining the C/ebpβ expression through the increased activation of the 

transcription factor CREB. 
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Figure 10. The effects of CAde on C/ebpβ gene expression and CREB activation during the 

early stage of adipogenesis in 3T3-L1. Adipogenesis was induced in 3T3-L1 pre-adipocytes 

with the differentiation medium (AS), as described under “Materials and Methods”. Cells were 

then harvested at 1, 2, 4 and 8 h after the initiation of differentiation in the absence (Ctrl) or 

presence of CAde (100 μg/mL) and processed for qPCR and western blot analysis. A) qPCR of 

C/ebpβ mRNA expression. Results are means ± SD of three independent experiments and are 

expressed as relative changes over control. Statistical analysis was performed using one-way 
ANOVA. ***p<0.01, vs 3T3-L1 cells at 0 h; ###p<0.001, CAde 2 h vs Ctrl 2 h; ¶p<0.05, CAde 4 

h vs Ctrl 4 h; †††p<0.001, CAde 8 h vs Ctrl 8 h. B) The representative western blot show levels 

of the total and Ser133 phosphorylated form of the cAMP response element-binding protein 

(CREB) and the β-Actin protein. C) CREB protein binding on C/ebpβ promoter was evaluated 

by ChIP analysis on 3T3-L1 cells harvested at 4 h after the initiation of differentiation in the 

absence (Ctrl) or presence of CAde (100 μg/mL). ChIP enrichment is relative to input chromatin. 

Data are expressed as mean ± SD of values from at least three independent experiments. 

Statistical analysis was performed using Student’s t-test. **p<0.01, CAde 4 h vs Ctrl 4 h. 
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5.7 Effects of single compounds on C/ebpβ gene expression in 3T3-L1 cells 

Finally, to investigate the hypothesis that the effects of CAde on C/ebpβ 

gene expression may be dependent on the activity of specific molecules within 

CAde, a qualitative and quantitative analysis of compounds in CAde was 

performed. From this analysis resulted that among 17 identified metabolites, the 

O-glycoside flavanones narirutin and hesperidin, which concentration for gram 

of CAde is 67.51 and 39.05 mg, respectively, and the C-glycoside flavone 

vicenin-2 (55.56 mg/g of CAde) were the most abundant (Table 1). The effects 

of these three flavonoids on C/ebpβ gene expression in the early times post the 

adipogenic induction of 3T3-L1 cells with AS was thus investigated. 

Interestingly, similarly to cells treated with CAde, cells exposed to narirutin 

showed a stronger increase of the mRNA expression of C/ebpβ at 2 h and 4 h 

post adipogenic induction compared to control cells (Figures 11A and 11B), but 

at 8 h the C/ebpβ levels were comparable among control, and narirutin treated 

cells (Figure 11C). Differently from narirutin, hesperidin significantly enhanced 

C/ebpβ expression of 3T3-L1 cells only at 2 h post adipogenic induction, but not 

at 4 and 8 h, compared to control cells (Figures 11A, 11B and 11C), while 

vicenin-2 did not affect C/ebpβ gene expression levels of 3T3-L1 cells neither 

at 2, 4 or 8 h upon AS (Figures 11A, 11B and 11C). 
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Figure 11. The effects of single flavonoids on C/ebpβ gene expression during the early stage 

of adipogenesis in 3T3-L1. Adipogenesis was induced in 3T3-L1 pre-adipocytes with 

adipogenic differentiation medium (AS). Cells were then harvested at 2, 4 and 8 h after the 

initiation of differentiation in the absence (Ctrl) or presence of 6.7 μg/mL narirutin (N) or 3.9 

μg/mL hesperidin (H) or 5.5 μg/mL vicenin-2 (V). Cells treated with CAde (100 μg/mL) were 

also used. At the indicated time points, cells were collected for the extraction of RNA. qPCR 

was performed to detect the mRNA expression of C/ebpβ at 2h (A), 4h (B), and 8h (C) upon 

adipogenesis. Results are means ± SD of three independent experiments and are expressed as 

relative changes over control cells at time 0. Statistical analysis was performed using one-way 
ANOVA. **p<0.01, and ***p<0.001 vs Ctrl at 2, 4 or 8 h. 
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5.8 CAde down-regulated the expression of miR-155 and enhanced C/ebpβ 

and Creb levels during the early stage of adipogenesis in 3T3-L1 cells 
To test the hypothesis that CAde may potentially exert its pro-adipogenic 

effects in vitro by modulating miR-155 expression, the early stage of fat cell 

differentiation was investigated in 3T3-L1 pre-adipocytes. In control cells, the 

AS induced at 15 min a 10% reduction of the miR-155 expression, whose levels 

remained steadily lowered to about 30%-35% at 30 min, 1, 2, and 4 h upon the 

adipogenic induction (Figure 12A). In cells treated with CAde, the expression of 

miR-155 resulted in levels being decreased by 31% already by 15 min upon the 

adipogenic induction, and its levels further declined by 58% at 30 min, 51% at 

1 h, 54% at 2 h, and 54% at 4 h upon induction compared to control cells at time 

0 (Figure 12A). Interestingly, compared to control cells, treatment with CAde 

enhanced the effect of the adipogenic stimuli on miR-155 down-regulation by 

25%-40% at each time point (Figure 12A).  

Additionally, we evaluated CAde effect on miR-130a and miR-375, whose 

role in adipocyte fate determination has already been demonstrated [150]. In 

control 3T3-L1 cells, the induction of fat cell differentiation with AS caused a 

time-dependent down-regulation of the anti-adipogenic miR-130a (Figure 11B) 

and up-regulation of the pro-adipogenic miR-375 (Figure 12C) compared to 

control cells at time 0. Of note, CAde treatment did not affect the expression of 

these two miRNAs. Indeed, in cells treated with CAde and AS, the expression 

levels of both miR-130a (Figure 12B) and miR-375 (Figure 12C) at each time 

point were comparable to those levels observed in control cells. Altogether, these 

findings suggest that CAde specifically modulated the expression of miR-155 in 

the early stage of fat cell differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 12. Effect of CAde on the expression of miR-
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Subsequently, it was investigated whether CAde could influence the miR-

155 target genes C/ebpβ and Creb [151]. In the control cells, AS led to a time-

dependent up-regulation of both C/ebpβ (Figure 13A) and Creb (Figure 13B) 

mRNA levels compared to control cells at time 0. It is worth noting that, 

compared to control cells, treatment with CAde furtherly up-regulated the 

expression of C/ebpβ by about 65% and 45% at 2 and 4 h, respectively (Figure 

13A), while the combined stimulation of AS and CAde up-regulated Creb 

mRNA levels by about 40%, 55%, and 25% at 1, 2, and 4 h, respectively, as 

compared to treated control cells (Figure 13B). Coherently with the gene 

expression data, the protein levels of C/EBPβ isoform liver-enriched activating 

protein (LAP) resulted up-regulated at 2 and 4 h from AS in the cells treated 

with CAde compared to control cells (Figure 13C). Additionally, the protein 

levels of CREB were increased, starting from 0.25 h from AS in cells treated 

with CAde (Figure 13C). Altogether, these findings at the early stage of fat cell 

differentiation indicated that CAde might exert its function on the adipogenic 

induction in 3T3-L1 cells, at least in part, by specifically lowering the expression 

of miR-155 at the early time points and thus up-regulating the mRNA and protein 

expression of its target genes C/ebpβ and Creb. 
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Figure 13. CAde effects on the expression of the miR-155 target genes, C/ebpβ and Creb. Pre-
adipocytes were cultured for 0.25, 0.5, 1, 2, and 4 h with AS (Ctrl) or AS + CAde (100 μg/mL) 

CCAAT/enhancer-binding protein beta (C/ebpβ) and cyclic Adenosine Monophosphate (cAMP) 

response element-binding protein (Creb) levels were evaluated by quantitative real-time PCR. 

Time course of C/ebpβ (A) and Creb (B) levels in Ctrl and CAde-treated cells relative to 

untreated 3T3-L1 cells at time 0. Values are means ± SEM of three independent experiments. 

Control value at time 0 was set as 1.00. Statistical significances among groups were tested by 

one-way ANOVA followed by Bonferroni correction post-hoc test (*p<0.05, **p<0.01, and 

***p<0.001 vs untreated 3T3-L1 cells at time 0; #p< 0.05 and ##p<0.01 vs control 3T3-L1 cells). 

(C) Representative Western blots of the total form of the C/ebpβ-liver enriched activating protein

(LAP), CREB, and VINCULIN proteins in control cells and CAde-treated cells at 0.25, 0.5, 1,

2, and 4 h after adipogenic induction. C/ebpβ-LAP and CREB protein expression levels at the

basal (0) are also reported.
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5.9 CAde improved terminal adipocyte differentiation of 3T3-L1 cells over-

expressing miR-155 by mimic transfection 
Over-expression of miR-155, by a gain of function approach or by pro-

inflammatory cytokine induction [70, 71], has been reported to impair in vitro 

adipocyte differentiation of 3T3-L1 cells. We then hypothesized that CAde 

might preserve the adipogenesis of 3T3-L1 cells, where miR-155 was over-

expressed by mimic transfection or induced by the pro-inflammatory cytokine 

TNFα. Fat cell differentiation of 3T3-L1 cells was firstly investigated in cells 

transfected with the miR-155 mimic or the miR-155 inhibitor. The specific over-

overexpression of mimic miR-155 reduced the number of 3T3-L1 cells able to 

differentiate into adipocytes by about 50%, as shown by light microscopy images 

(Figure 14A) and Oil-Red O lipid accumulation (Figure 14B). In cells treated 

with CAde, the intracellular lipid accumulation was increased by about 1.4-fold 

compared to miR-155 over-overexpressing cells (Figure 14A and 13B). On the 

other hand, the specific loss of function of miR-155 by hairpin inhibitor 

transfection increased adipogenesis of 3T3-L1 cells by about 90% (data not 

shown); no further increase of adipogenesis was observed in 3T3-L1 cells 

transfected with miR-155 hairpin inhibitor upon CAde treatment (data not 

shown). These findings indicated that CAde treatment partially prevents the 

inhibitory effects of miR-155 on adipocyte differentiation of 3T3-L1 cells.  
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Figure 14. Effect of CAde on adipocyte differentiation and lipid accumulation of 3T3-L1 

adipocytes over-overexpressing miR-155. 3T3-L1 pre-adipocytes were transfected with the 

mimic negative control (NC) #1 or with the miR-155 mimic and cultured to reach adipocyte 

differentiation for eight days AS. Cells transfected with the miR-155 mimic were also 

differentiated with AS supplemented with CAde (100 μg/mL). (A) Representative 

microphotographs of adipocytes transfected with mimic negative control (NC) #1 or with the 
miR-155 mimic ± CAde are shown (X10 magnifications); scale bars, 30 μm. (B) Oil-Red O 

staining of adipocytes transfected with mimic negative control (NC) #1, or with the miR-155 

mimic ± CAde. Values are mean ± SEM of determinations from three independent experiments. 

Statistical significances among groups were tested by one-way ANOVA followed by Bonferroni 

correction post-hoc test (**p<0.01, and ***p<0.001 vs mimic negative control (NC) #1; 
##p<0.01, miR-155 mimic + CAde vs miR-155 mimic).  

Secondly, we investigated whether CAde may preserve the adipogenesis of cells 

exposed to the pro-inflammatory cytokine TNFα, which exerts profound 

inhibition of adipocyte differentiation by miR-155 induction [70, 151]. As 

expected, the number of 3T3-L1 pre-adipocytes able to achieve full 

differentiation was strongly reduced by TNFα treatment, as shown by the light 

microscopy images (Figure 15A). Consistent with this, TNFα reduced the 

intracellular lipid accumulation (Figure 15B) by about 60% and the TG 

deposition by about 70% (Ctrl, 41.5 ± 0.3; TNFα, 11.2 ± 0.3, μg TG · μg DNA−1; 

p<0.001) compared to control adipocytes. It is worth noting that in cells co-

treated with TNFα and CAde, the number of adipocytes was increased compared 
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to TNFα-treated cells (Figure 15A). In addition, upon CAde treatment, the 

intracellular lipid accumulation (Figure 15B) and TG deposition were increased 

by 1.5- and about 2.2-fold, respectively, compared to TNFα-treated adipocytes 

(TNFα + CAde, 26.4 ± 5.8; TNFα, 11.2 ± 0.3, μg TG · μg DNA−1; p<0.05). 

Altogether, these data suggest that CAde treatment partially protected the   

adipogenesis of 3T3-L1 cells from the TNFα inhibitory effect. 

 

Figure 15. Effect of CAde on adipocyte differentiation and lipid accumulation of 3T3-L1 

adipocytes treated with TNFα. 3T3-L1 pre-adipocytes were cultured to reach adipocyte 

differentiation for eight days with AS (Ctrl) or AS supplemented with TNFα (1 ng/mL) ± CAde 

(100 μg/mL). (A) Representative microphotographs of Ctrl, TNFα-, and TNFα + CAde-treated 

adipocytes are shown (X10 magnifications); scale bars, 30 μm. (B) Oil-Red O staining of Ctrl, 

TNFα-, and TNFα + CAde-treated adipocytes. Values are mean ± SEM of determinations from 

three independent experiments. Statistical significances among groups were tested by one-way 

ANOVA followed by Bonferroni correction post-hoc test. (*p<0.05, and **p<0.01 vs Ctrl; 
#p<0.05, TNFα + CAde vs TNFα). 
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5.10 CAde prevented TNFα-induced dysregulation of miR-155, C/ebpβ, and 

Creb expression during the early stage of adipogenesis in 3T3-L1 cells 
Up-regulation of miR-155 and suppression of C/ebpβ and Creb expression 

were identified as one of the mediators of the TNFα-dependent inhibition of 

adipogenesis [70, 71]. We thus evaluated whether CAde may counteract these 

anti-adipogenic effects of TNFα during the early time points upon adipogenic 

induction of 3T3-L1 pre-adipocytes. As expected, TNFα already at 15 min from 

adipogenic induction induced a 30% increase in miR-155 expression, whose 

level remained elevated at 30 min, 1, 2, and 4 h upon AS stimulation compared 

to control 3T3-L1 cells at time 0 (Figure 16A). Consistent with this, TNFα 

treatment also decreased the expression of C/ebpβ by about 50% at 30 min, 42% 

at 1 h, 66% at 2 h, and 35% at 4 h upon AS stimulation (Figure 16B) and Creb 

by about 52% at 30 min and 62% at 1 h upon AS stimulation (Figure 16C). 

Interestingly, the co-treatment with TNFα and CAde down-regulated miR-155 

expression during the early time points of adipogenic induction to levels 

comparable to AS-treated control cells (Figure 16A). At the same time points 

upon adipogenic induction, an up-regulation of both C/ebpβ (Figure 16B) and 

Creb (Figure 16C) mRNA expression, to levels comparable to those in AS-

treated control cells, was observed in the TNFα + CAde-treated cells. Altogether, 

these findings suggest that CAde weakened the inhibitory effect of TNFα on the 

adipogenesis of 3T3-L1 cells by restoring the AS effects on miR-155 down-

regulation and C/ebpβ and Creb gene up-regulation at the early differentiation 

time points.  
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Figure 16. Effect of CAde on the expression of miR-155 and its target genes, C/ebpβ and Creb, 

during the early stage of adipogenesis in 3T3-L1 cells exposed to TNFα. 3T3-L1 pre-

adipocytes were cultured for 0.25, 0.5, 1, 2, and 4 h with AS (Ctrl) or AS supplemented with 

TNFα (1 ng/mL) ± CAde (100 μg/mL). The miRNA and gene expressions were evaluated by 

quantitative real-time PCR. Time course of miR-155 (A), C/ebpβ (B), and Creb (C) levels in 

Ctrl, TNFα-, and TNFα + CAde-treated cells are shown relative to untreated 3T3-L1 cells at time 

0. Values are means ± SEM of three independent experiments. Control value at time 0 was set

as 1.00. Statistical significances among groups were tested by one-way ANOVA followed by

Bonferroni correction post-hoc test (*p<0.05, **p<0.01, and ***p<0.001 vs untreated 3T3-L1

cells at time 0; #p<0.05, ##p<0.01 and ###p<0.001 vs control 3T3-L1 cells; $p<0.05, $$p< 0.01,
$$$p<0.001 vs TNFα-treated 3T3-L1 cells).
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6. Discussion and Conclusions

WAT, consisting of several cell types including mature adipocytes, is one 

of the largest organs in humans which mainly works as reserve of lipids to store 

and mobilize according to the energy needs, and as endocrine organ contributing 

to the complex homeostatic regulation of the energy intake, and of the glucose 

and lipid metabolisms [2, 154]. Several evidence sustains that its dysfunction 

contributed to the development of metabolic disorders, such as T2D, as well as, 

other pathologies, like atherosclerosis and cardiovascular disease [38, 155, 156]. 

Therefore, the generation of pharmaceutical and/or nutraceutical compounds 

targeted to improve WAT functional capacity represents an alternative and 

complementary strategy for the prevention and/or treatment of its related 

disorders. 

In this context, in the first part of my PhD program I have intensely studied 

the potential nutraceutical effects of CAde, a preparation of dry extracts obtained 

from Citrus Aurantium L. fruit juice in vitro, on the regulation of 3T3-L1 cells 

adipocyte differentiation and function. My study revealed that the treatment of 

3T3-L1 pre-adipocytes with CAde enhances adipogenesis in vitro, as shown by 

the increased TG and lipid accumulation and by the increased gene expression 

of the adipocyte-specific markers, C/ebpβ, Pparγ, Glut4 and Fabp4. 

Furthermore, I also disclosed that CAde treatment is able to robustly improve the 

2-DG uptake upon insulin stimulation. I have furthermore demonstrated that

CAde improves adipocyte differentiation and function of the 3T3-L1 cells by

acting on the early stages of adipogenesis. Indeed, when adipogenesis was

investigated culturing pre-adipocytes with CAde at the temporal windows, from

D0 to D2 and from D2 to D8, only the treatment with dry extracts for the first

48 h was sufficient to increase the expression of Pparγ, Glut4 and Fabp4, to

sustain the terminal adipocyte differentiation and to nurture the glucose uptake

to levels comparable to that observed into cells exposed to a continuous

treatment with CAde. Several evidence nowadays indicates that the transcription

factor C/ebpβ plays a pivotal role in the regulation of the adipogenesis and its

activation is a prerequisite for the initiation of the MCE in the adipocyte-

differentiation program [155-160]. Accordingly with the latter observations,

here I also demonstrated in 3T3-L1 pre-adipocytes that CAde strongly up-

regulates, simultaneously with the CREB activation and binding to the C/ebpβ

gene promoter, the C/ebpβ expression at 2, 4 and 8 h post the adipogenic

induction and drives cell cycle progression during MCE at 14-16 h post AS

treatment. Therefore, based on these findings the effects of CAde during early

adipogenesis is, at least in part, due or associated with the specific activation of

C/ebpβ. Finally, I have also evaluated the hypothesis that the effects of CAde on

C/ebpβ gene expression may be dependent on the activity of specific molecules

largely abundant within CAde, such as the O-glycoside flavanones narirutin and

hesperidin and the C-glycoside flavone vicenin-2. However, when the effect of

each one of these three flavonoids on C/ebpβ gene regulation was investigated,

none of them reached effects comparable to CAde, supporting the concept that
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the beneficial effects of CAde on adipocyte differentiation capacity are 

attributable to the specific and unique distribution of bioactive compounds 

within CAde. 

In the second part of my PhD program, I have reported new evidence that 

sustains nutraceutical beneficial effects of CAde on the regulation of miRNA 

expression and function in vitro in 3T3-L1 pre-adipocytes. miRNAs have indeed 

emerged to contribute to the metabolic abnormalities associated with obesity and 

obesity-related complications by particularly affecting the function of the white 

adipose tissue (WAT) [161, 162]. Also, growing evidence sustains the 

hypothesis that dietary modulation of miRNA expression may explain in part 

some of the beneficial effects of nutraceuticals on health [161-165]. In particular, 

I demonstrated that the treatment of cells with CAde enhanced the down-

regulation of the adipogenic suppressor miR-155 [70, 71], as early as 15 min 

upon induction of adipogenesis in 3T3-L1 pre-adipocytes. This results in an up-

regulation of the mRNA and protein levels of the miR-155 target genes, C/ebpβ 

and Creb [70]. Specifically, CAde treatment further increased the expression of 

C/ebpβ mRNA and of the pro-adipogenic C/EBPβ-LAP protein isoform upon 2 

h from the adipogenic induction [164]. Additionally, CAde further up-regulated 

Creb mRNA and protein levels. It is worth noting that CAde specifically 

modulated miR-155 expression during the early stage of adipogenesis. Indeed, 

CAde treatment during the first 4 h post-adipogenic induction with AS did not 

affect the expression of other miRNAs, such as miR-130a and miR-375, whose 

role in adipocyte fate determination has been already demonstrated [165, 166]. 

I have also reported that CAde partially preserved adipogenesis of 3T3-L1 cells, 

where the expression of miR-155 was up-regulated by mimic transfection. CAde 

did not further enhance adipogenesis of 3T3-L1 cells, where miR-155 activity 

was abolished by specific hairpin inhibitor. These findings led us to suppose that 

the treatment with CAde may be effective against any micro-environmental 

insults, which impair adipocyte differentiation by up-regulation of miR-155. In 

accordance with this, we indeed found that the CAde treatment counteracted the 

detrimental effects of TNFα on adipogenesis. Indeed, terminal adipocyte 

differentiation of 3T3-L1 cells exposed to TNFα was improved by almost 50% 

by CAde and was associated with a restoring of the expression of miR-155, 

C/ebpβ, and Creb during the early stage of adipogenesis. TNFα is a pleiotropic 

cytokine that exerts homeostatic and pathogenic bioactivities [167]. High TNFα 

levels are observed in the WAT during obesity, and they have profound effects 

on adipocyte metabolism by impairing triglyceride synthesis and storage and 

inhibiting adipocyte differentiation [70]. Liu et al. have also demonstrated in 

3T3-L1 pre-adipocytes that miR-155, whose expression is up-regulated by TNFα 

as early as 5 min via NFκB-p65 (nuclear factor kappa-light-chain-enhancer of 

activated B cells) binding to the miR-155 promoter, mediates at least in part the 

TNFα-induced suppression of adipogenesis by down-regulating early 

adipogenic transcription factors [70]. These findings, therefore, provide the first 

piece of evidence for the efficacy of CAde treatment in vitro against micro-

environment insults deleterious for the functional capacity of adipose cells. In 
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this scenario, CAde may ameliorate, in the early stage, the differentiation process 

by blocking NFκB-p65 into the cytosol and thus preventing the NFkB-p65–

mediated transcription of miR-155. This hypothesis was indeed sustained by our 

preliminary data in 3T3-L1 pre-adipocytes short-term treated with TNFα, where 

the TNFα-induced NFκB-p65 translocation from cytosol to the nucleus was 

prevented by CAde treatment (data not shown). 

In conclusion, my work reveals the nutraceutical properties of preparation 

of Citrus Aurantium L. fruit juice dry extracts (CAde) on the fat cell functional 

capacity in terms of enhanced adipocyte differentiation and function in vitro. 

Also, this study demonstrated that the down-regulation of the miR-155, which 

causes the up-regulation of the target genes, C/ebpβ and Creb, is part of the 

mechanism through which CAde enhances adipocyte differentiation of pre-

adipocytes in vitro. Furthermore, I provide substantial evidence of this 

nutraceutical compound's efficacy against micro-environment insults, which are 

harmful to adipose cell functionality and affect miR-155 expression, such as 

TNFα. The last data suggest that the development of nutraceutical products 

derived from CAde may be an effective strategy for treating adipocyte 

dysfunction and its related disorders. 

  



 

 

50 

7. Acknowledgements 

I wold like to thanks Prof. Francesco Beguinot for taking a chance on me and 

accepted me into his lab. 

Thanks to Dr Claudia Miele for warmly welcoming me and working with me 

every day. You will always have a special place in my heart.  

My appreciation and gratitude to my scientific mentor Dr Gregory Alexander 

Raciti, for all your teachings, your time, suggestions, guidance and especially 

your friendship. 

Thanks to Dr Antonella Desiderio, for encouragement, the selfless assistance 

and humour, you helped me immensely during times of struggle. 

Thanks to Dr Giuseppe Cacace for your friendship, which makes this path so 

much more enjoyable. 

I would also like to express my immense gratitude to all colleagues and 

researchers of the lab Dr Francesca Fiory, Dr Cecilia Nigro, Dr Paola Mirra, Dr 

Michele Longo, Dr Luca Parrillo, Dr Rossella Spinelli, Dr Federica Zatterale, 

Dr Alessia Leone, Dr Imma Prevenzano, Dr Pasqualina Florese, Dr Francesca 

Chiara Pignalosa and Dr Sonia de Simone. 

Thanks to my entire family; my grandparents, and parents because through your 

words and your encouragement…I became the person that I am now.  

Thanks to my little brother, always ready to listen to me and give me advice. 

Every time I need him, despite the miles between us, he is always close to me 

I want to thank a very special person. My love Anna, she is beyond this my best 

friend. We have walked this path together, step by step, day by day, overcoming 

all the difficulties, celebrating every victory together and getting up more robust 

than before after every defeat. In these years, we have always supported, 

encouraged, compared and made many sacrifices. Thank you for always being 

at my side at all times, and even today, on this important day, you are here with 

me to celebrate together this my goal, my victory, that it is not only mine but our 

victory! 

 

  



 

 

51 

8. References 

1. Rosen ED, Spiegelman BM. What we talk about when we talk about fat. 

Cell. 2014 Jan 16;156(1-2):20-44. doi: 10.1016/j.cell.2013.12.012.  

2. Rosen ED, MacDougald OA. Adipocyte differentiation from the inside out. 

Nat Rev Mol Cell Biol. 2006 Dec;7(12):885-96. doi: 10.1038/nrm2066.  

3. Lee MJ, Wu Y, Fried SK. Adipose tissue remodeling in pathophysiology of 

obesity. Curr Opin Clin Nutr Metab Care. 2010 Jul;13(4):371-6. doi: 

10.1097/MCO.0b013e32833aabef.  

4. Ramakrishnan VM, Boyd NL. The Adipose Stromal Vascular Fraction as a 

Complex Cellular Source for Tissue Engineering Applications. Tissue Eng 

Part B Rev. 2018 Aug;24(4):289-299. doi: 10.1089/ten.TEB.2017.0061.  

5. Frühbeck G, Becerril S, Sáinz N, Garrastachu P, García-Velloso MJ. BAT: 

a new target for human obesity? Trends Pharmacol Sci. 2009 

Aug;30(8):387-96. doi: 10.1016/j.tips.2009.05.003.  

6. Cinti S. The adipose organ at a glance. Dis Model Mech. 2012 Sep;5(5):588-

94. doi: 10.1242/dmm.009662.  

7. Koster A, Stenholm S, Alley DE, Kim LJ, Simonsick EM, Kanaya AM, 

Visser M, Houston DK, Nicklas BJ, Tylavsky FA, Satterfield S, Goodpaster 

BH, Ferrucci L, Harris TB; Health ABC Study. Body fat distribution and 

inflammation among obese older adults with and without metabolic 

syndrome. Obesity (Silver Spring). 2010 Dec;18(12):2354-61. doi: 

10.1038/oby.2010.86. 

8. Stephens M, Ludgate M, Rees DA. Brown fat and obesity: the next big 

thing? Clin Endocrinol (Oxf). 2011 Jun;74(6):661-70. doi: 10.1111/j.1365-

2265.2011.04018.x.  

9. Blaszkiewicz M, Willows JW, Johnson CP, Townsend KL. The Importance 

of Peripheral Nerves in Adipose Tissue for the Regulation of Energy 

Balance. Biology (Basel). 2019 Feb 12;8(1):10. doi: 

10.3390/biology8010010.  

10. Fenzl A, Kiefer FW. Brown adipose tissue and thermogenesis. Horm Mol 

Biol Clin Investig. 2014 Jul;19(1):25-37. doi: 10.1515/hmbci-2014-0022.  

11. Chen KY, Cypess AM, Laughlin MR, Haft CR, Hu HH, Bredella MA, 

Enerbäck S, Kinahan PE, Lichtenbelt Wv, Lin FI, Sunderland JJ, Virtanen 

KA, Wahl RL. Brown Adipose Reporting Criteria in Imaging STudies 

(BARCIST 1.0): Recommendations for Standardized FDG-PET/CT 

Experiments in Humans. Cell Metab. 2016 Aug 9;24(2):210-22. doi: 

10.1016/j.cmet.2016.07.014.  

12. Wang Q, Zhang M, Xu M, Gu W, Xi Y, Qi L, Li B, Wang W. Brown adipose 

tissue activation is inversely related to central obesity and metabolic 

parameters in adult human. PLoS One. 2015 Apr 20;10(4):e0123795. doi: 

10.1371/journal.pone.0123795. 



 

 

52 

13. Townsend K, Tseng YH. Brown adipose tissue: Recent insights into 

development, metabolic function and therapeutic potential. Adipocyte. 2012 

Jan 1;1(1):13-24. doi: 10.4161/adip.18951. 

14. Giralt M, Villarroya F. White, brown, beige/brite: different adipose cells for 

different functions? Endocrinology. 2013 Sep;154(9):2992-3000. doi: 

10.1210/en.2013-1403.  

15. Cedikova M, Kripnerová M, Dvorakova J, Pitule P, Grundmanova M, 

Babuska V, Mullerova D, Kuncova J. Mitochondria in White, Brown, and 

Beige Adipocytes. Stem Cells Int. 2016;2016:6067349. doi: 

10.1155/2016/6067349.  

16. Park A, Kim WK, Bae KH. Distinction of white, beige and brown 

adipocytes derived from mesenchymal stem cells. World J Stem Cells. 2014 

Jan 26;6(1):33-42. doi: 10.4252/wjsc.v6.i1.33.  

17. Thyagarajan B, Foster MT. Beiging of white adipose tissue as a therapeutic 

strategy for weight loss in humans. Horm Mol Biol Clin Investig. 2017 Jun 

23;31(2):/j/hmbci.2017.31.issue-2/hmbci-2017-0016/hmbci-2017-

0016.xml. doi: 10.1515/hmbci-2017-0016. 

18. Bartelt A, Heeren J. Adipose tissue browning and metabolic health. Nat Rev 

Endocrinol. 2014 Jan;10(1):24-36. doi: 10.1038/nrendo.2013.204. 

19. Phillips KJ. Beige Fat, Adaptive Thermogenesis, and Its Regulation by 

Exercise and Thyroid Hormone. Biology (Basel). 2019 Jul 31;8(3):57. doi: 

10.3390/biology8030057.  

20. Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, 

Bergmann O, Blomqvist L, Hoffstedt J, Näslund E, Britton T, Concha H, 

Hassan M, Rydén M, Frisén J, Arner P. Dynamics of fat cell turnover in 

humans. Nature. 2008 Jun 5;453(7196):783-7. doi: 10.1038/nature06902.  

21. White U, Ravussin E. Dynamics of adipose tissue turnover in human 

metabolic health and disease. Diabetologia. 2019 Jan;62(1):17-23. doi: 

10.1007/s00125-018-4732-x. 

22. Mariman EC, Wang P. Adipocyte extracellular matrix composition, 

dynamics and role in obesity. Cell Mol Life Sci. 2010 Apr;67(8):1277-92. 

doi: 10.1007/s00018-010-0263-4.  

23. Boutens L, Stienstra R. Adipose tissue macrophages: going off track during 

obesity. Diabetologia. 2016 May;59(5):879-94. doi: 10.1007/s00125-016-

3904-9. 

24. Bartness TJ, Liu Y, Shrestha YB, Ryu V. Neural innervation of white 

adipose tissue and the control of lipolysis. Front Neuroendocrinol. 2014 

Oct;35(4):473-93. doi: 10.1016/j.yfrne.2014.04.001.  

25. Zhu Q, Glazier BJ, Hinkel BC, Cao J, Liu L, Liang C, Shi H. 

Neuroendocrine Regulation of Energy Metabolism Involving Different 

Types of Adipose Tissues. Int J Mol Sci. 2019 Jun 1;20(11):2707. doi: 

10.3390/ijms20112707.  



 

 

53 

26. Neels JG, Thinnes T, Loskutoff DJ. Angiogenesis in an in vivo model of 

adipose tissue development. FASEB J. 2004 Jun;18(9):983-5. doi: 

10.1096/fj.03-1101fje. 

27. Luo L, Liu M. Adipose tissue in control of metabolism. J Endocrinol. 2016 

Dec;231(3):R77-R99. doi: 10.1530/JOE-16-0211. 

28. Berry DC, Stenesen D, Zeve D, Graff JM. The developmental origins of 

adipose tissue. Development. 2013 Oct;140(19):3939-49. doi: 

10.1242/dev.080549.  

29. Dodson MV, Du M, Wang S, Bergen WG, Fernyhough-Culver M, Basu U, 

Poulos SP, Hausman GJ. Adipose depots differ in cellularity, adipokines 

produced, gene expression, and cell systems. Adipocyte. 2014 Dec 

10;3(4):236-41. doi: 10.4161/adip.28321. 

30. Sanchez-Gurmaches J, Hung CM, Guertin DA. Emerging Complexities in 

Adipocyte Origins and Identity. Trends Cell Biol. 2016 May;26(5):313-326. 

doi: 10.1016/j.tcb.2016.01.004.  

31. Gregoire FM. Adipocyte differentiation: from fibroblast to endocrine cell. 

Exp Biol Med (Maywood). 2001 Dec;226(11):997-1002. doi: 

10.1177/153537020122601106.  

32. Cawthorn WP, Scheller EL, MacDougald OA. Adipose tissue stem cells 

meet preadipocyte commitment: going back to the future. J Lipid Res. 2012 

Feb;53(2):227-46. doi: 10.1194/jlr.R021089.  

33. Tyagi S, Gupta P, Saini AS, Kaushal C, Sharma S. The peroxisome 

proliferator-activated receptor: A family of nuclear receptors role in various 

diseases. J Adv Pharm Technol Res. 2011 Oct;2(4):236-40. doi: 

10.4103/2231-4040.90879.  

34. Zhang X, Chen X, Qi T, Kong Q, Cheng H, Cao X, Li Y, Li C, Liu L, Ding 

Z. HSPA12A is required for adipocyte differentiation and diet-induced 

obesity through a positive feedback regulation with PPARγ. Cell Death 

Differ. 2019 Nov;26(11):2253-2267. doi: 10.1038/s41418-019-0300-2.  

35. Schulz TJ, Huang TL, Tran TT, Zhang H, Townsend KL, Shadrach JL, 

Cerletti M, McDougall LE, Giorgadze N, Tchkonia T, Schrier D, Falb D, 

Kirkland JL, Wagers AJ, Tseng YH. Identification of inducible brown 

adipocyte progenitors residing in skeletal muscle and white fat. Proc Natl 

Acad Sci U S A. 2011 Jan 4;108(1):143-8. doi: 10.1073/pnas.1010929108. 

36. Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B, Nedergaard 

J. Chronic peroxisome proliferator-activated receptor gamma 

(PPARgamma) activation of epididymally derived white adipocyte cultures 

reveals a population of thermogenically competent, UCP1-containing 

adipocytes molecularly distinct from classic brown adipocytes. J Biol 

Chem. 2010 Mar 5;285(10):7153-64. doi: 10.1074/jbc.M109.053942. 

37. Elabd C, Chiellini C, Carmona M, Galitzky J, Cochet O, Petersen R, 

Pénicaud L, Kristiansen K, Bouloumié A, Casteilla L, Dani C, Ailhaud G, 

Amri EZ. Human multipotent adipose-derived stem cells differentiate into 



 

 

54 

functional brown adipocytes. Stem Cells. 2009 Nov;27(11):2753-60. doi: 

10.1002/stem.200.  

38. Farmer SR. Transcriptional control of adipocyte formation. Cell Metab. 

2006 Oct;4(4):263-73. doi: 10.1016/j.cmet.2006.07.001. 

39. Rahman MS, Akhtar N, Jamil HM, Banik RS, Asaduzzaman SM. TGF-

β/BMP signaling and other molecular events: regulation of 

osteoblastogenesis and bone formation. Bone Res. 2015 Apr 14;3:15005. 

doi: 10.1038/boneres.2015.5. 

40. Modica S, Wolfrum C. The dual role of BMP4 in adipogenesis and 

metabolism. Adipocyte. 2017 Apr 3;6(2):141-146. doi: 

10.1080/21623945.2017.1287637.  

41. Pal A, Huang W, Li X, Toy KA, Nikolovska-Coleska Z, Kleer CG. CCN6 

modulates BMP signaling via the Smad-independent TAK1/p38 pathway, 

acting to suppress metastasis of breast cancer. Cancer Res. 2012 Sep 

15;72(18):4818-28. doi: 10.1158/0008-5472.CAN-12-0154.  

42. Vernochet C, Peres SB, Davis KE, McDonald ME, Qiang L, Wang H, 

Scherer PE, Farmer SR. C/EBPalpha and the corepressors CtBP1 and 

CtBP2 regulate repression of select visceral white adipose genes during 

induction of the brown phenotype in white adipocytes by peroxisome 

proliferator-activated receptor gamma agonists. Mol Cell Biol. 2009 

Sep;29(17):4714-28. doi: 10.1128/MCB.01899-08. 

43. Poulos SP, Hausman DB, Hausman GJ. The development and endocrine 

functions of adipose tissue. Mol Cell Endocrinol. 2010 Jul 8;323(1):20-34. 

doi: 10.1016/j.mce.2009.12.011. 

44. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P, 

Lorenz HP, Hedrick MH. Multilineage cells from human adipose tissue: 

implications for cell-based therapies. Tissue Eng. 2001 Apr;7(2):211-28. 

doi: 10.1089/107632701300062859.  

45. Altiok S, Xu M, Spiegelman BM. PPARgamma induces cell cycle 

withdrawal: inhibition of E2F/DP DNA-binding activity via down-

regulation of PP2A. Genes Dev. 1997 Aug 1;11(15):1987-98. doi: 

10.1101/gad.11.15.1987.  

46. Umek RM, Friedman AD, McKnight SL. CCAAT-enhancer binding 

protein: a component of a differentiation switch. Science. 1991 Jan 

18;251(4991):288-92. doi: 10.1126/science.1987644. 

47. Tang QQ, Otto TC, Lane MD. Mitotic clonal expansion: a synchronous 

process required for adipogenesis. Proc Natl Acad Sci U S A. 2003 Jan 

7;100(1):44-9. doi: 10.1073/pnas.0137044100.  

48. Patel YM, Lane MD. Mitotic clonal expansion during preadipocyte 

differentiation: calpain-mediated turnover of p27. J Biol Chem. 2000 Jun 

9;275(23):17653-60. doi: 10.1074/jbc.M910445199.  



 

 

55 

49. Chao LC, Bensinger SJ, Villanueva CJ, Wroblewski K, Tontonoz P. 

Inhibition of adipocyte differentiation by Nur77, Nurr1, and Nor1. Mol 

Endocrinol. 2008 Dec;22(12):2596-608. doi: 10.1210/me.2008-0161.  

50. Ambele MA, Dhanraj P, Giles R, Pepper MS. Adipogenesis: A Complex 

Interplay of Multiple Molecular Determinants and Pathways. Int J Mol Sci. 

2020 Jun 16;21(12):4283. doi: 10.3390/ijms21124283.  

51. Musri MM, Gomis R, Párrizas M. A chromatin perspective of adipogenesis. 

Organogenesis. 2010 Jan-Mar;6(1):15-23. doi: 10.4161/org.6.1.10226. 

52. Cornelius P, MacDougald OA, Lane MD. Regulation of adipocyte 

development. Annu Rev Nutr. 1994;14:99-129. doi: 

10.1146/annurev.nu.14.070194.000531.  

53. MacDougald OA, Lane MD. Adipocyte differentiation. When precursors 

are also regulators. Curr Biol. 1995 Jun 1;5(6):618-21. doi: 10.1016/s0960-

9822(95)00125-4.  

54. Lefterova MI, Haakonsson AK, Lazar MA, Mandrup S. PPARγ and the 

global map of adipogenesis and beyond. Trends Endocrinol Metab. 2014 

Jun;25(6):293-302. doi: 10.1016/j.tem.2014.04.001.  

55. Strand DW, Jiang M, Murphy TA, Yi Y, Konvinse KC, Franco OE, Wang 

Y, Young JD, Hayward SW. PPARγ isoforms differentially regulate 

metabolic networks to mediate mouse prostatic epithelial differentiation. 

Cell Death Dis. 2012 Aug 9;3(8):e361. doi: 10.1038/cddis.2012.99.  

56. Vidal-Puig A, Jimenez-Liñan M, Lowell BB, Hamann A, Hu E, Spiegelman 

B, Flier JS, Moller DE. Regulation of PPAR gamma gene expression by 

nutrition and obesity in rodents. J Clin Invest. 1996 Jun 1;97(11):2553-61. 

doi: 10.1172/JCI118703.  

57. Lee JE, Ge K. Transcriptional and epigenetic regulation of PPARγ 

expression during adipogenesis. Cell Biosci. 2014 May 29;4:29. doi: 

10.1186/2045-3701-4-29.  

58. Yang J, Clark AE, Kozka IJ, Cushman SW, Holman GD. Development of 

an intracellular pool of glucose transporters in 3T3-L1 cells. J Biol Chem. 

1992 May 25;267(15):10393-9. 

59. Strable MS, Ntambi JM. Genetic control of de novo lipogenesis: role in diet-

induced obesity. Crit Rev Biochem Mol Biol. 2010 Jun;45(3):199-214. doi: 

10.3109/10409231003667500. 

60. Ibrahimi A, Sfeir Z, Magharaie H, Amri EZ, Grimaldi P, Abumrad NA. 

Expression of the CD36 homolog (FAT) in fibroblast cells: effects on fatty 

acid transport. Proc Natl Acad Sci U S A. 1996 Apr 2;93(7):2646-51. doi: 

10.1073/pnas.93.7.2646. 

61. MacDougald OA, Lane MD. Transcriptional regulation of gene expression 

during adipocyte differentiation. Annu Rev Biochem. 1995;64:345-73. doi: 

10.1146/annurev.bi.64.070195.002021.  

62. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 

2009 Jan 23;136(2):215-33. doi: 10.1016/j.cell.2009.01.002.  



 

 

56 

63. Shi C, Zhang M, Tong M, Yang L, Pang L, Chen L, Xu G, Chi X, Hong Q, 

Ni Y, Ji C, Guo X. miR-148a is Associated with Obesity and Modulates 

Adipocyte Differentiation of Mesenchymal Stem Cells through Wnt 

Signaling. Sci Rep. 2015 May 22;5:9930. doi: 10.1038/srep09930.  

64. Yekta S, Shih IH, Bartel DP. MicroRNA-directed cleavage of HOXB8 

mRNA. Science. 2004 Apr 23;304(5670):594-6. doi: 

10.1126/science.1097434.  

65. Romao JM, Jin W, Dodson MV, Hausman GJ, Moore SS, Guan LL. 

MicroRNA regulation in mammalian adipogenesis. Exp Biol Med 

(Maywood). 2011 Sep;236(9):997-1004. doi: 10.1258/ebm.2011.011101.  

66. Xie H, Lim B, Lodish HF. MicroRNAs induced during adipogenesis that 

accelerate fat cell development are downregulated in obesity. Diabetes. 

2009 May;58(5):1050-7. doi: 10.2337/db08-1299.  

67. Alexander R, Lodish H, Sun L. MicroRNAs in adipogenesis and as 

therapeutic targets for obesity. Expert Opin Ther Targets. 2011 

May;15(5):623-36. doi: 10.1517/14728222.2011.561317.  

68. Alivernini S, Gremese E, McSharry C, Tolusso B, Ferraccioli G, McInnes 

IB, Kurowska-Stolarska M. MicroRNA-155-at the Critical Interface of 

Innate and Adaptive Immunity in Arthritis. Front Immunol. 2018 Jan 

5;8:1932. doi: 10.3389/fimmu.2017.01932.  

69. Faraoni I, Antonetti FR, Cardone J, Bonmassar E. miR-155 gene: a typical 

multifunctional microRNA. Biochim Biophys Acta. 2009 Jun;1792(6):497-

505. doi: 10.1016/j.bbadis.2009.02.013.  

70. Liu S, Yang Y, Wu J. TNFα-induced up-regulation of miR-155 inhibits 

adipogenesis by down-regulating early adipogenic transcription factors. 

Biochem Biophys Res Commun. 2011 Oct 28;414(3):618-24. doi: 

10.1016/j.bbrc.2011.09.131.  

71. Karkeni E, Astier J, Tourniaire F, El Abed M, Romier B, Gouranton E, Wan 

L, Borel P, Salles J, Walrand S, Ye J, Landrier JF. Obesity-associated 

Inflammation Induces microRNA-155 Expression in Adipocytes and 

Adipose Tissue: Outcome on Adipocyte Function. J Clin Endocrinol Metab. 

2016 Apr;101(4):1615-26. doi: 10.1210/jc.2015-3410.  

72. Blüher M. Adipose tissue dysfunction in obesity. Exp Clin Endocrinol 

Diabetes. 2009 Jun;117(6):241-50. doi: 10.1055/s-0029-1192044.  

73. Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose Tissue Remodeling: 

Its Role in Energy Metabolism and Metabolic Disorders. Front Endocrinol 

(Lausanne). 2016 Apr 13;7:30. doi: 10.3389/fendo.2016.00030.  

74. Gray SL, Vidal-Puig AJ. Adipose tissue expandability in the maintenance 

of metabolic homeostasis. Nutr Rev. 2007 Jun;65(6 Pt 2):S7-12. doi: 

10.1111/j.1753-4887.2007.tb00331.x.  

75. Jernås M, Palming J, Sjöholm K, Jennische E, Svensson PA, Gabrielsson 

BG, Levin M, Sjögren A, Rudemo M, Lystig TC, Carlsson B, Carlsson LM, 

Lönn M. Separation of human adipocytes by size: hypertrophic fat cells 



 

 

57 

display distinct gene expression. FASEB J. 2006 Jul;20(9):1540-2. doi: 

10.1096/fj.05-5678fje.  

76. Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman 

G, Görgün C, Glimcher LH, Hotamisligil GS. Endoplasmic reticulum stress 

links obesity, insulin action, and type 2 diabetes. Science. 2004 Oct 

15;306(5695):457-61. doi: 10.1126/science.1103160.  

77. Gregor MF, Hotamisligil GS. Thematic review series: Adipocyte Biology. 

Adipocyte stress: the endoplasmic reticulum and metabolic disease. J Lipid 

Res. 2007 Sep;48(9):1905-14. doi: 10.1194/jlr.R700007-JLR200. 

78. Burhans MS, Hagman DK, Kuzma JN, Schmidt KA, Kratz M. Contribution 

of Adipose Tissue Inflammation to the Development of Type 2 Diabetes 

Mellitus. Compr Physiol. 2018 Dec 13;9(1):1-58. doi: 

10.1002/cphy.c170040.  

79. Boutens L, Stienstra R. Adipose tissue macrophages: going off track during 

obesity. Diabetologia. 2016 May;59(5):879-94. doi: 10.1007/s00125-016-

3904-9.  

80. Longo M, Zatterale F, Naderi J, Parrillo L, Formisano P, Raciti GA, 

Beguinot F, Miele C. Adipose Tissue Dysfunction as Determinant of 

Obesity-Associated Metabolic Complications. Int J Mol Sci. 2019 May 

13;20(9):2358. doi: 10.3390/ijms20092358. 

81. Snel M, Jonker JT, Schoones J, Lamb H, de Roos A, Pijl H, Smit JW, 

Meinders AE, Jazet IM. Ectopic fat and insulin resistance: pathophysiology 

and effect of diet and lifestyle interventions. Int J Endocrinol. 

2012;2012:983814. doi: 10.1155/2012/983814.  

82. Czech MP. Mechanisms of insulin resistance related to white, beige, and 

brown adipocytes. Mol Metab. 2020 Apr;34:27-42. doi: 

10.1016/j.molmet.2019.12.014.  

83. Jung SH, Park HS, Kim KS, Choi WH, Ahn CW, Kim BT, Kim SM, Lee 

SY, Ahn SM, Kim YK, Kim HJ, Kim DJ, Lee KW. Effect of weight loss on 

some serum cytokines in human obesity: increase in IL-10 after weight loss. 

J Nutr Biochem. 2008 Jun;19(6):371-5. doi: 10.1016/j.jnutbio.2007.05.007.  

84. Duncan GE, Perri MG, Theriaque DW, Hutson AD, Eckel RH, Stacpoole 

PW. Exercise training, without weight loss, increases insulin sensitivity and 

postheparin plasma lipase activity in previously sedentary adults. Diabetes 

Care. 2003 Mar;26(3):557-62. doi: 10.2337/diacare.26.3.557. 

85. Brouwer BG, Visseren FL, van der Graaf Y; SMART Study Group. The 

effect of leisure-time physical activity on the presence of metabolic 

syndrome in patients with manifest arterial disease. The SMART study. Am 

Heart J. 2007 Dec;154(6):1146-52. doi: 10.1016/j.ahj.2007.07.031. 

86. Tokmakidis SP, Volaklis KA. Training and detraining effects of a 

combined-strength and aerobic exercise program on blood lipids in patients 

with coronary artery disease. J Cardiopulm Rehabil. 2003 May-

Jun;23(3):193-200. doi: 10.1097/00008483-200305000-00006. 



 

 

58 

87. Jain MK, Ridker PM. Anti-inflammatory effects of statins: clinical evidence 

and basic mechanisms. Nat Rev Drug Discov. 2005 Dec;4(12):977-87. doi: 

10.1038/nrd1901.  

88. Dolezelova E, Stein E, Derosa G, Maffioli P, Nachtigal P, Sahebkar A. 

Effect of ezetimibe on plasma adipokines: a systematic review and meta-

analysis. Br J Clin Pharmacol. 2017 Jul;83(7):1380-1396. doi: 

10.1111/bcp.13250. 

89. Hajer GR, Dallinga-Thie GM, van Vark-van der Zee LC, Olijhoek JK, 

Visseren FL. Lipid-lowering therapy does not affect the postprandial drop 

in high density lipoprotein-cholesterol (HDL-c) plasma levels in obese men 

with metabolic syndrome: a randomized double blind crossover trial. Clin 

Endocrinol (Oxf). 2008 Dec;69(6):870-7. doi: 10.1111/j.1365-

2265.2008.03250.x.  

90. Forst T, Pfützner A, Lübben G, Weber M, Marx N, Karagiannis E, Koehler 

C, Baurecht W, Hohberg C, Hanefeld M. Effect of simvastatin and/or 

pioglitazone on insulin resistance, insulin secretion, adiponectin, and 

proinsulin levels in nondiabetic patients at cardiovascular risk--the 

PIOSTAT Study. Metabolism. 2007 Apr;56(4):491-6. doi: 

10.1016/j.metabol.2006.11.007.  

91. Freeman DJ, Norrie J, Sattar N, Neely RD, Cobbe SM, Ford I, Isles C, 

Lorimer AR, Macfarlane PW, McKillop JH, Packard CJ, Shepherd J, Gaw 

A. Pravastatin and the development of diabetes mellitus: evidence for a 

protective treatment effect in the West of Scotland Coronary Prevention 

Study. Circulation. 2001 Jan 23;103(3):357-62. doi: 

10.1161/01.cir.103.3.357.  

92. Devaraj S, Siegel D, Jialal I. Simvastatin (40 mg/day), adiponectin levels, 

and insulin sensitivity in subjects with the metabolic syndrome. Am J 

Cardiol. 2007 Nov 1;100(9):1397-9. doi: 10.1016/j.amjcard.2007.06.028.  

93. Clasen R, Schupp M, Foryst-Ludwig A, Sprang C, Clemenz M, Krikov M, 

Thöne-Reineke C, Unger T, Kintscher U. PPARgamma-activating 

angiotensin type-1 receptor blockers induce adiponectin. Hypertension. 

2005 Jul;46(1):137-43. doi: 10.1161/01.HYP.0000168046.19884.6a.  

94. Staels B, Dallongeville J, Auwerx J, Schoonjans K, Leitersdorf E, Fruchart 

JC. Mechanism of action of fibrates on lipid and lipoprotein metabolism. 

Circulation. 1998 Nov 10;98(19):2088-93. doi: 10.1161/01.cir.98.19.2088 

95. Lincoff AM, Wolski K, Nicholls SJ, Nissen SE. Pioglitazone and risk of 

cardiovascular events in patients with type 2 diabetes mellitus: a meta-

analysis of randomized trials. JAMA. 2007 Sep 12;298(10):1180-8. doi: 

10.1001/jama.298.10.1180.  

96. Blüher M, Engeli S, Klöting N, Berndt J, Fasshauer M, Bátkai S, Pacher P, 

Schön MR, Jordan J, Stumvoll M. Dysregulation of the peripheral and 

adipose tissue endocannabinoid system in human abdominal obesity. 

Diabetes. 2006 Nov;55(11):3053-60. doi: 10.2337/db06-0812. 



 

 

59 

97. Després JP, Golay A, Sjöström L; Rimonabant in Obesity-Lipids Study 

Group. Effects of rimonabant on metabolic risk factors in overweight 

patients with dyslipidemia. N Engl J Med. 2005 Nov 17;353(20):2121-34. 

doi: 10.1056/NEJMoa044537.  

98. Bagchi D. Nutraceuticals and functional foods regulations in the United 

States and around the world. Toxicology. 2006 Apr 3;221(1):1-3. doi: 

10.1016/j.tox.2006.01.001.  

99. Cencic A, Chingwaru W. The role of functional foods, nutraceuticals, and 

food supplements in intestinal health. Nutrients. 2010 Jun;2(6):611-25. doi: 

10.3390/nu2060611.  

100. Markowitz JS, Gurley PC, Gurley BJ. Medical Foods-A Closer Look at the 

Menu: A Brief Review and Commentary. Clin Ther. 2020 Jul;42(7):1416-

1423. doi: 10.1016/j.clinthera.2020.05.011.  

101. Santini A, Cammarata SM, Capone G, Ianaro A, Tenore GC, Pani L, 

Novellino E. Nutraceuticals: opening the debate for a regulatory framework. 

Br J Clin Pharmacol. 2018 Apr;84(4):659-672. doi: 10.1111/bcp.13496.  

102. Nasri H, Baradaran A, Shirzad H, Rafieian-Kopaei M. New concepts in 

nutraceuticals as alternative for pharmaceuticals. Int J Prev Med. 2014 

Dec;5(12):1487-99.  

103. Houston M. The role of nutrition and nutraceutical supplements in the 

treatment of hypertension. World J Cardiol. 2014 Feb 26;6(2):38-66. doi: 

10.4330/wjc.v6.i2.38.  

104. Davì G, Santilli F, Patrono C. Nutraceuticals in diabetes and metabolic 

syndrome. Cardiovasc Ther. 2010 Aug;28(4):216-26. doi: 10.1111/j.1755-

5922.2010.00179.x.  

105. Grover JK, Yadav S, Vats V. Medicinal plants of India with anti-diabetic 

potential. J Ethnopharmacol. 2002 Jun;81(1):81-100. doi: 10.1016/s0378-

8741(02)00059-4.  

106. Leung L, Birtwhistle R, Kotecha J, Hannah S, Cuthbertson S. Anti-diabetic 

and hypoglycaemic effects of Momordica charantia (bitter melon): a mini 

review. Br J Nutr. 2009 Dec;102(12):1703-8. doi: 

10.1017/S0007114509992054.  

107. Porchezhian E, Dobriyal RM. An overview on the advances of Gymnema 

sylvestre: chemistry, pharmacology and patents. Pharmazie. 2003 

Jan;58(1):5-12.  

108. Arias BA, Ramón-Laca L. Pharmacological properties of citrus and their 

ancient and medieval uses in the Mediterranean region. J Ethnopharmacol. 

2005 Feb 10;97(1):89-95. doi: 10.1016/j.jep.2004.10.019. 

109. Molnár D, Török K, Erhardt E, Jeges S. Safety and efficacy of treatment 

with an ephedrine/caffeine mixture. The first double-blind placebo-

controlled pilot study in adolescents. Int J Obes Relat Metab Disord. 2000 

Dec;24(12):1573-8. doi: 10.1038/sj.ijo.0801433.  



 

 

60 

110. Astrup A, Breum L, Toubro S, Hein P, Quaade F. The effect and safety of 

an ephedrine/caffeine compound compared to ephedrine, caffeine and 

placebo in obese subjects on an energy restricted diet. A double blind trial. 

Int J Obes Relat Metab Disord. 1992 Apr;16(4):269-77.  

111. Most J, Warnke I, Boekschoten MV, Jocken JWE, de Groot P, Friedel A, 

Bendik I, Goossens GH, Blaak EE. The effects of polyphenol 

supplementation on adipose tissue morphology and gene expression in 

overweight and obese humans. Adipocyte. 2018;7(3):190-196. doi: 

10.1080/21623945.2018.1469942.  

112. Qiao L, Shao J. SIRT1 regulates adiponectin gene expression through 

Foxo1-C/enhancer-binding protein alpha transcriptional complex. J Biol 

Chem. 2006 Dec 29;281(52):39915-24. doi: 10.1074/jbc.M607215200. 

113. Weisberg SP, Leibel R, Tortoriello DV. Dietary curcumin significantly 

improves obesity-associated inflammation and diabetes in mouse models of 

diabesity. Endocrinology. 2008 Jul;149(7):3549-58. doi: 10.1210/en.2008-

0262.  

114. Shao W, Yu Z, Chiang Y, Yang Y, Chai T, Foltz W, Lu H, Fantus IG, Jin 

T. Curcumin prevents high fat diet induced insulin resistance and obesity 

via attenuating lipogenesis in liver and inflammatory pathway in adipocytes. 

PLoS One. 2012;7(1):e28784. doi: 10.1371/journal.pone.0028784.  

115. Lee YS, Cha BY, Choi SS, Choi BK, Yonezawa T, Teruya T, Nagai K, Woo 

JT. Nobiletin improves obesity and insulin resistance in high-fat diet-

induced obese mice. J Nutr Biochem. 2013 Jan;24(1):156-62. doi: 

10.1016/j.jnutbio.2012.03.014.  

116. García-Barrado MJ, Iglesias-Osma MC, Pérez-García E, Carrero S, Blanco 

EJ, Carretero-Hernández M, Carretero J. Role of Flavonoids in The 

Interactions among Obesity, Inflammation, and Autophagy. 

Pharmaceuticals (Basel). 2020 Oct 26;13(11):342. doi: 

10.3390/ph13110342.  

117. Dong J, Zhang X, Zhang L, Bian HX, Xu N, Bao B, Liu J. Quercetin reduces 

obesity-associated ATM infiltration and inflammation in mice: a 

mechanism including AMPKα1/SIRT1. J Lipid Res. 2014 Mar;55(3):363-

74. doi: 10.1194/jlr.M038786.  

118. Karimi E, Oskoueian E, Hendra R, Oskoueian A, Jaafar HZ. Phenolic 

compounds characterization and biological activities of Citrus aurantium 

bloom. Molecules. 2012 Jan 30;17(2):1203-18. doi: 

10.3390/molecules17021203.  

119. Stohs SJ, Preuss HG, Shara M. A review of the human clinical studies 

involving Citrus aurantium (bitter orange) extract and its primary 

protoalkaloid p-synephrine. Int J Med Sci. 2012;9(7):527-38. doi: 

10.7150/ijms.4446.  

120. Khan H, Nabavi SM, Sureda A, Mehterov N, Gulei D, Berindan-Neagoe I, 

Taniguchi H, Atanasov AG. Therapeutic potential of songorine, a 



 

 

61 

diterpenoid alkaloid of the genus Aconitum. Eur J Med Chem. 2018 Jun 

10;153:29-33. doi: 10.1016/j.ejmech.2017.10.065.  

121. Marya, Khan H, Nabavi SM, Habtemariam S. Anti-diabetic potential of 

peptides: Future prospects as therapeutic agents. Life Sci. 2018 Jan 

15;193:153-158. doi: 10.1016/j.lfs.2017.10.025.  

122. Lee SH, Yumnam S, Hong GE, Raha S, Saralamma VV, Lee HJ, Heo JD, 

Lee SJ, Lee WS, Kim EH, Park HS, Kim GS. Flavonoids of Korean Citrus 

aurantium L. Induce Apoptosis via Intrinsic Pathway in Human 

Hepatoblastoma HepG2 Cells. Phytother Res. 2015 Dec;29(12):1940-9. 

doi: 10.1002/ptr.5488.  

123. Pimenta FC, Alves MF, Pimenta MB, Melo SA, de Almeida AA, Leite JR, 

Pordeus LC, Diniz Mde F, de Almeida RN. Anxiolytic Effect of Citrus 

aurantium L. on Patients with Chronic Myeloid Leukemia. Phytother Res. 

2016 Apr;30(4):613-7. doi: 10.1002/ptr.5566.  

124. Pellati F, Benvenuti S, Melegari M, Firenzuoli F. Determination of 

adrenergic agonists from extracts and herbal products of Citrus aurantium 

L. var. amara by LC. J Pharm Biomed Anal. 2002 Aug 1;29(6):1113-9. doi: 

10.1016/s0731-7085(02)00153-x.  

125. Rayalam S, Della-Fera MA, Baile CA. Phytochemicals and regulation of 

the adipocyte life cycle. J Nutr Biochem. 2008 Nov;19(11):717-26. doi: 

10.1016/j.jnutbio.2007.12.007.  

126. Scarano F, Gliozzi M, Zito MC, Guarnieri L, Carresi C, Macrì R, Nucera S, 

Scicchitano M, Bosco F, Ruga S, Coppoletta AR, Mollace R, Maiuolo J, 

Bava I, Cardamone A, Ragusa M, Palma E, Musolino V, Mollace V. 

Potential of Nutraceutical Supplementation in the Modulation of White and 

Brown Fat Tissues in Obesity-Associated Disorders: Role of Inflammatory 

Signalling. Int J Mol Sci. 2021 Mar 25;22(7):3351. doi: 

10.3390/ijms22073351.  

127. Yoshida H, Takamura N, Shuto T, Ogata K, Tokunaga J, Kawai K, Kai H. 

The citrus flavonoids hesperetin and naringenin block the lipolytic actions 

of TNF-alpha in mouse adipocytes. Biochem Biophys Res Commun. 2010 

Apr 9;394(3):728-32. doi: 10.1016/j.bbrc.2010.03.060.  

128. Yoshida H, Watanabe H, Ishida A, Watanabe W, Narumi K, Atsumi T, 

Sugita C, Kurokawa M. Naringenin suppresses macrophage infiltration into 

adipose tissue in an early phase of high-fat diet-induced obesity. Biochem 

Biophys Res Commun. 2014 Nov 7;454(1):95-101. doi: 

10.1016/j.bbrc.2014.10.038.  

129. Suntar I, Khan H, Patel S, Celano R, Rastrelli L. An Overview on Citrus 

aurantium L.: Its Functions as Food Ingredient and Therapeutic Agent. Oxid 

Med Cell Longev. 2018 May 2;2018:7864269. doi: 10.1155/2018/7864269.  

130. Jabri Karoui I, Marzouk B. Characterization of bioactive compounds in 

Tunisian bitter orange (Citrus aurantium L.) peel and juice and 

determination of their antioxidant activities. Biomed Res Int. 

2013;2013:345415. doi: 10.1155/2013/345415.  



 

 

62 

131. Longo M, Spinelli R, D'Esposito V, Zatterale F, Fiory F, Nigro C, Raciti 

GA, Miele C, Formisano P, Beguinot F, Di Jeso B. Pathologic endoplasmic 

reticulum stress induced by glucotoxic insults inhibits adipocyte 

differentiation and induces an inflammatory phenotype. Biochim Biophys 

Acta. 2016 Jun;1863(6 Pt A):1146-56. doi: 10.1016/j.bbamcr.2016.02.019.  

132. Raciti GA, Spinelli R, Desiderio A, Longo M, Parrillo L, Nigro C, 

D'Esposito V, Mirra P, Fiory F, Pilone V, Forestieri P, Formisano P, Pastan 

I, Miele C, Beguinot F. Specific CpG hyper-methylation leads to Ankrd26 

gene down-regulation in white adipose tissue of a mouse model of diet-

induced obesity. Sci Rep. 2017 Mar 7;7:43526. doi: 10.1038/srep43526. 

133. Orellana EA, Kasinski AL. Sulforhodamine B (SRB) Assay in Cell Culture 

to Investigate Cell Proliferation. Bio Protoc. 2016 Nov 5;6(21):e1984. doi: 

10.21769/BioProtoc.1984. 

134. Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for cytotoxicity 

screening. Nat Protoc. 2006;1(3):1112-6. doi: 10.1038/nprot.2006.179.  

135. Fiory F, Parrillo L, Raciti GA, Zatterale F, Nigro C, Mirra P, Falco R, 

Ulianich L, Di Jeso B, Formisano P, Miele C, Beguinot F. PED/PEA-15 

inhibits hydrogen peroxide-induced apoptosis in Ins-1E pancreatic beta-

cells via PLD-1. PLoS One. 2014 Dec 9;9(12):e113655. doi: 

10.1371/journal.pone.0113655.  

136. Liu XF, Bera TK, Kahue C, Escobar T, Fei Z, Raciti GA, et al. ANKRD26 

and its interacting partners TRIO, GPS2, HMMR and DIPA regulate 

adipogenesis in 3T3-L1 cells. PLoS One. 2012; 7(5): e38130. 

https://doi.org/10.1371/journal.pone.0038130  

137. Song Y, Park HJ, Kang SN, Jang SH, Lee SJ, Ko YG, et al. Blueberry peel 

extracts inhibit adipogenesis in 3T3-L1 cells and reduce high-fat diet-

induced obesity. PLoS One. 2013; 8(7):e69925. https://doi.org/ 

10.1371/journal.pone.0069925. 

138. Raciti GA, Iadicicco C, Ulianich L, Vind BF, Gaster M, Andreozzi F, Longo 

M, Teperino R, Ungaro P, Di Jeso B, Formisano P, Beguinot F, Miele C. 

Glucosamine-induced endoplasmic reticulum stress affects GLUT4 

expression via activating transcription factor 6 in rat and human skeletal 

muscle cells. Diabetologia. 2010 May;53(5):955-65. doi: 10.1007/s00125-

010-1676-1.  

139. Nigro C, Mirra P, Prevenzano I, Leone A, Fiory F, Longo M, Cabaro S, 

Oriente F, Beguinot F, Miele C. miR-214-Dependent Increase of PHLPP2 

Levels Mediates the Impairment of Insulin-Stimulated Akt Activation in 

Mouse Aortic Endothelial Cells Exposed to Methylglyoxal. Int J Mol Sci. 

2018 Feb 9;19(2):522. doi: 10.3390/ijms19020522. 

140. Shi J, Kandror KV. Study of glucose uptake in adipose cells. Methods Mol 

Biol. 2008; 456: 307±315.https://doi.org/10.1007/978-1-59745-245-8_23. 

141. Passaretti F, Tia M, D'Esposito V, De Pascale M, Del Corso M, Sepulveres 

R, et al. Growth-promoting action and growth factor release by different 



 

 

63 

platelet derivatives. Platelets. 2014; 25(4):252±256. 

https://doi.org/10.3109/09537104.2013.809060. 

142. Tang QQ, Lane MD. Adipogenesis: from stem cell to adipocyte. Annu Rev 

Biochem. 2012;81:715-36. doi:10.1146/annurev-biochem-052110-115718.  

143. Jefcoate CR, Wang S, Liu X. Methods that resolve different contributions 

of clonal expansion to adipogenesis in 3T3-L1 and C3H10T1/2 cells. 

Methods Mol Biol. 2008;456:173-93. doi:10.1007/978-1-59745-245-8_13. 

144. Lane MD, Tang QQ, Jiang MS. Role of the CCAAT enhancer binding 

proteins (C/EBPs) in adipocyte differentiation. Biochem Biophys Res 

Commun. 1999 Dec 29;266(3):677-83. doi:10.1006/bbrc.1999.1885. 

145. Guo L, Li X, Tang QQ. Transcriptional regulation of adipocyte 

differentiation: a central role for CCAAT/enhancer-binding protein 

(C/EBP) β. J Biol Chem. 2015 Jan 9;290(2):755-61. doi: 

10.1074/jbc.R114.619957. 

146. Zhang JW, Klemm DJ, Vinson C, Lane MD. Role of CREB in 

transcriptional regulation of CCAAT/enhancer-binding protein beta gene 

during adipogenesis. J Biol Chem. 2004 Feb 6;279(6):4471-8. doi: 

10.1074/jbc.M311327200. 

147. Tang QQ, Otto TC, Lane MD. CCAAT/enhancer-binding protein beta is 

required for mitotic clonal expansion during adipogenesis. Proc Natl Acad 

Sci U S A. 2003 Feb 4;100(3):850-5. doi: 10.1073/pnas.0337434100. 

148. Tang QQ, Lane MD. Activation and centromeric localization of 

CCAAT/enhancer-binding proteins during the mitotic clonal expansion of 

adipocyte differentiation. Genes Dev. 1999 Sep 1;13(17):2231-41. doi: 

10.1101/gad.13.17.2231. 

149. Christy RJ, Kaestner KH, Geiman DE, Lane MD. CCAAT/enhancer 

binding protein gene promoter: binding of nuclear factors during 

differentiation of 3T3-L1 preadipocytes. Proc Natl Acad Sci U S A. 1991 

Mar 15;88(6):2593-7. doi: 10.1073/pnas.88.6.2593. 

150. Lee EK, Lee MJ, Abdelmohsen K, Kim W, Kim MM, Srikantan S, 

Martindale JL, Hutchison ER, Kim HH, Marasa BS, Selimyan R, Egan JM, 

Smith SR, Fried SK, Gorospe M. miR-130 suppresses adipogenesis by 

inhibiting peroxisome proliferator-activated receptor gamma expression. 

Mol Cell Biol. 2011 Feb;31(4):626-38. doi:10.1128/MCB.00894-10. 

151. Faraoni I, Antonetti FR, Cardone J, Bonmassar E. miR-155 gene: a typical 

multifunctional microRNA. Biochim Biophys Acta. 2009 Jun;1792(6):497-

505. doi:10.1016/j.bbadis.2009.02.013. 

152. Coelho M, Oliveira T, Fernandes R. Biochemistry of adipose tissue: an 

endocrine organ. Arch Med Sci. 2013 Apr 20;9(2):191-200. doi: 

10.5114/aoms.2013.33181.  

153. Pellegrinelli V, Carobbio S, Vidal-Puig A. Adipose tissue plasticity: how 

fat depots respond differently to pathophysiological cues. Diabetologia. 

2016 Jun;59(6):1075-88. doi: 10.1007/s00125-016-3933-4.  



 

 

64 

154. Fox KA, Després JP, Richard AJ, Brette S, Deanfield JE; IDEA Steering 

Committee and National Co-ordinators. Does abdominal obesity have a 

similar impact on cardiovascular disease and diabetes? A study of 91,246 

ambulant patients in 27 European countries. Eur Heart J. 2009 

Dec;30(24):3055-63. doi: 10.1093/eurheartj/ehp371.  

155. Lane MD, Tang QQ, Jiang MS. Role of the CCAAT enhancer binding 

proteins (C/EBPs) in adipocyte differentiation. Biochem Biophys Res 

Commun. 1999 Dec 29;266(3):677-83. doi:10.1006/bbrc.1999.1885.  

156. Guo L, Li X, Tang QQ. Transcriptional regulation of adipocyte 

differentiation: a central role for CCAAT/enhancer-binding protein 

(C/EBP) β. J Biol Chem. 2015 Jan 9;290(2):755-61. doi: 

10.1074/jbc.R114.619957.  

157. Zhang JW, Tang QQ, Vinson C, Lane MD. Dominant-negative C/EBP 

disrupts mitotic clonal expansion and differentiation of 3T3-L1 

preadipocytes. Proc Natl Acad Sci U S A. 2004 Jan 6;101(1):43-7. doi: 

10.1073/pnas.0307229101.  

158. Tang QQ, Otto TC, Lane MD. CCAAT/enhancer-binding protein beta is 

required for mitotic clonal expansion during adipogenesis. Proc Natl Acad 

Sci U S A. 2003 Feb 4;100(3):850-5. doi: 10.1073/pnas.0337434100. 

159. Iacomino G, Siani A. Role of microRNAs in obesity and obesity-related 

diseases. Genes Nutr. 2017 Sep 25;12:23. doi:10.1186/s12263-017-0577-z.  

160. Arner P, Kulyté A. MicroRNA regulatory networks in human adipose tissue 

and obesity. Nat Rev Endocrinol. 2015 May;11(5):276-88. doi: 

10.1038/nrendo.2015.25. 

161. McGregor RA, Choi MS. microRNAs in the regulation of adipogenesis and 

obesity. Curr Mol Med. 2011 Jun;11(4):304-16. doi: 

10.2174/156652411795677990. 

162. García-Segura L, Pérez-Andrade M, Miranda-Ríos J. The emerging role of 

MicroRNAs in the regulation of gene expression by nutrients. J Nutrigenet 

Nutrigenomics. 2013;6(1):16-31. doi: 10.1159/000345826. 

163. Ross SA, Davis CD. The emerging role of microRNAs and nutrition in 

modulating health and disease. Annu Rev Nutr. 2014;34:305-36. doi: 

10.1146/annurev-nutr-071813-105729.  

164. Lechner S, Mitterberger MC, Mattesich M, Zwerschke W. Role of C/EBPβ-

LAP and C/EBPβ-LIP in early adipogenic differentiation of human white 

adipose-derived progenitors and at later stages in immature adipocytes. 

Differentiation. 2013 Jan;85(1-2):20-31. doi: 10.1016/j.diff.2012.11.001. 

165. Ling HY, Wen GB, Feng SD, Tuo QH, Ou HS, Yao CH, Zhu BY, Gao ZP, 

Zhang L, Liao DF. MicroRNA-375 promotes 3T3-L1 adipocyte 

differentiation through modulation of extracellular signal-regulated kinase 

signalling. Clin Exp Pharmacol Physiol. 2011 Apr;38(4):239-46. doi: 

10.1111/j.1440-1681.2011.05493.x.  



 

 

65 

166. Son YH, Ka S, Kim AY, Kim JB. Regulation of Adipocyte Differentiation 

via MicroRNAs. Endocrinol Metab (Seoul). 2014 Jun;29(2):122-35. doi: 

10.3803/EnM.2014.29.2.122. 

167. Kalliolias GD, Ivashkiv LB. TNF biology, pathogenic mechanisms and 

emerging therapeutic strategies. Nat Rev Rheumatol. 2016 Jan;12(1):49-62. 

doi: 10.1038/nrrheum.2015.169.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Frontespizio
	Tesi Dottorato Campitelli 100521



