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ΠΠΕΕΡΡΙΙΛΛΗΗΨΨΗΗ 

Το Μεταβολικό Σύνδρομο (ΜΣ) αποτελεί ένα σύμπλεγμα κλινικών διαταραχών 

όπως δυσλιπιδαιμία, διαβήτης και παχυσαρκία και σχετίζεται με αυξημένο κίνδυνο για 

την εμφάνιση καρδιαγγειακών νοσημάτων. Η αιτιολογία του ΜΣ είναι ελάχιστα 

κατανοητή ενώ αποτελεσματικές θεραπευτικές προσεγγίσεις είναι μείζονος σημασίας. 

Ο κύριος στόχος μας ήταν να παρακολουθήσουμε σφαιρικά τις αλλαγές στην έκφραση 

γονιδίων του ήπατος καθώς και των κυκλοφορούντων miRNAs που προκαλούνται κατά 

την παθογέννεση του ΜΣ στο διαγονιδιακό στέλεχος ποντικού APOE3L.CETP που 

χρησιμοποιήθηκε ως μοντέλο του ΜΣ. Αρσενικά ποντίκια έλαβαν είτε υψηλή σε λιπαρά 

(HFD) είτε χαμηλή σε λιπαρά (LFD) δίαιτα για συγκεκριμένες χρονικές περιόδους. Το 

μεταγραφικό προφίλ του ήπατος αναλύθηκε σε μικροσυστοιχίες της Affymetrix ενώ η 

αλλαγμένη έκφραση συγκεκριμένων γονιδίων πιστοποιήθηκε και με RT-qPCR ανάλυση 

και ακολούθησε εκτενής βιοπληροφορική ανάλυση. Ολικά miRNAs απομονώθηκαν από 

τον ορό του αίματος και τα επίπεδά τους ποσοτικοποιήθηκαν με RT-qPCR. Τα 

αποτελέσματα έδειξαν πως η διατροφική παρέμβαση είχε ισχυρές επιπτώσεις στην 

έκφραση διαφόρων γονιδίων του ήπατος. Επιπλέον, στον ορό των APOE3L.CETP 

ποντικών ανιχνεύτηκαν miRNAs που είχαν προηγουμένως συσχετιστεί με μεταβολικές 

διαταραχές και συγκεκριμένα τα επίπεδά τους ήταν αυξημένα ως απόκριση στην 

υψηλή σε λιπαρά δίαιτα για 12 εβδομάδες. Από τα δεδομένα των μικροσυστοιχιών 

προσπαθήσαμε να ανιχνεύσουμε νέα γονίδια του ήπατος με αλλαγμένη έκφραση που 

να είναι πιθανοί στόχοι των συγκεκριμένων miRNAs. Εξόρυξη δεδομένων και 

βιοπληροφορική ανάλυση των αποτελεσμάτων από το μεταγραφικό αποτύπωμα του 

ήπατος ανέδειξε πως τα επίπεδα έκφρασης της κινάσης Sik1 (Salt Inducible kinase 1) 

ήταν μειωμένα στο ήπαρ των APOE3L.CETP ποντικών που είχαν λάβει υψηλή σε λιπαρά 

δίαιτα για 12 εβδομάδες. Επιπλέον, η κινάση Sik1 αποτελεί πιθανό στόχο του miR-27a 

το οποίο βρέθηκε αυξημένο στην κυκλοφορία των ίδιων ποντικών. Έτσι, υποθέσαμε 

την ύπαρξη μιας εύλογης αλληλεπίδρασης μεταξύ των δύο μορίων και προσπαθήσαμε 

να ανιχνεύσουμε ένα πιθανό μηχανισμό ρύθμισης.  Ακόμη, χρησιμοποιήσαμε το 

διαβητικό μοντέλο ποντικού Akt2-/- προκειμένου να μελετήσουμε αν τα αλλαγμένα 

επίπεδα των κυκλοφορούντων miRNAs οφείλονται σε διαβητικές παραμέτρους. 

Συμπερασματικά, τα αποτελέσματά μας αναδεικνύουν χαρακτηριστικές αλλαγές στην 
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έκφραση γονιδίων του ήπατος αλλά και στα επίπεδα συγκεκριμένων miRNAs τόσο στο 

Μεταβολικό Σύνδρομο όσο και στον Διαβήτη τύπου ΙΙ, τα οποία θα μπορούσαν να 

αξιοποιηθούν περεταίρω για διαγνωστικές ή θεραπευτικές προσεγγίσεις. 
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AABBSSTTRRAACCTT 

The metabolic syndrome (MetS) is a cluster of clinical disorders such as 

dyslipidemia, diabetes and obesity which are associated with increased risk for 

cardiovascular disease. The etiology of MetS is poorly understood and effective 

therapies are urgently needed. Our main goal was to monitor global changes in the 

expression of hepatic genes and circulating miRNAs during the pathogenesis of the 

MetS in the transgenic strain APOE3L.CETP mice that was used as a model of MetS. 

Male mice were fed either a High (HFD) or a Low (LFD) Fat Diet for different time 

periods. Liver RNA was analyzed on Affymetrix Mouse Gene 2.0 ST arrays and data were 

validated by RT-qPCR followed by bioinformatical analysis. Total miRNAs were isolated 

from serum and quantitated by RT-qPCR. We found that the dietary intervention had a 

strong impact on the expression of hepatic genes in APOE3L.CETP mice. In addition, 

miRNAs previously correlated to metabolic disorders were detected in the serum of 

APOE3L.CETP mice and their levels were increased in response to a 12 week HFD 

administration. From our microarray data we tried to identify novel differentially 

expressed hepatic genes that seem to be predicted targets of our miRNAs. Data mining 

in the transcriptomic analysis revealed that Sik1 (Salt Inducible kinase 1) was 

deregulated in livers of 12 week HFD-diet APOE3L.CETP mice and simultaneously was 

predicted as a target of miR-27a which was found elevated in the plasma. We therefore 

hypothesized a plausible interaction between these two molecules and tried to identify 

a potential regulatory mechanism. Moreover, we used the diabetic Akt2-/- mouse model 

to test whether the differential detection of the circulating miRNAs was attributed to 

diabetic parameters. In conclusion, our findings reveal for the first time characteristic 

hepatic gene and plasma miRNA signatures during the pathogenesis of MetS and Type II 

diabetes which could be exploited further for diagnostic or therapeutic purposes. 
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IINNTTRROODDUUCCTTIIOONN  

    ii))  MMeettaabboolliicc  SSyynnddrroommee  

Metabolic Syndrome (MetS) is a complex disorder and one of the major health 

challenges of this century, mainly due to major changes in life habits, the surplus daily 

energy intake and the increasing rate of obesity. MetS refers to a combination of 

several physiological, biochemical, clinical and metabolic disorders that could 

potentially raise the risk for atherosclerotic cardiovascular diseases, obesity and type II 

diabetes (Alberti et al., 2005; Kaur, 2014; van den Hoek et al., 2014). Some features that 

characterize MetS are increased visceral adiposity, elevated blood pressure, 

hypertriglyceridemia, low levels of high-density lipoprotein (HDL) cholesterol 

accompanied by high levels of low-density lipoprotein (LDL) cholesterol and impaired 

glucose tolerance or insulin resistance (Figure1) (Ford et al., 2002; Reilly and Rader, 

2003). It is generally accepted that a patient is characterized as MetS when at least 

three of the above clinical features are present (Alberti et al., 2009). 

 

 

Figure 1: The five clinical features of the metabolic syndrome. 
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The pathogenesis of the Metabolic Syndrome is not yet fully characterized. 

However, it seems that the initiation of the syndrome is attributed to a combination of 

genetic predisposition of polygenic origin with a sedentary lifestyle and an excess 

calorie diet. Furthermore, nutrient excess leads to rapid alterations in adipose tissue 

physiology such as enlargement of adipocytes, enhanced macrophage infiltration and 

overproduction of adipocytokines and proinflammatory molecules including TNF-a, IL-

1β and IL-6 (Hajer et al., 2008). These molecules can promote lipid accumulation and 

exert deleterious effects on blood vessels, mainly by promoting endothelial 

dysfunctions thus increasing the risk for myocardial infraction, stroke and 

cardiomyopathies (Leon and Maddox, 2015). As a result, MetS is accompanied by a 

systemic low-grade inflammatory state which is attributed to the interaction between 

environmental and genetic factors (Moller and Kaufman, 2005) and in combination with 

the general dyslipidemia it has been shown to increase the risk for cardiovascular 

diseases and atherosclerosis (Genser et al., 2016; Vassallo et al., 2016).   

The Metabolic Syndrome has been also associated with atherosclerosis 

development. Atherosclerosis is mainly attributed to the initial accumulation of 

lipoprotein particles in the intima of the arterial walls (Lusis, 2000). This process leads to 

the recruitment of monocytes at these sites and their transmigration into the intima. 

Afterwards, monocytes differentiate into macrophages and begin to take up 

cholesterol. When the macrophages are cholesterol-loaded (called “foam cells”) they 

die and their lipid content is released to the necrotic areas, a process that eventually 

leads to necrotic plaques that are generally observed in patients that develop 

atherosclerosis (Ross, 1993).  

HDL is the main particle with atheroprotective effects as it mediates the efflux of 

excess cholesterol from a variety of tissues (Kardassis et al., 2014; Vaziri, 2016). Raising 

HDL cholesterol levels has been proposed as a promising strategy for alleviating 

dyslipidemia and atherosclerosis. However, recent studies have shown that the HDL-

rising therapeutic approaches have controversial effects in patients with cardiovascular 

diseases (Kakafika et al., 2008; Tariq et al., 2014). So now researchers shift their 

attention on how HDL can effectively remove cholesterol from macrophage foam cells 

and transfer them to the liver, a process that has been termed “Reverse Cholesterol 
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Transport” (RCT). Independently of its quantity in the circulation, it seems that HDL’s 

function must be effective in order to exert its protective roles in cardiovascular and 

metabolic diseases.  

Liver is the responsible organ for HDL’s biogenesis where ABCA1 transporter 

mediates the lipidation of lipid-poor ApoA-I (the main protein component of HDL) to 

form the nascent HDL which can acquire phospholipids (PL) and free cholesterol (FC) 

from both liver and peripheral tissues. Lecithin-cholesterol acyl transferase (LCAT) 

catalyzes the conversion of nascent HDL to mature HDL with a parallel esterification of 

FC to cholesterol esters (CE) (Besler et al., 2012; Kardassis et al., 2014). Cholesteryl Ester 

Transfer Protein (CETP) is the responsible enzyme for the transfer of CE from HDL to 

VLDL and LDL in exchange for triglycerides.  Interestingly, transgenic mice expressing 

CETP (which normally don’t) present a shifted distribution of cholesterol between 

lipoproteins, depicted in increased cholesterol in VLDL/LDL and reduced in HDL 

particles. (Westerterp et al., 2006). The Scavenger Receptor class B type I (SR-BI) is a 

crucial receptor in cholesterol metabolism as it facilitates the uptake of FC and CE from 

HDL thus promoting the excretion of excess cholesterol from the liver to the bile 

(through specific receptors such as ABCG5/8). SR-BI is also present in the adrenals 

where it facilitates the uptake of CE from HDL to be used as a precursor for the 

synthesis of steroid hormones (Out et al., 2004).  

In addition, one of the most prominent phenotypic effects of the Metabolic 

Syndrome is the accumulation of lipids in the liver (the so called fatty liver) which 

promotes liver steatosis and Non Alcoholic Fatty Liver Disease (NAFLD). Interestingly, 

lipid deposition in liver has already been characterized as the hepatic manifestation of 

the syndrome (Lonardo, 1999; Marchesini et al., 2001). Patients and rodents with fatty 

liver disease present active adipogenesis in the liver, which is depicted in the increased 

expression of master regulators of adipogenesis such as Peroxisome Proliferator-

Activated Receptor γ (PPARγ) and Sterol Regulatory Element Binding Protein 1c (SREBP-

1c).  

The growing incidence of Metabolic Syndrome has become a worldwide clinical 

and public threat by increasing morbidity and mortality. Despite the fact that bariatric 

surgery has had an enormous impact on the treatment of metabolic syndrome, 
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improved and novel therapeutic strategies must be established. Since the main cause of 

the metabolic syndrome remains unknown, researchers are reverting back to the 

elucidation of the molecular mechanisms that underlie MetS in order to gain insight on 

the exact pathogenic factors and design effective pharmacological approaches.  

For all the above reasons and since the liver is the crucial organ that controls 

lipid and glucose homeostasis, it is anticipated that the identification of gene expression 

changes in Metabolic Syndrome could shed light into the molecular mechanisms being 

involved in the pathogenesis of the disease. 

 

iiii))  TTyyppee  IIII  DDiiaabbeetteess  

Diabetes mellitus in its simplest definition is considered to be a chronic 

metabolic disorder characterized by high blood glucose levels. The main forms of 

diabetes mellitus are Type I, resulting from decreased insulin production from the 

pancreas and Type II, characterized by impaired response of peripheral tissues to insulin 

(insulin resistance).  

Insulin is secreted from β-pancreatic cells and facilitates blood glucose uptake by 

various cells, including skeletal muscle cells and adipocytes. Furthermore, insulin is 

responsible for the conversion of excess glucose to glycogen for further storage in 

organs such as the liver and the muscles. 

Type II Diabetes mellitus (T2DM) is a complex heterogeneous group of metabolic 

dysfunctions including hyperglycemia, insulin resistance and failure of pancreatic β-cells 

to secrete insulin in response to elevated blood glucose (Lin and Sun, 2010). Three 

crucial defects have been associated with the onset of hyperglycaemia in T2DM: a) 

increased hepatic glucose production, b) decreased insulin secretion and c) disturbed 

insulin action (Stumvoll et al., 2005). The pathogenesis of T2DM is polygenic in origin, 

with genetic predisposition and physical inactivity to exert pivotal roles, but yet its 

etiology has not been fully elucidated. It was reported that in 2011, 366 million people 

suffered from T2DM and it is estimated that by 2030 the number of patients will have 

been rocketed to 552 millions. The worldwide prevalence of T2DM in adults is predicted 
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to be even more prominent in the future mainly due the new lifestyle, rendering this 

disease as one of the most severe clinical challenges. 

Obesity has already been associated with T2DM as it represents a high risk factor 

for the development of the disease. Visceral obesity promotes fat storage in adipose 

tissue and other organs such as liver and muscles (Guilherme et al., 2008). At the same 

time, the high levels of free fatty acids in the circulation disrupt the insulin signaling 

pathways resulting in insulin resistance, which constitutes one of the crucial events in 

the development of T2DM and Metabolic Syndrome (DeFronzo, 1992; Rask-Madsen and 

Kahn, 2012; Yki-Jarvinen, 1995).  

At the molecular level and under normal conditions, when blood glucose levels 

are increased insulin is produced by the pancreas and is secreted to the circulation. 

Insulin acts through the insulin receptor (IR) which becomes tyrosine-phosphorylated 

and in turn activates the downstream signaling cascade of IRS-1/PI3K/Akt. This signaling 

pathway leads to the translocation of GLUT4, the main glucose transporter, to the cell 

membrane, facilitating glucose uptake from the bloodstream (Figure 2).  

 

Figure 2: Insulin action in activating GLUT4 translocation to the cell membrane. 

 

Under insulin resistance conditions, several tissues are affected (including liver 

and skeletal muscles) and cannot respond effectively to insulin signals. As a result, the 
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above pathway is impaired and glucose remains in the circulation leading to 

hyperglycaemia (Figure 3) (DeFronzo and Tripathy, 2009; Rask-Madsen and Kahn, 2012).  

Current theories on the pathogenesis of T2DM underline several defects in the 

organs of the body. Initially, adipose tissue seems to exert an increased secretion of free 

fatty acids accompanied with low secretion of regulatory factors such as adiponectin. 

Skeletal muscle cells, which facilitate almost the 75% of the whole body insulin-

stimulated glucose uptake, present decreased insulin/PI3K/Akt signaling and are 

becoming insulin resistant. Central nervous system seems to have impaired sensing and 

response to hyperglyceamia while liver presents a prominent dysregulated insulin 

action which leads to hepatic glucose production (Lin and Sun, 2010). 

 

Figure 3: Insulin action is disturbed in T2DM, leading to excess glucose in the blood. 

 

 It has been reported that in insulin resistant skeletal muscles of rodents fed with 

a high-fat diet there is an increased fatty acid flux from the circulation accompanied 

with a transient increase of the intracellular levels of diacyloglycerol (DAG) (Figure 4). 

The lipid intermediate DAG can activate several isoforms of the protein kinase C (PKC) 

family  which mediate the serine phosphorylation of IRS-1 (insulin receptor substrate 1). 

This phosphorylation inhibits the tyrosine phosphorylation of the substrate which is 

necessary for the downstream binding to PI3K (Samuel et al., 2010; Shulman, 2014a). 

This eventually leads to a decreased insulin-stimulated glucose transport activity. 
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Figure 4: Lipid induced insulin resistance in muscles (Shulman, 2014b). 

Furthermore, insulin resistance affects the physiology of the liver in T2DM. DAG 

accumulation in the liver activates an isoform of PKC which in turn phosphorylates and 

inactivates the IR, inhibiting the activation of PI3K and Akt2 which normally promote 

glycogen synthesis and decrease gluconeogenesis (Figure 5). As a result, FOXO1 and 

FOXA2 transcription factors are activated and translocate to the nucleus where they 

mediate the transcription of gluconeogenic genes. Consequently, liver becomes insulin 

resistant, glucose production is triggered while its uptake in diminished.  

 

Figure 5: Lipid induced insulin resistance in liver (Samuel et al., 2010). 
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iiiiii))  mmiiccrrooRRNNAAss  

MicroRNAs (miRNAs or miRs) constitute an evolutionarily conserved class of 

non-coding RNAs of 18-25 nucleotides that are encoded initially as long primary 

transcripts (pri-miRNAs) by the genome (Figure 6). The molecular machinery of the cells 

(RNase III enzymes Drosha and Dicer) cleaves the pri-microRNAs to produce the pre-

microRNAs (~70 nucleotides) and consequently the mature microRNAs. Dicer generates 

imperfect dublexes of ~22 nucleotides consisting of a guide strand (“miRNA” or 

“predominant product” as referred in miRBase) and a passenger strand (“miRNA*” or 

“the opposite arm of the precursor” as referred in miRBase). Furthermore, especially 

when data are not sufficient to determine the predominant product, miRNAs are usually 

symbolized as “miR-X-5p” or “miR-X-3p”, relative to the arm from which they are 

produced. In association with RISC complex (RNA Induced Silencing Complex), the guide 

strand-miRNAs exert important functions in gene regulation, mainly by acting as 

negative regulators of gene expression. On the other hand, the passenger strands are 

usually degraded but sometimes may be also functional. Since their first discovery in C. 

elegans (Lee et al., 1993; Wightman et al., 1993) more than 800 members have been 

identified in humans and it is proposed that almost the one-third of all genes are 

predicted to be under control of microRNAs. 
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Figure 6. Biogenesis of miRNAs from pri-miRNAs and several pathways that they follow. Drosha cleaves 
pri-miRNA producing the pre-miRNA in the nucleus (1), exportin-5 is the responsible enzyme for pri-
miRNA export to the cytoplasm (2) where finally Dicer cleaves the pre-miRNA producing the mature 
miRNA (3). The miRNAs then can associate with RISC complex and target mRNAs for degradation (4), bind 
to RNA-binding proteins such as Argonaute-2 protein complex (5) or to lipoproteins (6). Furthermore, 
miRNAs can be loaded in microvesicles (7) or in exosomes (8) and then be released extracellularly (Guay 
and Regazzi, 2013). 

 

Two well established mechanisms exist about gene regulation through 

microRNAs a) the translational repression of protein coding genes and b) microRNA-

mediated mRNA cleavage and degradation (by partially pairing to the 3’ untranslated 

region of the target mRNA, 3’UTR) (Jackson and Standart, 2007). It is widely known that 

microRNAs control fundamental intracellular metabolic pathways related with fat 

metabolism, energy homeostasis, differentiation of adipocytes, insulin secretion and 

inflammation (Esau et al., 2006; Poy et al., 2004). MicroRNAs have recently emerged as 

crucial post-transcriptional regulators of several metabolic disorders, underlying their 

importance both as potential biomarkers that could warn prior to the disease 

development or as novel class of targets for therapeutic manipulation. 

Except from their intracellular localization, miRNAs can also be found in blood 

and other body fluids in association with proteins, microvesicles, exosomes or 

lipoprotein complexes the so called “circulating miRNAs” (Arroyo et al., 2011; Vickers et 

al., 2011). These miRNAs have already gathered a lot of attention by the scientific 

community and research concerning their regulatory roles has become increasingly 

frequent. Once produced in one cell type they can be secreted in peripheral blood and 

exert their regulatory role in distal cells or tissues (Figure 7). In several studies it has 

been shown that circulating miRNAs play significant roles in maintaining metabolic 

homeostasis and thus they could possibly serve as potential therapeutic targets in 

metabolic disorders such as MetS (Heneghan et al., 2011; Zampetaki et al., 2010). 
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Figure 7. Circulating miRNAs in blood and body fluids. miRNAs can be taken up from the blood through 
specific receptors (1) or by endocytosis of the relative exosome (2) (Guay and Regazzi, 2013). 

  

During this project we wanted to monitor the expression levels of specific 

circulating miRNAs in metabolic disorders in order to unravel their potential roles in the 

regulation of several metabolic genes. Furthermore, these miRNAs could be used as 

biomarkers for these diseases or potential targets for therapeutic approaches. 

To be more specific, we decided to analyze 9 particular miRNAs that were 

previously correlated with metabolic diseases in animal models of MetS and Type II 

Diabetes. These 9 miRNAs are: miR-27a, miR-130b, miR-135a, miR-223, miR-375, let-7b, 

miR-192, miR-194 and miR-193b (Table 1). 
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Table 1: The 9 analyzed miRNAs, their validated targets and several roles or experimental observations 
related to metabolic diseases 

miRNA Targets Several Roles / Experimental Observations 

mmiiRR--2277aa  

FOXO1 

PPARγ 

SREBP1-2 

RXRα 

ΗΟΧΑ5/ΗΟΧΑ10 

 Regulates fat synthesis by supressesing lipid synthetic genes such as SREBP1-2 

and FASN (Shirasaki et al., 2013) 

 Negative regulator of adipocyte differentiation (Lin et al., 2013) 

 Over-expression  suppresses PPARγ levels (Kim et al., 2010) 

 Upregulated in the circulation in MetS patients (Karolina et al., 2012) 

 Increased in the circulation in T2DM (Villard et al., 2015) 

mmiiRR--113300bb  

PPARγ 

PGC1-a 

ABCA1 

 Correlated with obesity, upregulated in the circulation of obese mice (Wang et al., 

2013b) 

 Over-expression  reduces adipogenesis (Chen et al., 2015) 

 Risk factor for Metabolic Syndrome (Wang et al., 2013b) 

mmiiRR--113355aa  

FOXO1 

IRS2 

APC 

 Suppresses adipogenesis through activation of Wnt pathway (Chen et al., 2014) 

 Inhibits insulin signaling and glucose uptake by targeting IRS2 (Agarwal et al., 2013) 

 miR silencing  alleviates hyperglycemia, improves glucose tolerance (Agarwal et 

al., 2013) 

mmiiRR--222233  

FOXO1/3 

MEF2C/2D 

IGFR 

HMGCS1 

SR-BI 

 Incorporation and transport by HDL particles (Rottiers and Naar, 2012; Vickers et al., 

2011) 

 Regulates GLUT4 expression and cardiomyocyte glucose metabolism (Lu et al., 

2010) 

 Up-regulated in insulin-resistant heart and adipose tissue of T2DM patients (Lu et 

al., 2010) 

 Represses cholesterol biosynthesis enzymes and inhibits cholesterol biosynthesis 

by targeting SR-BI (Vickers et al., 2014; Wang et al., 2013a) 

mmiiRR--337755  

IGF1R 

PDK1 

p53 

 Incorporation and transport by HDL particles (Rottiers and Naar, 2012) 

 Increased in serum of T2DM patients (biomarker for T2DM, potential 

pharmacological target) (Higuchi et al., 2015; Villard et al., 2015) 

 Increased in serum and tissues of obese mice (Higuchi et al., 2015) 

 Regulator of insulin secretion (Poy et al., 2004) 
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lleett--77bb  

INSR 

IRS2 

IGF1R 

 Important role in glucose metabolism (Zhu et al., 2011) 

 Downregulated in the circulation in diet-inuced obesity in mice (Hsieh et al., 2015) 

 Over-expression leads to insulin resistance and impaired glucose tolerance (Zhu et 

al., 2011) 

 Increased during adipocytic differentiation, regulates adipogenesis (Sun et al., 2009)   

mmiiRR--119922  

Zeb1/2  

SLC39A6 

RB1 

 Increased  in models of Diabetic Nephropathy and in kidneys from humans with 

chronic kidney disease (Ma et al., 2016) 

 Increased in prediabetic patients and in early stages of DN (Jia et al., 2016; Parrizas et 

al., 2015) 

 Circulating miR is high diagnostic biomarker for NAFLD and is increased in glucose 

intolerant mice (Becker et al., 2015) 

mmiiRR--119944  
AGK  

YAP-1  

 Inhibits the PI3K/Akt/FoxO3a signaling pathway (Chi, 2015) 

 HNF1a induces its expression (Krutzfeldt et al., 2012) 

 When downregulated in skeletal muscles induces insulin-stimulated glucose 

uptake (Latouche et al., 2016) 

 Reduced expression in pre-diabetic and diabetic skeletal muscles (Latouche et al., 

2016) 

mmiiRR--119933bb    

FASN  

SMAD3 

CREB5 

 Increased in prediabetic patients and in early stages of DN (Jia et al., 2016; Parrizas et 

al., 2015) 

 Controls adiponectin production in human white adipose tissue (Belarbi et al., 2015) 

 

 

iivv))  SSaalltt  IInndduucciibbllee  KKiinnaassee  11  

Salt Inducible kinase 1 (Sik1) is a serine/threonine protein kinase firstly identified 

as an induced kinase in adrenal glands of rats fed with a high-salt diet (Wang et al., 

1999) and belongs to the family of AMP-activated protein kinases (AMPKs). Sik1 is 

normally located in the nucleus and when phosphorylated by Protein kinase A (PKA) 

upon cAMP stimulus, it is translocated to the cytoplasm. It is involved in a variety of 
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processes including cell cycle regulation, gluconeogenesis and lipogenesis regulation 

(Katoh et al., 2004; Patel et al., 2014). 

 A recent study revealed that Sik1 plays a crucial role in regulating the activity of 

SR-BI in adrenals (Figure 8) (Hu et al., 2015). To be more specific, it was found that Sik1 

interacts with and phosphorylates the Ser496 in the C-terminal domain of SR-BI thus 

enhancing the selective transport of CE from HDL into the adrenals. Additionally, 

another study has revealed that Sik1 inactivates SREBP-1c, the master regulator of 

lipogenic genes, therefore inhibiting de novo lipogenesis in liver (Figure 9) (Yoon et al., 

2009). 

 

Figure 8. The stimulatory role of Sik1 in the selective CE uptake through SR-BI in adrenals (Hu et al., 2015). 

  

Figure 9. The regulation of SREBP1-c by Sik1 in the liver (BERDEAUX, 2011).  
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AAIIMM  OOFF  TTHHEE  SSTTUUDDYY  

In this study we wanted to identify novel differentially expressed genes and 

microRNAs in a mouse model of the Metabolic Syndrome in order to unravel new 

regulatory mechanisms being involved. Furthermore, we pursued to identify alterations 

in the expression levels of several microRNAs in mice with Metabolic Syndrome and 

Type II diabetes that could be used as clinical biomarkers of these diseases.  
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MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Mouse models 

ApoE3L.CETP transgenic mice 

In order to study the Metabolic Syndrome, a specific animal model that mimics 

the human disease state has been created. The translational model for MetS is the 

APOE*3Leiden.humanCholesteryl Ester Transfer Protein (E3L.CETP) transgenic mouse 

(van den Hoek et al., 2014) that has been obtained by cross-breeding the E3L mice (they 

exhibit a human-like lipoprotein metabolism) with the human CETP-expressing mice 

(CETP enzyme mediates the transfer of triglycerides (TGs) from TG-rich lipoproteins to 

HDL and LDL particles in exchange for cholesteryl esters) (Sandhofer et al., 2006). This 

model has already been used in terms of research concerning hyperlipidemia and 

atherosclerosis (Westerterp et al., 2006; Zadelaar et al., 2007) and since it mimics the 

human disease state, this model provides the opportunity to examine several responses 

and features upon both lipid-lowering and HDL-raising conditions. Upon HFD, these 

mice manifest the features of metabolic syndrome and especially after a 12 week time 

period. This fact gives the opportunity to monitor and identify changes in gene 

expression throughout the progression of the disease.  

Expression of ApoE3Leiden and human CETP gene in mice affects the 

metabolism of plasma lipoproteins and mimics the human lipoprotein profile (Figure 

10). Chylomicrons secreted from the intestine and VLDL particles secreted from the 

liver, form remnant particles after LPL mediated lipolysis in the circulation. ApoE on 

such particles mediates their uptake in the liver by the LDLr. However, clearance of 

apoB-containing particles via the LDLr pathway is attenuated in mice expressing the 

mutated form of human APOE gene,  APOE3Leiden. In contrast to humans, mice do not 

express the cholesteryl ester transfer protein (CETP) which exchanges cholesteryl esters 

with triglycerides between HDL and VLDL/LDL. Thus, by inserting the hCETP gene in 

ApoE3Leiden mice results in high levels of VLDL/LDL-C and relatively low levels of HDL-C.  
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Figure 10. Expression of the mutated ApoE3Leiden and hCETP gene in mice lead to a human like 
phenotype 

 

In this study, we analyzed mice that were fed with different diets (high-fat 

diet/HFD and low-fat diet/LFD) in order to observe the expression levels of several 

genes and microRNAs in the liver as well as the presence of specific microRNAs in the 

circulation. Furthermore we wanted to monitor their potential changes due to the 

dietary habits in several time points of the disease progression. Moreover, we 

performed a bioinformatic-based search in order to identify potential target genes of 

our selected microRNAs (using the online tools miRDB, TargetScan and miRanda) and 

tried to correlate their expression levels with alterations in several genes that were 

identified deregulated in liver microarrays of the same mice. Our last goal was to 

unravel new regulatory mechanisms that have a distinct role in the pathogenesis of 

Metabolic Syndrome. To be more specific, 3 month-old male mice were fed with the 

specific diet for 4, 8, 12 and 16 weeks as depicted in the figure (Figure 11). 
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Figure 11. 3-month-old ApoE3L.CETP mice were fed either a High Fat Diet (HFD) or a Low Fat Diet (LFD) 
and after specific time points (4, 8, 12 and 16 weeks of diet) were sacrificed. 

 

Genotyping of APOE3L mice - DNA extraction / PCR for ApoE3L transgene 

The DNA extraction was carried out from mouse tails which were initially 

incubated overnight or for 4-5 hours at 55oC in tail buffer with Proteinase K. The 

solution that was used is prepared by adding 5μL of PK (10mg/mL) in 495μL tail buffer 

for each sample. DNA extraction was performed by following the Phenol-Chloroform 

protocol and the ApoE3L gene was detected by performing PCR (Table 2, Figure 12). PCR 

products were subjected to electrophoresis in a 2% agaroze gel. 

Table 2. PCR reaction for the detection of ApoE3L transgene 

PCR for ApoE3L 

Reagent Volume (μL) 

Nuclease free water 13.8 

MgCl2 1.7 

dNTPs (2mM) 2.5 

Buffer Taq 10x (Minotech) 2.5 

Taq polymerase (Minotech) 0.4 

ApoE3L FW primer (10μM) 1 

ApoE3L REV primer (10μM) 1 

Genomic DNA 1 

Final Volume 24 

 



23 
 

          

Figure 12. Genotyping. (1): ladder (λ DNA-BstEII Digest, NEB), (2, 4, 5, 6, 7, 9, 10): non transgenic mice, (3, 
8, 11, 12): transgenic mice, (13): positive control of APOE*3Leiden gene, (14): negative control (C57BL/6 

mouse DNA), (15): blank 

 

Akt2-/- mice 

 A model that is widely used and already described to exert a Diabetes Mellitus-

like syndrome is the mouse lacking the Akt2 protein kinase/PKBβ (Akt2-/-) (Cho et al., 

2001; Garofalo et al., 2003). Akt2/PKBβ is an intermediate in the glucose-signaling 

pathway which controls glucose uptake both in muscle and fat tissue as well as 

gluconeogenesis in the liver (Kohn et al., 1996; Liao et al., 1998; Ueki et al., 1998). 

Several studies indicate that mice lacking Akt2 are prone to be diabetic. To be more 

specific, it has been found that siRNA-silencing of Akt2 results in a diminished insulin-

stimulated glucose uptake (Katome et al., 2003). Furthermore, Akt2-/- mice exhibit 

impaired glucose tolerance and simultaneously suffer from insulin resistance, elevated 

triglycerides and hyperglycemia (Garofalo et al., 2003; Jiang et al., 2003), meaning that 

Akt2 represents a crucial kinase for glucose metabolism. In our study we measured the 

blood glucose levels of Akt2-/- male mice (non-starved) to verify that they exert a 

Diabetes-like syndrome and we analyzed the expression of microRNAs in their sera and 

livers at different time points (6 and 12 weeks-old). C57BL6/J mice were used as the 

wild type control group. 

 

Blood glucose measurment 

 Blood glucose levels in mice were measured using the TRUE Result device and 

the respective strips by applying one blood droplet from mouse tails.  
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Hepatic cell lines 

HEPA (murine) and HepG2 (human) hepatic cell cultures were used to identify 

the expression of specific microRNAs and for subsequent transfection experiments. 

Cells were cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) with 

10% fetal bovine serum (FBS), and penicillin/streptomycin (P/S) at 37οC in a 5% CO2 

incubator.  

Blood collection and serum isolation 

 Initially, our mice were anesthetized with isoflurane and their blood was 

collected directly from their hearts by using disposable syringes. After 30 minutes at 

room temperature (RT) on bench, the collected bloods were centrifuged twice, at 3000 

rpms/4oC for 20 minutes each time, in order to obtain the serum as pure as possible. 

Lastly, the isolated sera were stored at -80oC. 

Tissue collection  

 After blood collection, mice were subjected to anatomy and collection of specific 

tissues such as liver, adipose tissue, pancreas, heart, small intestine, large intestine, 

kidneys and adrenals. In this project, we analyzed livers from the two mouse strains. 

microRNA isolation from serum 

 In order to isolate the total microRNAs from mice sera we used the miRCURY 

RNA Isolation Kit by EXIQON (Product No.: 300112) according to manufacturer’s 

protocol. The final volume of serum that was analyzed from each mouse was 50μl. 

Spike-in template (provided by the kit) was added every time (1μL) in each serum 

sample and was used as the reference microRNA. The previous step is crucial because 

none microRNA is known to be expressed consistently at basal levels in the circulation. 

On the other hand, 5S ribosomal RNA was used as reference for microRNAs in the liver. 

The concentrations of the isolated miRNAs were measured at the TECAN Infinite 200® 

PRO instrument and if needed they were diluted to the appropriate volume of nuclease-

free water at concentrations shown in Tables 4 and 5. miRNAs were further subjected to 

cDNA synthesis. 
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RNA extraction from tissues/cells 

 Total RNA (including microRNAs) was extracted from hepatic cell lines and 

mouse livers using the RNAiso Plus reagent (#9109, Takara) according to the 

manufacturer’s protocol. Cells were initially lysed while liver tissues were homogenized. 

Extracted RNA was diluted in 100μL of Nuclease Free Water and its concentration and 

purity was measured at TECAN Infinite 200® PRO instrument. 

cDNA synthesis from total RNA (from tissues and cell lysates) 

In order to synthesize cDNAs by RNA isolated from liver or hepatic cell cultures 

(HEPA, HepG2) we used the M-MLV Reverse Trancriptase (Invitrogen, #28025). The RNA 

samples were prepared in a concentration of 200ng/μL and the reaction setup was the 

following:  

Table 3. cDNA synthesis reaction using RNA template isolated from mouse liver and hepatic cell lines 

cDNA synthesis (M-MLV reverse transcriptase) 

Reagent Volume (μL) 

Nuclease-free water 20 

dNTPs (2mM) 5 

Random primers (#3801, Takara) 3 

Template total RNA (200ng/μL) 5 

DTT (0.1M) 5 

First Strand buffer (5x) 10 

RNase OUT Recombinant Ribonuclease Inhibitor 
(#10777019, Invitrogen) 

1 

M-MLV reverse transcriptase (200U/μL) 1 

Final Volume 50 
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cDNA synthesis from microRNAs (from tissues, cell lysates and serum) 

In order to synthesize the cDNAs from circulating (serum) or hepatic microRNAs 

(hepatic cell lines, liver tissues) we used the Universal cDNA Synthesis Kit II by EXIQON 

(Product No.: 203301) and the working solution for each sample is shown in Tables 4 

and 5. Afterwards, the synthesized cDNA was diluted either 1:20 (circulating 

microRNAs) or 1:8 (liver microRNAs) and then used for RT-PCR. 

Tables 4, 5. cDNA synthesis working solutions per sample 

cDNA synthesis (circulating microRNAs) 

Reagent Volume (μL) 

5x Reaction buffer 2 

Nuclease-free water 3 

Enzyme mix 1 

Template total RNA  
(5ng/μL) 

4 

Final Volume 10 

 

 

 

 

 

 

qRT-PCR for microRNAs 

As we have already mentioned, we have the predominant miRNA (miRNA) and 

the opposite sequence (miRNA*) produced from each precursor miRNA. By searching in 

miRBase we found the predominant sequence for each circulating miRNA and then we 

obtained the specific primers for their identification (Table 5). The primers were 

received lyophilized, they were re-suspended in 220μL of nuclease-free water and 

stored in aliquots at -20oC. 

cDNA synthesis (liver microRNAs) 

Reagent Volume (μL) 

5x Reaction buffer 2 

Nuclease-free water 5 

Enzyme mix 1 

Template total RNA  
(100ng/μL) 

2 

Final Volume 10 
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Table 6. Primers (EXIQON) used in the qPCR experiments and their target sequences 

miRNA Primer Set by EXIQON Target Sequence 

mmiiRR--2277aa  hsa-miR-27a-3p LNA™ PCR primer set, UniRT (Product 
No.: 206038) 

UUCACAGUGGCUAAGUUCCGC 

mmiiRR--113300bb  hsa-miR-130b-3p LNA™ PCR primer set, UniRT (Product 
No.: 204317) 

CAGUGCAAUGAUGAAAGGGCAU 

mmiiRR--113355aa  hsa-miR-135a-5p LNA™ PCR primer set, UniRT (Product 
No.: 204762) 

UAUGGCUUUUUAUUCCUAUGUGA 

mmiiRR--119922  hsa-miR-192-5p LNA™ PCR primer set, UniRT (Product 
No.: 204099) 

CUGACCUAUGAAUUGACAGCC 

mmiiRR--119933bb  mmu-miR-193b-3p LNA™ PCR primer set, UniRT 
(Product No.: 205062) 

AACUGGCCCACAAAGUCCCGCU 

mmiiRR--119944  hsa-miR-194-5p LNA™ PCR primer set, UniRT (Product 
No.: 204080) 

UGUAACAGCAACUCCAUGUGGA 

mmiiRR--222233  hsa-miR-223-3p LNA™ PCR primer set, UniRT (Product 
No.: 205986) 

UGUCAGUUUGUCAAAUACCCCA 

mmiiRR--337755  hsa-miR-375 LNA™ PCR primer set, UniRT (Product No.: 
204362) 

UUUGUUCGUUCGGCUCGCGUGA 

lleett--77bb  hsa-let-7b-5p LNA™ PCR primer set, UniRT (Product No.: 
204750) 

UGAGGUAGUAGGUUGUGUGGUU 

 

 

 

Figure 13: The experimental procedure followed for the identification and quantification of circulating 
microRNAs 
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The diluted cDNAs were used for Real Time PCR analysis using the ExiLENT 

SYBR® Green master mix by EXIQON (Product No.: 203403) and the respective primers 

for each miRNA, as shown in Tables 7 and 8: 

Tables 7 and 8. Real time PCR working solutions per sample 

Real Time PCR (for circulating microRNAs) 

Reagent Volume (μL) 

PCR master mix 5 

PCR primer mix 1 

Diluted cDNA template (1:20) 4 

Final Volume 10 

 

 

 

 

 

 

 

qRT-PCR for mRNA analysis – Validation experiments of microarrays 

 qPCR experiments were performed in order to validate the findings of liver 

transcriptomic analysis done in APOE3L.CETP fed either a HDF or a LFD. Specific primers 

were designed for selected genes by using the DNASTAR and Fast PCR programs as 

following: 

 

 

 

 

Real Time PCR (for liver microRNAs) 

Reagent Volume (μL) 

PCR master mix 5 

PCR primer mix 1 

Diluted cDNA template (1:8) 4 

Final Volume 10 
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Table 9. Primers designed for validation qPCR experiments of differentially expressed genes in livers of 
APOE3L.CETP mice 

Gene Primers sequence 

OOrrmm33  Fwd: 5’-CGCTAGAAGGCCAGATATCCC-3’ 
Rev: 5’-ACTGCACCTGTCCTTTTTCCA-3’ 

PPppaarrgg  Fwd: 5’-TCACAATGCCATCAGGTTTGG-3’ 
Rev: 5’-CTGGGTTCAGCTGGTCGATA-3’ 

LLeepprr  Fwd: 5’-AGCCTATACGCTTGTCATGGAT-3’ 
Rev: 5’-TTCGTCAGGGGCTTCCAAA-3’ 

SSiikk11  Fwd: 5’-GACACCATTGCTGACCAGGAA-3’ 
Rev: 5’-GGCAGTCCAGGAGGTCTGTAGT-3’ 

CCyypp77aa11  Fwd: 5’-AATCTACCCAGACCCTTTGAC-3’ 
Rev: 5’-AAGGTGGTCTTTGCTTTCCCA-3’ 

SSqqllee  Fwd: 5’-TGGAGGCCTCTCAGAATGGT-3’ 
Rev: 5’-TAAGGACGCCTCGTTTGTTC-3’ 

FFaassnn  Fwd: 5’-CCATGGCAGCTGTTGGTTTG-3’ 
Rev: 5’-GTGTCCTCAGAGTTGTGGCA-3’ 

PPccsskk99  Fwd: 5’-TATAGCCGCATCCTCAACGC-3’ 
Rev: 5’-CCCGACTGTGATGACCTCTG-3’ 

SSaaaa11  Fwd: 5’-GACACCATTGCTGACCAGGAA-3’ 
Rev: 5’-GGCAGTCCAGGAGGTCTGTAGT-3’ 

SSaaaa33  Fwd: 5’-CTGTTCAGAAGTTCACGGGAC-3’ 
Rev: 5’-AGCAGGTCGGAAGTGGTT-3’ 

 

Cloning of Sik1 3’ UTR 

Specific primers were designed with DNA STAR and Fast PCR programs (Table 10) 

for PCR amplification of the 3’UTR of Sik1 by using mouse genomic DNA as a template. 

AmpliTaq Gold 360 Master mix (Applied Biosystems) was used for the PCR reaction 

(Table 11) and the fragment was subsequently cloned into the XbaI site of the 

pGL3promoter vector (Promega, Figure 15). A BamHI site was introduced in the forward 

primer in order to identify the correct orientation of the insert. 
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Table 10. Primers designed for validation amplification of Sik1 3’ UTR in pGL3 promoter vector. XbaI 
(TCTAGA), BamHI (GGATCC) 

Name Primers sequence 

SSiikk11--33’’UUTTRR--FFwwdd  5’- TGCTCTAGA GGATCCGAGGCGTGATGAGCTGGG -3’ 

SSiikk11--33’’UUTTRR--RReevv  5’- ACGAGATCTATGCCGTTTGTCTTCCCCTG -3’ 

 

Table 11. PCR reaction for amplification of Sik1 3’UTR fragment 

PCR reaction for amplification 

Reagent Small scale (25μL) Large scale (50μL) 

Nuclease free water 10 20 

AmpliTaq Gold Master mix 12.5 25 

Forward primer (10μΜ) 0.5 1 

Reverse primer (10μΜ) 0.5 1 

Template DNA 1.5 3 

 

                 

PCR clean up 

 The PCR product (Sik1 3’UTR fragment) was cleaned up using NucleoSpin® Gel 

and PCR Clean-up kit from MACHEREY-NAGEL according to the respective protocol. 

 

Digestions of pGL3 promoter vector 

 The pGL3 promoter was digested with restriction enzymes: a) XbaI (NEB) and b) 

HindIII / KpnI (NEB) that give one linear fragment of 5010bp and two fragments of 

4770bp and 240pb respectively, according to the vector map (Figure 14). 
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Figure 14. pGL3 promoter vector used for cloning of the Sik1 3’ UTR. 

 

Tables 12 and 13. Digestion reactions of pGL3 promoter vector with XbaI and HindIII/KpnI 

 

 

Ligation reaction 

 Prior to the ligation reaction both pGL3 promoter vector and the insert were 

digested with XbaI (Tables 13, 14) in order to obtain complementary ends for 

subsequent ligation. The restriction reactions were performed at 37oC for 1 hour, both 

followed by heat inactivation of the enzyme at 65oC for 20 minutes. Furthermore, the 

Digestion of pGL3 promoter vector 

Reagent Volume (μL) 

Nuclease-free water 15 

Cut Smart buffer 10x 
(#B7204S, NEB) 

2 

HindIII (20.000 U/mL, NEB) 0.5 

KpnI (10.000 U/ mL, NEB) 0.5 

pGL3 promoter vector 
(0,5μg/μL)  

2 

Final Volume 20 

Digestion of pGL3 promoter vector 

Reagent Volume (μL) 

Nuclease-free water 15 

Cut Smart buffer 10x  
(#B7204S, NEB) 

2 

XbaI (20.000 U/mL, NEB) 1 

pGL3 promoter vector 
(0,5μg/μL)  

2 

Final Volume 20 
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free phosphorylated ends of the restricted vector were dephosphorylated to avoid self-

ligation of the vector using Antarctic phosphatase (#B0289S, NEB) in a reaction at 37 oC 

for 15 minutes, followed again by heat inactivation of the enzyme at 65oC for 20 

minutes. 

 

Tables 14 and 15. Digestion reactions of pGL3 promoter vector and insert with XbaI 

Digestion of pGL3 promoter vector with XbaI 

Reagent Volume (μL) 

Nuclease-free water 24 

Cut Smart buffer 10x 
(#B7204S, NEB) 

3 

XbaI (20.000 U/mL, NEB) 1 

pGL3 promoter vector 
(0,5μg/μL)  

2 

Final Volume 30 

 

 

 

 

 

 

 

  

 

The ligation reaction was performed at 4oC overnight and the reaction setup was 

the following: 

 

Digestion of insert with XbaI 

Reagent Volume (μL) 

Nuclease-free water 7.5 

Cut Smart buffer 10x 
(#B7204S, NEB) 

9 

XbaI (20.000 U/mL, NEB) 0.5 

Insert Sik1 3’UTR fragment 
(50ng/μL) 

73 

Final Volume 90 



33 
 

Table 16. Ligation reaction between pGL3 (restricted by XbaI) and Sik1 3’UTR (restricted by XbaI) 

Ligation Reaction 

Reagent Volume (μL) 

Nuclease-free water 4 

T4 Ligase buffer 10x (Invitrogen) 1 

T4 Ligase (Invitrogen) 1 

pGL3 promoter vector 1 

Sik1 3’UTR insert 3 

Final Volume 10 

 

Transformation 

 DH10β competent bacteria were transformed either with the pGL3-Sik1-3’UTR 

vector or with the self-ligated vector. 100μL of bacteria cells were transferred to each 

tube containing the above vectors, and after 30 minutes on ice they were heat-shocked 

at 42oC for 45 seconds. 900mL of LB medium were added in each tube and bacteria 

were incubated at 37oC for 1 hour. Afterwards, the cells were centrifuged, redissolved 

at 100μL final volume of LB, poured in petri dishes and let to develop colonies at 37oC 

overnight. The following day, 15 distinct bacteria colonies were inoculated in 2mL LB 

medium and let to proliferate at 37oC overnight under shaking.  

 

Minipreps 

 Plasmid isolation and purification from the 15 bacteria colonies with pGL3-Sik1-

3’UTR vector were performed by using the NucleoSpin® Plasmid kit (MACHEREY-NAGEL) 

according to the manufacturer’s protocol. Plasmid DNAs were measured at TECAN 

Infinite 200® PRO instrument and afterwards they were subjected to restriction 

digestion with BamHI as following: 

 

Table 17. Restriction digestion of purified plasmid DNAs with BamHI 
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Restriction of plasmid DNAs 

Reagent Volume (μL) 

Nuclease-free water 11 

BamHI (NEB) 0.5 

Cut Smart buffer 10x (NEB) 1.5 

Plasmid DNA (1μg/μL in total) 2 

Final Volume 15 
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RREESSUULLTTSS  --  DDIISSCCUUSSSSIIOONN  

i) Identifying circulating miRNA levels in APOE3L.CETP and Akt2-/-mice 

Initially, we tried to monitor the levels of circulating miRNAs throughout the 

progression of Metabolic Syndrome. For this reason, we analyzed the serum of 

APOE3L.CETP mice fed with a HFD diet for 4, 8, 12 and 16 weeks in order to specify 

potential alterations in miRNA levels (Figure 15). As a control group we used mice fed 

with a LFD for the same time periods. Data were analyzed by using the ΔCτ parameter 

which refers to the cycle of the Real Time PCR amplification where we can observe an 

increase in the copy numbers of the cDNAs. The smaller the ΔCτ, the more abundant 

the miRNA is in the serum and conversely when ΔCτ is high, the miRNA levels are low. 

We can observe from the graphs of Fig. 15 that in a 4 week diet intervention 

(panel A) no changes occur in circulating miRNA profile but as the disease progresses, 

several miRNAs present altered levels. More specifically, in 8 weeks of HFD (Panel B), 

miR-135a and miR-375 were found to be decreased in the serum while in the 12-week 

HFD group (panel C) miR-27a, miR-130b and miR-193b appeared to be significantly 

increased. After 16 weeks diet intervention (panel D), only miR-135a was upregulated in 

HFD-fed mice, but still we could not have a clear case due to the small number of mice 

analysed. 
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Figure 15: Circulating microRNA levels in the serum of HFD-fed (blue bars) versus LFD-fed (grey bars) 

ApoE3L.CETP mice. Data is shown as ΔCτ. All values represent the mean ± S.D (a. 4 weeks: N=3 LFD, N=4 

HFD, b. 8 weeks: N=4 LFD, N=4 HFD, c. 12 weeks: N=3 LFD, N=6 HFD d. 16 weeks: N=2 LFD, N=2 HFD). 

Student’s t-test was performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

MiR-135a has already been found to suppress adipogenesis by inhibiting the 

Wnt signalling pathway (Chen et al., 2014), so its decrease in the circulation of 8 weeks 

HFD-fed mice could be correlated with the development of the extended adipose tissue 

that these mice present, which eventually become obese. However, its levels are 

increased after a 12 week diet intervention, a fact that could be attributed to a 

response mechanism of these mice in order to inhibit further adipogenesis. 

MiR-375 has already been characterized as a biomarker of T2DM and has been 

also found increased in the circulation and in tissues of obese mice (Higuchi et al., 2015; 

Villard et al., 2015). In contrast, we observe here that its levels in the serum of 8-weeks 

HFD diet-fed mice present a serious reduction, which could possibly suggest the 

presence of an internal regulatory mechanism that tries to inhibit the onset of 

Metabolic Syndrome. However, after a 12-week diet intervention, no changes in the 

levels of circulating miR-375 can be identified. 

Interestingly, we found that the circulating levels of miR-27a and miR-130b were 

increased in the 12-weeks HFD-fed, a time point where the disease has been fully 

developed. These results are in agreement with previous observations showing that miR-
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27a is upregulated in the circulation of MetS patients (Karolina et al., 2012) and miR-

130b levels are increased in the circulation of obese mice (Wang et al., 2013b), while 

simultaneously both miRs constitute a risk factor for MetS.  

Moreover, the increase in the levels of miR-193b could be attributed to the 

diabetic parameters of MetS as this specific miR has been found increased in 

prediabetic patients and in patients at early stages of Diabetic Nephropathy (Jia et al., 

2016; Parrizas et al., 2015). 

Subsequently, we wanted to examine the expression levels of these circulating 

miRNAs in the context of T2DM, using the diabetic Akt2-/- mouse model. For this set of 

experiments we used animals with ages ranging from 6 to 12 weeks, and the 

comparisons were made with age-matched C57BL6/J mice.  

Firstly, to validate that the Akt2-/- mice exert a diabetic phenotype, blood glucose 

levels were measured in non-fasting conditions prior to blood collection and miRNA 

isolation (Figure 16a). By analyzing the serum of these mice, we found that circulating 

miR-192 and miR-194 were strongly upregulated only in the diabetic Akt2-/- mice, while 

miR-223 levels were also slightly elevated (Figure 16b). 

 

Figure 16: a. Blood glucose levels and b. circulating miRNA levels in Akt2
-/-

 (N=7, red bar) versus WT (N=7, 

black bar) mice. Data is shown as ΔCτ. All values represent the mean ± S.D. Student’s t-test was 

performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Increased levels of miR-192 have already been associated with prediabetes and 

the early stages of Diabetic Nephropathy in humans (Jia et al., 2016; Parrizas et al., 

2015) but also with glucose intolerance in mice (Becker et al., 2015), findings that 

strengthen our observations. On the other hand, miR-194 levels were recently shown to 

be decreased in pre-diabetic and diabetic skeletal muscles (Latouche et al., 2016). The 

fact that we observe a clear increase in its circulating levels is quite contradictory, but 

we could hypothesize that miR-194 could possibly exert its regulatory role in other 

tissues.  

As far as miR-223 is concerned, previous research showed an upregulation of 

this miR in insulin-resistant heart and adipose tissue of T2DM patients (Lu et al., 2010) 

and here we show an elevation of its circulating levels in diabetic mice. Several studies 

indicate that during the pathogenesis of Type II Diabetes there is an ongoing cytokine-

driven acute-phase inflammation, which is depicted in elevated levels of specific 

inflammatory markers such as IL-6 and C-reactive protein (Barzilay et al., 2001; Festa et 

al., 2002; Schmidt et al., 1999). Furthermore, miR-223 has also been found to be 

implicated in the regulation of inflammation (e.g negative regulator of TLR-triggered 

inflammatory cytokines, (Zhuang et al., 2012)) and since its circulating levels are 

increased in the diabetic mice we could hypothesize that miR-223 exerts a potential 

anti-inflammatory role. 

 

ii) Studying the miRNA expression levels in the livers of 12 weeks HFD-fed 

APOE3L.CETP and Akt2-/- mice 

Subsequently, we wanted to investigate whether miR-27a and miR-130b, that 

were found increased in the circulation of 12-weeks HFD-fed APOE3L.CETP mice, were 

also highly expressed in the liver (Figure 17). 
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Figure 17: Expression analysis of miR-27a and miR-130b in liver tissues of 12 weeks HFD-fed (N=5, blue 

bars) versus LFD-fed (N=3, grey bars) APOE3L.CETP mice. Data is shown as ΔCτ. All values represent the 

mean ± S.D. Student’s t-test was performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 We observed a slight increase in the expression levels of miR-27a in the liver, 

yet not statistically significant, while no change was observed in the hepatic expression 

of miR-130b. 

Furthermore, we studied the hepatic expression levels of miR-192 and miR-194 

that were found to be increased in the circulation of diabetic mice and we observed 

only a slight elevation on their expression, but again not statistically significant. 
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Figure 18: Expression analysis of miR-192, miR-194 and miR-193b in livers of Akt2
-/-

 (N=4, red bar) versus 

WT (N=4, black bar) mice. Data is shown as ΔCτ. All values represent the mean ± S.D. Student’s t-test was 

performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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iii) Identifying differentially expressed hepatic genes in 12-weeks HFD-fed 

APOE3L.CETP mice 

Transcriptomic analysis (Affymetrix) in the livers of ApoE3L.CETP mice that was 

performed in our lab revealed significant changes in the expression levels of several 

genes involved in lipid and glucose metabolism (Table 18) and this was even more 

profound in the 12 weeks HFD time point, where the syndrome is fully developed. For 

this reason we wanted to validate these findings by performing RT-qPCR analysis 

experiments for selected up- and down-regulated genes shown in Table 18. 

 

Table 18: Differentially expressed genes in the liver of 12-weeks HFD-fed APOE3L.CETP mice 

Differentially expressed hepatic genes in HFD-fed APOE3L.CETP mice 

Symbol Name Fold Change  
(HFD vs LFD) 

OOrrmm33  orosomucoid 3 7.76 

CCyypp77aa11  Cholesterol 7 alpha-hydroxylase (or cytochrome P450 7A1) 2.55 

PPppaarrgg  peroxisome proliferator activated receptor gamma 2.47 

SSaaaa11  serum amyloid A 1 1.88 

SSaaaa33  serum amyloid A 3 1.72 

PPccsskk99  proprotein convertase subtilisin/kexin type 9 -1.89 

FFaassnn  fatty acid synthase -1.89 

SSiikk11  salt inducible kinase 1 -1.92 

LLeepprr  leptin receptor -3.33 

SSqqllee  squalene epoxidase -4.87 

 

 

 We validated that the expression of Orm3, Cyp7a1, Pparg, Saa1 and Saa3 in 12-

weeks HFD-fed APOE3L.CETP was up-regulated while the expression of Pcsk9, Fasn, 

Sik1, Lepr and Sqle was indeed downregulated. 
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Figure 19: Expression analysis of differentially expressed genes livers in 12-weeks HFD fed (N=4) versus 

12-weeks LFD fed APOE3L.CETP mice. Data is shown as RQ. All values represent the mean ± S.D. Student’s 

t-test was performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 Pparg is a master transcription factor of adipose tissue development, which can 

induce the whole program of adipogenesis (Chawla et al., 1994; Rosen et al., 1999; 

Siersbaek et al., 2010). The fact that its expression levels are elevated in mice with 

metabolic syndrome can be interpreted by the observed fat tissue overgrowth which 

renders these mice obese.  

Orm3, a member of Alpha-1-acid glycoprotein (AGP) family, is considered to be 

an acute phase response protein whose levels increase under certain conditions such as 

systemic tissue injury and inflammation (Fournier et al., 2000). For this reason, we could 

reasonably attribute its increased expression in livers of 12-weeks HFD-fed mice to the 

low grade inflammation state that characterizes Metabolic Syndrome. Furthermore, this 

protein family seems to play a crucial role in sphingolipid metabolism mainly by acting 

as negative regulators of their synthesis (Breslow et al., 2010). So, by being involved in 

metabolism regulation is has been also proposed as a promising factor related to 

obesity, metabolic syndrome and cardiovascular diseases (Luo et al., 2015). 

Saa1 and Saa3 belong to the serum amyloid α family, are mainly produced in the 

liver and their expression is induced in response to inflammatory stimuli (Uhlar and 

Whitehead, 1999). Thus their overexpression in livers of mice with metabolic syndrome 

seems to represent a response mechanism due to the systemic inflammation. 



42 
 

Cyp7a1 belongs to the family of cytochrome P450 that play crucial roles in 

cholesterol metabolism and mediates the catabolism of cholesterol to bile acids in the 

liver (Lorbek et al., 2012). Gain-of-function experiments in mice have already shown 

that overexpression of Cyp7a1 results in lowering of LDL plasma levels (Spady et al., 

1998) so the increased levels in our mice could imply a response mechanism to 

hyperlipidemia.  

Pcsk9 encodes for an enzyme that can bind to the LDL receptor (LDLR) and 

inhibit its function in removing the LDL particles from the circulation (Norata et al., 

2016). As a consequence, in the liver Pcsk9 promotes the degradation of hepatic LDLR 

receptor and thereby increases blood cholesterol, triglycerides and apoB containing 

particles (Rashid et al., 2014). For these reasons Pcsk9 has been correlated with the 

development of atherosclerosis and hepatic lipogenesis (Tavori et al., 2016), while its 

inhibition seems to be promising therapeutic approach for alleviating these disorders. 

On the other hand, Fasn is a lipogenic gene that encodes for the fatty acid 

synthase enzyme which catalyzes the de novo synthesis of fatty acid (Jensen-Urstad and 

Semenkovich, 2012). In our experiments, we observe that Pcsk9 and Fasn are 

significantly downregulated in 12-weeks HFD mice and we could again hypothesize the 

presence of a self-defense mechanism to hyperlipidemia.  

Lepr gene encodes for leptin receptor which is crucial for the leptin signaling 

pathway which controls adipose tissue mass. Deficiency and mutations in Lepr are 

associated with early-onset of obesity in mice (Clement et al., 1998) and these 

observations are in agreement with our results that indicate a clear downregulation of 

this gene in metabolic syndrome. 

Sqle encodes for squalene epoxidase which catalyzes the first oxygenation step 

in sterol biosynthesis. Research in HepG2 cells has shown that the activity of this 

enzyme is decreased upon LDL treatments (Hidaka et al., 1990). This resembles the 

state of mice with metabolic syndrome which present high LDL cholesterol levels and 

we could hypothesize that squalene epoxidase is regulated at the transcription level. 

Lastly, Sik1 plays regulatory roles during steroidogenesis, lipogenesis and 

gluconeogenesis (Katoh et al., 2004; Patel et al., 2014) and its downregulation in 12-
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weeks HFD-fed APOE3L.CETP mice could possibly contribute to the development of 

Metabolic Syndrome and its comorbidities as we will discuss later on. 

 

iv) Searching for predicted targets of the up-regulated microRNAs in the 

differentially expressed genes of liver microarrays of APOE3L.CETP mice 

Next, we pursued to take advantage of the transcriptomic analysis in the livers of 

12 weeks HFD-fed APOE3L.CETP mice in order to unravel potential miRNA target genes. 

For this reason, we used the online computational prediction tools miRDB (Wang, 2010) 

and TargetScan (Agarwal et al., 2015) to identify predicted targets of miR-27a, miR-130b 

and miR-193b that were found to be increased in the circulation of 12-weeks HFD-fed 

APOE3L.CETP mice. By searching the top differentially expressed genes in the liver 

microarray data and combining our prediction findings we ended up with the following 

table:  

Table 19: Several predicted target genes of the upregulated microRNAs were found to be differentially 
expressed in liver microarrays. 

 

 

microRNA Symbol Gene Name
Fold Change 

HFD vs LFD
Biological process

miR-27a

Pparg
peroxisome proliferator activated 

receptor gamma
2,47

Regulation of lipid metabolic 

process 

Cyp39a1
cytochrome P450, family 39, 

subfamily a, polypeptide 1
-1.9 Lipid metabolic process 

Sik1 salt inducible kinase 1 -1.92

Regulation of triglyceride 

biosynthesis and 

gluconeogenesis

miR-130b

Pparg
peroxisome proliferator activated 

receptor gamma
2,47

Regulation of lipid metabolic 

process 

Atp2b2
ATPase, Ca++ transporting, plasma 

membrane 2
-1.83

ATP catabolic process, calcium 

ion transport

Btg1 B cell translocation gene 1 -1.63 Regulation of angiogenesis

Sik1 salt inducible kinase 1 -1.92

Regulation of triglyceride 

biosynthesis and 

gluconeogenesis

miR-193b Adam11
a disintegrin and metallopeptidase

domain 11
1.92

Integrin-mediated signalling 

pathway 



44 
 

Salt inducible kinase 1 (Sik1) which was downregulated in the liver microarrays 

was found to be a predicted target of both miR-27a and miR-130b that were found 

upregulated in the serum. Since Sik1 is involved in metabolic biological processes such 

as triglyceride biosynthesis and gluconeogenesis we attempted to unravel a possible 

interaction in order to identify a potential regulatory mechanism in the pathogenesis of 

Metabolic Syndrome.  

Initially, by using the miRDB online tool we found that miR-27a presents a higher 

score in targeting Sik1 3’UTR so we decided to focus on miR-27a. By searching in miRDB 

online tool we detected the binding sequence of miR-27a and its predicted target site 

on Sik1 3’UTR (Figure 20). 

 

 

 

 

Figure 20: a. miR-27a and its binding sequence to Sik1 3’UTR, b. the target sequence of miR-27a in the 

Sik1 3’UTR (red letters), the selected primers (yellow shade) and their sites. 
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Since the 3’ UTR of Salt Inducible Kinase 1 contains a predicted target site for 

miR-27a we decided to set up a luciferase reporter assay in HEPA (mouse hepatoma) 

cells. For this reason we wanted to amplify a sequence of Sik1-3’UTR (206bp) that 

contains the predicted target site for miR-27a (Figure 20) by using specific primers 

(Table 10) in order to insert it in pGL3 promoter vector downstream of the luciferase 

gene (Figure 23).  

Firstly, we amplified the requested sequence in a small scale PCR (Figure 21a) 

and subsequently we performed three additional large-scale PCR reactions in order to 

obtain our sequence in more copies (Figure 21b).  

                    

Figure 21. Sik1-3’UTR PCR product (206bp) a) in a small scale-test reaction (25μL), b) in 3 large scale 
reactions (50μL). 

Moreover, to verify that our pGL3 promoter was the correct vector, we 

performed two digestions with the restriction enzymes XbaI and HindIII / KpnI which 

give one linear fragment of 5010bp and two fragments of 4770bp and 240pb 

respectively, according to the vector map (Figure 14). Indeed we identified these 

specific fragments and we validated that pGL3 promoter plasmid is correct (Figure 22). 

                                            

Figure 22. pGL3 promoter vector digested with 2) XbaI and 3) HindIII/KpnI. 1) 100bp DNA ladder, NEB. 
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  Consequently, we proceeded to a ligation reaction between Sik1-3’UTR insert 

and pGL3 promoter vector both restricted with XbaI and we transformed DH10β 

competent bacteria cells with our constructs.  

  

Figure 23. The site and the orientation of Sik1-3’UTR insert sequence in pGL3 promoter vector. Ligation 

was performed in the XbaI (1934) site of the vector by digesting both the vector and the insert with XbaI.   

    

Afterwards, minipreps were performed in a number of bacterial colonies and 

plasmid DNAs were restricted with BamHI in order to validate that our product was 

correct and that the orientation of our insert was the appropriate. If the orientation is 

correct (Figure 23) BamHI digestion will give two fragments of 468bp and 4748bp as the 

constructs will have two BamHI sites (the first from the vector and the second will have 

been introduced by the FW primer, Table 10). As we observe in the vector map, the 

pGL3-promoter vector gives two bands of 262bp and 4748bp upon double digestion 

with XbaI and BamHI, which was indeed validated in our digestion experiments (Figure 

24, No16). Here, we managed to identify one positive bacterial colony, in which BamHI 

digestion gave one band of 468bp, apart from the vector backbone (4748bp), which 

indicates that the vector had incorporated our insert with the desired orientation 

(Figure 24, No15). 
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Figure 24. Digestions of plasmid DNAs and the empty pGL3-promoter vector. (1, 17): ladder (λ DNA-BstEII 

Digest, NEB), (2-15): plasmid DNAs from unique bacterial colonies digested with BamHI, (16): empty 

pGL3-promoter vector digested with BamHI/XbaI.  

 

 Lastly, we are planning to transfect HEPA cells with our construct and perform 

simultaneous treatments with mimic and anti-miR-27a. If miR-27a targets Sik1-3’UTR 

and our hypothesis is correct we should expect a decrease in luciferase reporter activity.  
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CCOONNCCLLUUSSIIOONNSS  ––  FFUUTTUURREE  DDIIRREECCTTIIOONNSS  

Our findings indicate the presence of specific signatures in liver gene expression 

and serum miRNA levels in 12-week HFD-fed APOE3L.CETP mice which suffer from 

Metabolic Syndrome. We saw that circulating miR-27a, miR-130b and miR-193b levels 

were elevated so they could be possibly used as biomarkers of the disease. 

Furthermore, we showed that none of these miRNAs were upregulated in the serum of 

diabetic mice, meaning that their increase in the serum of APOE3L.CETP mice could not 

be attributed to diabetic parameters of MetS. On the other hand, circulating miR-192, 

miR-194 and miR-223 were found to be elevated in the circulation of diabetic Akt2-/- 

mice so further experiments are needed to be done in humans in order to be exploited 

as putative biomarkers of T2DM. 

Furthermore, our experiments validated the findings of liver microarrays in the 

12-week HFD group which unraveled novel genes that are differentially expressed 

during the course of Metabolic Syndrome development. Functional experiments must 

be done in vitro and in vivo in order to verify whether these genes play a causative role 

in the developments and/or the progression of the disease. 

Lastly, one finding that intrigued us was the downregulation of Sik1 in the livers 

of 12-weeks HFD-fed APOE3L.CETP mice and its potential regulation by miR-27a. As we 

have already mentioned above, a recent study showed that Sik1 can activate SR-BI 

receptor in adrenals through direct phosphorylation and as a result it enhances the 

selective transport of cholesteryl esters (CE) from HDL into the adrenals. However, this 

regulatory mechanism has not been found to exist in the liver, so possibly this kinase 

could also exert a crucial role in regulating HDL-CE uptake from the circulation to the 

liver and their subsequent degradation to bile acids. So interestingly, the 

downregulation of Sik1 could imply a decreased activation of SR-BI receptor and 

therefore a disturbed HDL-CE uptake by the liver. SR-BI expression levels in liver were 

found to be unaffected in 12 weeks of HFD feeding (data not shown) enhancing the 

possibility of a post-translational regulation of the receptor by phosphorylation. If this 

hypothesis is correct, CE could possibly remain bound on HDL attenuating its capacity 

for loading new CE molecules from other tissues (e.g. macrophages) and thus blocking 
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the removal of excess cholesterol from the periphery. Remarkably, SR-BI Tg mice, that 

overexpress SR-BI, present an accelerated clearance of HDL, revealing the importance of 

this receptor in HDL physiology (Ji et al., 1999). We have observed that 12-week HFD-

fed APOE3L.CETP mice exert increased total plasma cholesterol and HDL levels (data not 

shown) which are consistent with the observations in SR-BI-/- mice (Rigotti et al., 1997). 

Collectively, the non effective removal of excess cholesterol from the periphery by HDL 

could be a factor that promotes the development of atherosclerosis in HFD-fed mice 

and SR-BI might play a pivotal role.  

Thus it could be plausible to investigate the role of Sik1 in the regulation of HDL 

clearance through SR-BI in the liver and if the disturbance of this process could lead to 

the already characterized atherosclerotic phenotype of APOE3L.CETP mice (Westerterp 

et al., 2006; Zadelaar et al., 2007). Furthermore, if Sik1 is proved to be a direct target of 

miR-27a and since its levels are increased in the circulation of HFD-fed APOE3L.CETP 

mice, inhibition of this miR could serve a potential therapeutic approach to alleviate the 

atherosclerotic aspect of Metabolic Syndrome.  
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