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Abstract: 

Adipose tissue is an endocrine organ that plays, besides its pivotal role in energy storage, a principal 

role in the whole-body metabolic homeostasis. Acylated ghrelin exerts major effects on 

intermediate metabolism and energy homeostasis. While the effects of acylated ghrelin in 

metabolic tissues like liver and skeletal muscle are at least in part known, those are still to be 

discovered and largely unknown. This study aimed at investigating the role of acylated ghrelin in 

adipose tissue metabolism, and identifying possible mediators for the acylated ghrelin effect. We 

reported in this study that sustained acylated ghrelin treatment lowers insulin sensitivity in the 

visceral adipose tissue in vivo,  in both physiological conditions and in a rodent model of 

inflammation and wasting by surgically induced-CKD, and in vitro in 3T3L1 differentiated adipocytes. 

In parallel with lowering insulin sensitivity, AG treatment lowered the mitochondrial function in 

physiological conditions without altering the redox state and cytokine profile, while in systemic 

inflammation conditions, AG selectively improved the proinflammatory cytokine profile by lowering 

TNFα levels without exerting significant effects on redox state and mitochondrial function.  

O-GlcNAcylation is a non-canonical glycolisation post-translational dynamic modification (PTM) that 

resulted in the attachment of O-linked N-acetylglucosamine (O-GlcNAc) moieties to Ser and Thr 

residues of cellular proteins. O-GlcNAc transferase, OGT, is the enzyme that adds O-GlcNAc to the 

targets. We reported in our study that OGT levels in the visceral adipose tissue are upregulated by 

AG treatment in vivo, both healthy and systemic inflamed rats, not in vitro suggesting that OGT 

upregulation upon AG treatment is regulated by non-adipose tissue mechanism. In the last part of 

the study, we reported in vitro using 3T3L1 and human differentiated adipocytes that OGT alters 

the adipocytes sensitivity to the AG treatment, and AG administration to OGT-silenced adipocytes 

in starvation conditions improved the insulin sensitivity of the adipocytes suggesting potential 

therapeutic effect for metabolic syndrome still needs to be validated in vivo by transgenic mice 

knocked for OGT expression in the adipose tissue. 
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Synopsis: 

Adipose tissue is a key endocrine organ orchestrating the metabolism in the whole body. Adipose 

tissue can be classified according to the localization into subcutaneous adipose tissue (SCAT) and 

visceral adipose tissue (VAT), and functionally can be classified into white adipose tissue (WAT) 

which stores the energy in fats form, and brown adipose tissue (BAT) responsible mainly for burning 

the stored energy in the thermogenesis process. 

Adipocytes, the main building unit of the adipose tissue, respond to the insulin by accumulating 

lipids through the lipogenesis and triglyceride synthesis during the postprandial periods, while 

fasting and starvation conditions decreases the insulin sensitivity of the adipocytes in order to 

enhance the lipolysis, the mechanism by which the free fatty acids (FFA) are released from the 

triglycerides hydrolysis in the adipocytes into the circulation to provide energy. Over-lipid load in 

the adipocytes in over-nutrition and obesogenic conditions is associated with higher levels of the 

Reactive Oxygen Species (ROS) which leads to increased oxidative stress and mitochondrial 

dysfunction, which together alter both the metabolic and the endocrine function of the adipose 

tissue, elevating the levels of the pro-inflammatory adipokines, and affecting negatively the 

phosphorylation of several components in the insulin signaling pathway leading to diminishing the 

signal and insulin resistance. Adipose tissue insulin resistance is associated with increased levels of 

circulating FFA, modulating negatively the glucose tolerance and insulin sensitivity in other tissues, 

thus it is considered as a direct cause of several metabolic complications including metabolic 

syndrome MetS and Type2 Diabetes. 

Ghrelin, discovered in the stomach in 1999 and identified as the endogenous ligand for the growth 

hormone secretagogue receptor (GHS-R), is the only known orexigenic hormone exerting major 

roles in the intermediate metabolism in different organs. Ghrelin levels rise during fasting and peak 

immediately before the meal indicating its pivotal role in the metabolizing and storing the digested 

food. Ghrelin peptide, when acylated (AG) has an orexigenic effect and known receptor. While 

acylated ghrelin effects on metabolic tissues like skeletal muscle and liver are at least in part known, 

there is still a lot to be discovered and unraveled about the roles that acylated ghrelin exerts in the 

adipose tissue, and the mechanisms beyond these effects.  

In the first part of the study, by using animal models, we aimed at investigating the effect of the 

acylated ghrelin on the adipose tissue in healthy and systemic inflammatory conditions since the 

metabolic profile is largely altered by the inflammation. 



3 
 

First, in a 12 weeks healthy Wistar rats model, acylated ghrelin sustained administrating 

subcutaneously (200ng x2/day) for 4 days was found to lower the insulin signaling in visceral adipose 

tissue (at AKT S473 and GSK3 α S21, β S9 levels, TSC2 S939, mTOR S2448), in addition to lowering the 

mitochondrial activities (cytochrome oxidase and citrate synthase) with no effects on the 

inflammatory cytokines profile (TNF α, IL10, IL1 β) and redox state (oxidized/total glutathione).  

Then we aimed to test the effects of AG in a systemic inflammation model. For this aim, we used 

5/6 nephrectomy rat model which is known as standard Chronic Kidney Disease model (CKD). Rats 

develop in less than two weeks from the surgery the general systemic inflammation. Initial CKD was 

induced by single step 5/6 nephrectomy (Nx) in 12-week-old male Wistarrats, that were then 

maintained on a standard chow diet. At 36 days, AG was administered subcutaneously 200ng x2/day 

(Nx-AG) for 4 days and was found to lower the insulin signaling significantly (AKT S473 with very similar 

trend for GSK3βS9 ) compared to the nephrecotmized rats received only vehicles (Nx) which were 

showing significant low insulin sensitivity compared with sham rats (S). However, these significant 

effects of the acylated ghrelin were not paralleled at the mitochondrial function level (cytochrome 

oxidase and citrate synthase) and the redox state (oxidized/total glutathione) although these 

metabolic markers were also significantly lower in nephrectomized rats (both Nx and Nx-AG) 

compared to sham. Importantly, at cytokine profile, AG lowered TNFα levels compared to Nx group, 

suggesting the acylated ghrelin potential  in reducing the pro-inflammatory cytokine profile. 

 

Results from the both animal studies suggested that the effects of the acylated ghrelin treatment, 

among mechanisms investigated, could mainly target its effects on the insulin signaling while it 

might be secondary on the redox state and mitochondrial function.  

The next part of the study, therefore, aimed at identifying possible mediators of acylated ghrelin 

effects on insulin signalling in the adipose tissue. 

O-GlcNAcylation is a non-canonical glycolisation post-translational dynamic modification (PTM) 

resulted in the attachment of O-linked N-acetylglucosamine (O-GlcNAc) moieties to Ser and Thr 

residues of cellular proteins: cytoplasmic, nuclear and mitochondrial. It is controlled by two 

enzymes:  O-GlcNAc transferase (OGT) which adds the O-GlcNAc to the targeted proteins and O-

GlcNAcase (OGA) which is catalyzing the removal of O-GlcNAc from the modified proteins. It plays 

pivotal roles in adjusting the cellular metabolism according to the nutrient flux. Disruption of O-

GlcNAcylation homeostasis was reported to be implicated in different pathological conditions in 

humans like type 2 diabetes and cancer. In white adipose tissue, OGT deletion was reported to 
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improve the insulin sensitivity and the lipid turnover in high fat diet induced obesity mice model. 

These findings were similar to other findings reported that deleting the acylated ghrelin receptor in 

the white adipose tissue improves the insulin sensitivity and inflammatory cytokines profile. So, the 

hypothesis arisen was to check whether the effects of the ghrelin could at least in part involve OGT. 

For this aim, at first the levels of OGT in the adipose tissue were investigated in the animal models 

of the study, and were found to be significantly increased by the acylated ghrelin treatment in both 

healthy and CKD rats. These results are highly supportive of a link between the acylated ghrelin and 

the OGT in the adipose tissue which is, for our knowledge, studied for the first time.  

The last and most important step was to see if deleting the OGT in the adipose tissue will prevent 

the effects of the acylated ghrelin in the adipose tissue. For this aim, in vitro siRNA knockdown 

studies were performed using 3T3L1 cells, well demonstrated murine mouse model for adipocytes 

differentiation, and primary human visceral preadipocytes which can be induced to complete the 

differentiation into human adipocytes. Protocols of the differentiation for both models were set and 

confirmed by Oil red-O staining and measuring the adipocytes markers: adiponectin and Fatty Acid 

Binding Protein 4 (FABP4) (qPCR, Western Blot).  

We first aimed to test the effects of the AG on the insulin sensitivity in the differentiated human 

and 3T3L1 murine adipocytes. In this regard, different doses of the acylated ghrelin (10, 100, 1000 

ng/ml) were applied to the differentiated cells in different conditions in terms of nutrients 

availability since the physiological levels of the acylated ghrelin is directly affected by the nutritional 

status. For 3T3L1 experiments, serum percentage in the medium was the changed to induce the 

different nutritional conditions: normal feeding conditions with normal serum percentage, partial 

serum starvation with lowered serum percentage, and complete serum starvation. For the human 

adipocytes experiments, one commercial starvation medium was used with lowered, not complete, 

nutrients availability. 

In 3T3L1, prolonged acylated ghrelin treatment was found to lower the insulin sensitivity (AKT  S473 

,GSK3 β S9) in differentiated adipocytes in normal serum percentage in the medium in all the used 

doses ranging significant effect to strong tendency in agreement with our in vivo findings. In both 

starvation conditions, acylated ghrelin treatment for 24 h did not show significant effect on insulin 

sensitivity (AKT S473 ,GSK3 βS9). In human adipocytes, nether prolonged acylated ghrelin treatment 

in normal feeding conditions, nor 24h treatment in starvation conditions show significant effects on 

insulin sensitivity (AKTS473 ,GSK3 β S9).  
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The last step was to test the link between AG and OGT by investigating the effects of AG on the 

insulin signaling in the adipocytes knocked down for the OGT. In these experiments, only starvation 

conditions were followed since the levels of both AG and OGT expression , in white adipose tissue,  

rise in fasting periods. Different concentrations of siRNA human and murine OGT were tested in 

different settings to optimize the knocking down ratios (qPCR, WB). In 3T3L1 differentiated 

adipocytes, and in partial starvation conditions, AG treatment further increased the insulin 

sensitivity at the GSKβS9 level in the cells knocked down for OGT (siOGT AG) compared with acylated 

ghrelin treatment control (siCON AG) and silenced-OGT control (siOGT). In complete starvation 

conditions, knocking OGT was found to significantly lower the insulin sensitivity (AKT  S473) in OGT-

basal conditions with similar trend in OGT-silenced cells. In human differentiated adipocytes, AG 

treatment increased the insulin sensitivity (AKT S473) in OGT-silenced cells (siOGT AG) compared with 

AG treatment control (siCON AG)and OGT-silenced (siOGT) in agreement with the results obtained 

from 3T3L1 in partial starvation. These results from 3T3L1 and human adipocytes suggest the OGT 

alters the sensitivity of the cells to the AG treatment, which was seen in the major changes in insulin 

sensitivity. 

Although the OGT silencing results did not indicate the OGT is directly mediating the AG effects in 

adipose tissue, but they show for the first time the link between the ghrelin system and the O-

GlcNacylation system, and hold a potential in the field of drug development for metabolic syndrome 

and obesity. However further experiments are needed for further elucidation of this link in vivo by 

using transgenic animal 
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1. Introduction 

1.1. Adipose Tissue 

1.1.1. Overview: 

Storing energy in lipids form is a pivotal mechanism highly conserved from prokaryotes and 

unicellular organisms which store the lipids in intracellular organelles, to complex living organisms 

like mammalians which own specific tissue to store the lipids called adipose tissue (AT). For a long 

time, adipose tissue has been known only as an energy reserve and thermal insulator due to its 

major role in energy storage, and in the last two decades of the 20th century, this view started to 

change with the arising knowledge about adipose tissue secretion function. Today with the 

numerous discoveries about adipose tissue roles, a wider definition is built and became more 

accepted by the scientific community. Besides its energy reserve role, adipose tissue is a major 

endocrine organ that affects whole-body metabolism whose dysfunction plays an important role in 

the inducement and development of metabolic complications including insulin resistance and 

metabolic syndrome (Laclaustra et al. 2007), (Gijs H.Goossens 2008).  

In mammals, two principal functionally different types of adipose tissue exist, white adipose tissue 

(WAT) which functions mainly to store the lipids, and brown adipose tissue (BAT) which burns these 

stored lipids in a mechanism called thermogenesis to provide the necessary energy in demanding 

periods. (Zwick et al., 2017). 

Adipose tissue is built by a unique cellular combination. Adipocytes are the main unit and the 

primary component of adipose tissue and comprise the major volume part of the adipose tissue. 

Two distinct types of adipocytes are present in the white and brown adipose tissue, white 

adipocytes and brown adipocytes in addition to the beige adipocytes present in white adipose tissue 

and show at basal state the white adipocytes features while can be functionally switched to the 

brown adipocytes in a mechanism called Adipose Tissue Browning when stimulated to produce the 

necessary energy by thermogenesis; so they have an adaptive thermogenesis function (Park et al., 

2014). Interestingly, these types differ in morphology which is adapted to the type of function. While 

white adipocytes have large lipid droplets, brown adipocytes have multi-small droplets. White 

adipocytes have less expression of Uncoupling Protein 1 (UCP1), a unique mitochondrial 

membranous protein devoted to adaptive thermogenesis, and adrenergic receptors beta and alpha 

than brown adipocytes which have higher mitochondrial content as well (Marta et al., 2014). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3927012/
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Other types of nonadipocyte cells are present in the cellular combination of adipose tissue, like 

endothelial, fibroblasts, pericytes, mesenchymal cells, and immune cells like macrophages, 

lymphocytes, and neutrophils (Martyniak et al., 2017). Immune and endothelial cells in the adipose 

tissue play major roles in the different adipocytes functions including adipogenesis, lipolysis, and 

browning to produce heat. This modulatory role of these cells is mediated by the innervation 

between these cells and the nerve fibers in their local environment (Guilherme et al., 2019). A very 

recent study revealed an important finding that three types of adipocytes are present in the white 

adipose tissue, among them one type is known to be responding to insulin stimulation. The same 

study suggested that the insulin resistance in the white adipose tissue could be related to the 

differences in the cellular combination between the three types and the lower presence of the 

sensitive type of cells in the white adipose tissue. (Bäckdahl et al., 2021). Cellular subpopulations in 

the adipose tissue have been related to disease development, and a recent transcriptomic RNA Seq-

based study revealed the differences in the cellular combination in different adipose tissue depots 

between genders, across ranges of BMI and in different stages of type-2 diabetes (Lenz et al., 2020). 

The same study identified adipose tissue as a rich source of multipotent stem/stromal cells and 

reported a high augmentation of immune cell content in epicardial and pericardial adipose tissue 

compared to subcutaneous and omental depots. 

Anatomically, adipose tissue is spread in the body in two main principal types: Subcutaneous 

Adipose Tissue (SCAT) and Visceral Adipose Tissue (VAT). Both differ at the cellular, physiological, 

molecular, and clinical sides. Visceral fats are located in the mesentery and omentum and drain to 

the liver through the portal circulation. Visceral adipose tissue is known to have an endocrine 

function with a wide secretory profile affecting the energy homeostasis and affected by the 

metabolic state of the body. Visceral adipose tissue dysfunction attracted more attention and 

research because of the direct contribution to different metabolic complications including 

metabolic syndrome and type 2 diabetes. Subcutaneous adipose tissue was reported to be less 

affected by insulin with a higher percentage of adipocytes among the cellular combinations, and a 

higher tendency of the preadipocytes toward the differentiation but with smaller adipocytes than 

those in visceral adipose tissue. The distribution of both visceral and subcutaneous adipose tissue 

plays a major role in the outcomes of adipose tissue dysfunction. Accumulating the fats 

subcutaneously was shown to have a better metabolic state than the same process in the visceral 

adipose tissue. This can be explained by the fact that the visceral adipose tissue contains more 
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immune and inflammatory cells that can be affected negatively by the overload of the VAT, whereas 

insulin resistance is induced and initiating further other complications (Ibrahim et al., 2010). 

Many studies highlighted the clinical importance of both types. Among the interesting studies is the 

study in Japan 2021 in which VAT was found to be correlated with type2 diabetes in men and women 

while SCAT was correlated only in women (Yokokawa et al., 2021). Interestingly there is grown 

evidence that visceral adipose tissue releases pro-inflammatory factors that boost the inflammatory 

reaction triggered by the COVID 19 virus (Silverio et al., 2021). 

Adipose tissue percentage of the body weight differs according to several factors including age and 

sex. White adipose tissue comprises from 5 to 50 % of the total body weight, while brown adipose 

tissue percentage decreases with age (Ibrahim et al., 2010, O'Rourke 2018). Interestingly, fat mass 

and distribution in the body were used as a predictive tools of the metabolic profile.  For example, 

percent visceral adipose tissue value (PVATV) was reported to be related to the pattern of plasma 

ghrelin in fasting conditions (Li et al., 2009).  

 

 

1.1.2. Adipose tissue metabolism: 

1.1.2.1. De novo lipogenesis: 

De novo lipogenesis (DNL) is a complex and highly regulated process in which circulated 

carbohydrates are converted into fatty acids used for synthesizing either triglycerides or other lipid 

molecules. Insulin plays a major role in this mechanism. Fat accumulation is determined by the 

balance between TG synthesis and breakdown. fatty acids in adipose tissue are derived mainly from 

two sources: circulating TG and de novo lipogenesis (DNL)( Wong et al., 2010). When energy is 

excessive in the body, most of the newly synthesized fatty acids are esterified to become TGs for 

storage. Circulating TGs are originally synthesized in the intestine or liver, and packaged into 

chylomicrons or very-low-density lipoproteins (VLDL), which mobilize these TG to ATs. In the 

adipocytes, insulin activates the lipoprotein lipase (LPL) within vascular endothelium in adipocytes 

which hydrolyzes the TGs into non-esterified fatty acids (NEFA) that enter the adipocytes through 

fatty acid transporters such as CD36 and fatty acid transport protein-1 (FATP1) (Endemann et al., 

1993), (Song et al., 2018). Insulin also stimulates adipocyte glucose uptake, which initiates DNL in 

the adipocytes, in which glycerol 3-phosphate derived from glucose is used as a backbone for the 
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fatty acids to be esterified to form the TGs to be stored in lipid droplets. First, glucose derived from 

dietary carbohydrates undergoes glycolysis and tricarboxylic acid (TCA) cycle to produce citrate in 

the mitochondria, which is transported to the cytosol and then releases acetyl-CoA by ATP-citrate 

lyase (ACLY). Second, the resulting acetyl-CoA is converted to malonyl-CoA by acetyl-CoA 

carboxylases 1 (ACC1). Third, fatty acid synthase (FASN), the key rate-limiting enzyme in DNL, 

converts malonyl-CoA into palmitate, which is the first fatty acid product in DNL. Finally, palmitate 

undergoes the elongation and desaturation reactions to generate the complex fatty acids, including 

stearic acid, palmitoleic acid, and oleic acid (Song et al., 2018). Regulation of the DNL is affected by 

the type of diet and is subject to further hormonal regulation. For example, a high-fat diet inhibits 

the DNL in the adipose tissue while high carbohydrates upregulate the DNL (Tang et al., 2016). DNL 

is inhibited by the glucagon and catecholamine hormones which are released during the high 

demand of energy in the body (Li et al., 2011). 

 

Figure (1). Outlined graph for the de novo lipogenesis in the adipocyte. (Song et al., 2018) 
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DNL occurs mainly in the liver with lower rates in the adipose tissue. However, adipocytes synthesize 

by DNL the branched fatty acid esters of hydroxy fatty acids (FAHFAs), which have beneficial 

metabolic effects, including enhancing insulin-stimulated glucose transport and glucose-stimulated 

GLP1 and insulin secretion, as well as powerful anti-inflammatory effects (Smith et al., 

2016).  Notably, under high-calories intake conditions, DNL is enhanced in the skeletal muscle which 

leads lowers the insulin sensitivity in the skeletal muscle. Inhibiting DNL in skeletal muscle was 

shown to enhance insulin sensitivity which supports the important role of the DNL in the energy 

balance in insulin resistance conditions (Funai et al., 2013).  

1.1.2.2. Beta Oxidation: 

Starvation and prolonged fasting periods enhance the usage of the lipids stored in the adipocytes 

to produce energy. FFA are released into the circulation by the lipolysis process. In the target cell, 

FFA is subjected to the oxidation in the mitochondria to produce the ATP after being converted in 

the cytosol into Acyl-CoA which is transferred to the mitochondria by a cascade of enzymatic 

activity. In the mitochondria, Acyl-CoA is hydrolyzed to produce Acetyl-CoA which enters the Krebs-

cycle to produce the ATP (Saponaro et al., 2015). Interestingly, beta-oxidation was reported to play 

a major role in the acylation modification of the ghrelin, the major topic of the study, where the 

long fatty acids from the circulation source are beta-oxidized in the ghrelin producing cells (Ikenoya 

et al., 2018).  

 

Figure(2). Outlined graph for the beta oxidation mechanism (Jang et al., 2020). 
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1.1.2.3. Lipolysis: 

Lipolysis is the metabolic mechanism in which the triglycerides are subjected to several steps of 

hydrolysis to release free fatty acids into circulation. Perilipin is an enzyme known to play an 

important role in lipolysis. One of the major effects of insulin in the adipose tissue is to inhibit 

lipolysis. Insulin resistance is usually correlated with increased levels of lipolysis. 

Due to the major role that ghrelin is playing in GH secretion, it is worth talking about the effects of 

GH on the lipolysis and insulin signaling in the adipose tissue. GH is known to induce insulin 

resistance in the adipose tissue and increase the lipolysis rate as well. The effects of the GH in the 

adipose tissue are mediated by three different enzymes adipose triglyceride lipase (ATGL), 

hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MGL). Various proteins affect the 

function of these enzymes. Perilipin is a protein coating the lipid droplets and mitigating the 

activators of ATGL lowering the lipolysis rate (Sztalryd et al., 2017).  

In a study published recently in Nature communications, Violetta et al reported that mice 

overexpress the perilipin 5 (PLIN5), a protein that coats lipid droplets inside cells, particularly in BAT, 

maintained significantly lower blood sugar concentrations and higher insulin sensitivity during 

glucose tolerance tests, compared with mice with normal PLIN5 levels. They also had fewer fatty 

livers, a condition associated with Type 2 diabetes. Importantly the white adipocytes of these 

genetically modified mice were smaller and showed a lower level of inflammation (Gallardo-

Montejano et al., 2021). 

1.1.3. Insulin actions in the adipocytes and its link to whole-body glucose homeostasis: 

Undoubtedly, insulin discovery and usage in modern medicine were “one of the miracles” of the 

history of medicine. Insulin lowers the blood glucose by enhancing the glucose uptake by muscle 

cells and adipocytes and inhibiting the glucose from the liver. Here we will talk about the insulin 

action in the adipocytes and its contribution to the whole body metabolism. 

The insulin receptor is composed of two extracellular α subunits and two transmembrane β subunits 

linked together by disulfide bonds. Once insulin is bound to the α subunits, conformational changes 

in the β subunits are induced leading to the autophosphorylation of several tyrosine residuals, which 

is recognized by the phosphotyrosine-binding (PTB) domain of the Insulin Receptor Substrate 

leading to the phosphorylation of key tyrosine residues on IRS proteins, which is recognized by 

the  Src homology 2 (SH2) domain of the p85 regulatory subunit of PI3-kinase (PI3K) which then 
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phosphorylates phosphatidylinositol (4,5) bisphosphate (PIP2) leading to the formation of PIP3 

which activates AKT in combination with the protein kinase 3-phosphoinositide dependent protein 

kinase-1 (PDK1). AKT is a Protein kinase B (PKB) whose activation leads to the phosphorylation and 

inactivation of glycogen synthase kinase 3 (GSK3) which is present in two isoforms GSK3 β and 

GSK3α. Phosphorylation of glycogen synthase (GS) by GSK3 inhibits the glycogen synthesis; thus the 

inactivation of GSK3 by AKT promotes glucose storage as glycogen. From this point, AKT and GSK3 

phosphorylation were used in our study to test insulin sensitivity. Tuberous sclerosis complex 

protein 2 is a negative regulator of the insulin signaling which is phosphorylated at Ser939 in 

response to PI3K activation (Manning et al., 2002). The mammalian target of rapamycin (mTOR) is a 

Ser/Thr protein kinase that plays a major role in the nutrient balance by sensing ATP and amino acid 

availability. It is phosphorylated at Ser2448 via the PI3 kinase/Akt signaling pathway (Navé et al., 

1999), (Peterson et al., 2000). p70 S6 kinase is a mitogen-activated Ser/Thr protein kinase that exerts 

important roles in cell growth and G1 cell cycle progression. It is phosphorylated at the Thr 421 as a 

downstream response of PI3K/AKT pathway activation (Pullen et al., 1997),  (Dufner et al., 1999). 

PTEN (phosphatase and tensin homologue deleted on chromosome ten) is a tumor suppressor 

reported to affect different human cancers. It acts as a negative regulator for the PI3K/AKT signaling 

pathway upon its phosphorylation at the Ser380 (Vazquez et al., 2000),  (Torres et al., 2001). 

 

Figure (3). Outlined graph for insulin signaling pathway. (with permission from abcam). 
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In adipocytes, insulin enhances the glucose uptake by recruiting the GLUT4, which is mostly 

expressed in adipocytes and skeletal and cardiac cells, to the cellular membrane (Mueckler et al., 

2013).  Glut4 levels are maintained as long as the insulin levels are upregulated in the periods of fed 

status, thus enhancing the glucose uptake but they fall when the insulin levels are decreased during 

fasting periods.  

Adipocytes use the taken-up glucose in different ways than muscle cells. Less than 5% of the glucose 

is conserved as glycogen, and not more than 50% is stored as triglyceride, and a considerable 

amount of glucose is metabolized into lactate and secreted from cells to function in other tissues as 

signal molecules or even to serve as fuel. Part of the glucose is oxidized into CO2. (Lagarde et al., 

2020), (Flatt et al., 1964).  

Insulin enhances the formation of the TGs by increasing the synthesis of glycerol-3-phosphate to 

which fatty acids can be esterified to synthesize TGs, activating the lipoprotein lipase, an endothelial 

enzyme degrading circulating TGs that are embedded in VLDLs and chylomicrons, releasing fatty 

acids and glycerol (Goldberg et al., 2009), increasing the fatty acid uptake in adipocytes by increasing 

the translocation of fatty acid transporters to the plasma membrane (Stahl et al., 2002), and by the 

de novo lipogenesis.  

Adipocytes' sensitivity to insulin is playing a major role in whole-body glucose homeostasis. Specific 

deletion of Glut4 in adipocytes was reported to induce peripheral insulin resistance (Abel et al., 

2001) while overexpressing the GLUT4 in adipocytes improves the systemic insulin sensitivity even 

with increased adiposity (Shepherd et al., 1993.), (Yamauchi et al., 2001). Taking into consideration 

that less than 20% of glucose is disposed of by adipocytes, these findings suggest that the glucose 

flux into the adipocytes exerts a regulatory role in the whole body's glucose homeostasis, 

consequently the energy homeostasis. Supporting this hypothesis are the findings from Rab10 

adipocytes specific- deletion where the systemic glucose uptake was reduced by 50% which is the 

same ratio of glucose taken up by adipocytes to be converted and stored as TGs (Vazirani et al., 

2016). 

Importantly, the anti-lipolytic effect of insulin in the adipose tissue is tightly linked to the 

gluconeogenesis in the liver. Glycerol and fatty acids released in the lipolysis process initiate 

gluconeogenesis in the liver (Bergman et al., 2000). Glycerol is a gluconeogenic substrate while fatty 

acids when converted to acetyl CoA, act as positive allosteric modulators of pyruvate carboxylase, 

which catalyzes the carboxylation of pyruvate to oxaloacetate, which is the first step of 
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gluconeogenesis. Notably, this mechanism is altered according to the nutritional state, thus hepatic 

glucose production is enhanced during the fasting periods when insulin levels are low and glucagon 

levels are increased, while it is inhibited during fed states when insulin levels are high and glucagon 

levels are dropped (Perry et al., 2015).  

During the DNL pathway, several factors are synthesized, that function in other tissue to regulate 

metabolism and inflammation. DNL is regulated by the carbohydrate response element-binding 

protein (ChREBP) which is linked tightly to insulin sensitivity. Downregulating the ChREBP is linked 

to systemic insulin resistance (Vijayakumar et al., 2017) while its expression in the WAT increases 

insulin sensitivity even in obesity conditions  (Sanchez-Gurmaches et al., 2018). 

Branched fatty acid hydroxy fatty acids (FAHFAs) are lipids that resulted during the DNL by the effect 

of ChREBP. PAHSAs, the palmitic acid esters of hydroxy stearic acids, is a subfamily of FAHFAs that 

was found to exert anti-diabetic effects, even in type1 diabetes (Syed et al., 2019), and improve the 

systemic insulin sensitivity by at least in part enhancing the anti-lipolytic effect of the insulin in the 

adipose tissue (Zhou et al., 2019). Mice knocked out for ChREBP in the adipose tissue developed 

systemic insulin resistance and administering the 9-PAHSA reverses the insulin resistance, which 

further supports the role of the adipocytes glucose homeostasis in the whole-body glucose 

homeostasis (Vijayakumar et al., 2017). 

Adipocytes synthesize other lipids that exert signaling roles other than FAHFAs like diacylglycerols 

(DAGs), acylcarnitines, ceramides, prostaglandins, lysophosphatidic acid, palmitoleate, oxylipins, 

and N-acyl amino acids, which play different roles enhancing or inhibiting the insulin action in the 

adipose tissue and other tissues. For example, DAGs were reported to be correlated with insulin 

resistance in the liver (Ruby et al., 2017), and the circulating ceramides were upregulated in insulin 

resistants, type2 diabetes patients, and non-alcoholic fatty liver disease (Haus et al., 2009),  (Jensen 

et al., 2019) (Wigger et al., 2017).  

Acylcarnitines was found to induce insulin resistance in muscle tissue due to its accumulation in the 

muscle mitochondria because of the increased levels of beta-oxidation correlated with over-lipid 

load (Yang et al., 2018 ).  
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Figure (4). Insulin effects in the adipocyte. (Santoro et al., 2021) 

 

1.1.4. Adipose Tissue Dysfunction: 

As adipose tissue is widely involved in metabolic homeostasis, its dysfunction is implicated in 

metabolic complications including metabolic syndrome with its major confounding, insulin 

resistance, and in a more developed pathological context, type2 diabetes.  In this part, a brief 

overview of the clinical relevance of the adipose tissue dysfunction will be discussed in addition to 

the mechanism implicated in adipose tissue dysfunction.  

1.1.4.1. Clinical Relevance of Adipose Tissue Dysfunction: 

Metabolic syndrome (MetS) is a cluster of conditions that occur together developing atherosclerotic 

cardiovascular disease, vascular and neurological complications such as a cerebrovascular accident, 

insulin resistance, and Type2 diabetes mellitus. These conditions are interlinked and share 

underlying mediators, mechanisms, and pathways. Extra weight and obesity with a sedentary 

lifestyle are contributing effectively to the pathogenesis of MetS (Swarup et al., 2021), (Huang et al., 

2009).  
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Insulin resistance and obesity are major findings in MetS. Insulin resistance is defined as a subnormal 

biological response to the normal insulin concentrations which may pertain to biological functions 

in different tissues. However, from a clinical practice point of view, IR is defined as the state in which 

a specifically given concentration of insulin is associated with a subnormal glucose response (Moller 

et al., 1991). 

Systemic lipid homeostasis, maintained by white adipocytes which store lipids from the circulation, 

and brown adipocytes which burn fats in the thermogenesis, is essential in keeping the insulin 

sensitivity in the whole body, therefore any disruption in the adipocytes function could lead to an 

alteration in the insulin signaling pathway which contributes to metabolic comorbidities including 

obesity and metabolic syndrome (Guilherme et al., 2008).  

Diabetes mellitus is a group of pathological conditions correlated with the reduced body ability to 

use and store glucose properly. Type2 diabetes is the most prevalent form of diabetes mellitus 

characterized by elevated plasma glucose levels because of insulin secretion deficiencies like beta-

cell dysfunction and insulin resistance (American Diabetes Association 2018). More than 300 million 

individuals are expected to develop Type2 Diabetes by 2025 (NCD Risk Factor Collaboration 

NCD-RisC), so these alarmingly increased numbers create a deep need for extensive research in 

the mechanisms of insulin resistance and adipose tissue dysfunction to develop drugs serving in this 

growing area.  

1.1.4.2. Mitochondrial dysfunction and oxidative stress in the adipose tissue: 

Mitochondria is the major organelle that produces the ATP, but it produces as well the reactive 

oxygen species ROS as side products. Maintaining the levels of ROS within the normal range is 

important for cell function. Short-term increase in the ROS concentrations can enhance insulin 

sensitivity as Kim et al reported in their paper (Loh et al., 2009). Other studies highlighted the role 

of ROS in the adipocytes differentiation (Tormos et al., 2011) and the thermogenesis in the brown 

and beige adipose tissue (Chouchani et al., 2017).  However, the chronic increase of ROS is not 

contributing positively to cellular function. Excessive mitochondrial ROS generation by chronic 

oxidative stress activates various stress pathways such as nuclear factor kappa light chain enhancer 

of activated B cells (NF-κB), c-Jun N-terminal kinase, and p38 mitogen-activated protein kinase 

which all trigger the inflammatory response, leading to an increase in the expression of pro-

inflammatory cytokines such as interleukin-6 (IL-6), TNF-α, and monocyte chemoattractant protein-
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1 (MCP-1) (Bloch-Damti et al., 2005). As a direct result, serine/threonine kinases are activated by 

these inflammatory cytokines or by ROS directly. The activated serine/threonine kinases alter the 

phosphorylation profile of the key components involved in the insulin signaling pathways such as 

insulin receptor (IR) and insulin receptor substrate (IRS), which lead to diminishing the activation of 

the downstream Src Homology 2 (SH-2) containing signaling molecules and inhibit the IR/IRS 

interaction (Kim et al., 2006), ultimately inducing the development of insulin resistance and the 

progression of various metabolic diseases, including type 2 diabetes. Wang et al. reported that 

higher cellular ROS levels is linked tightly to the impairment of adipocyte function in accordance 

with glucose intolerance and insulin resistance (Wang et al., 2006). Since the mtDNA lacks the repair 

mechanisms present in the nucleus, it is highly affected by the ROS increase and this, with other 

factors, explains the important role of the ROS in inducing mitochondrial dysfunction (Kujoth et al., 

2007). Mitochondrial loss of mass and function were reported following the adipose tissue 

dysfunction in type2 diabetes and this might be in part because of the decrease of mitochondrial 

DNA (mtDNA) in the adipose tissue in both humans and mice animal models (Wilson-Fritch et al., 

2004), (Rong et al., 2007), (Choo et al., 2006). These results are in agreement with other findings 

that reported the association of the mitochondrial DNA 15497G/A polymorphism with obesity 

(Okura et al., 2003).  

Mitochondrial dynamics, a mitochondrial structural remodeling mechanism which includes fusion 

and fission, is important for mitochondrial function. Mitochondrial fusion is regulated by GTPase 

proteins, mitofusin 1 and 2 (MFN1/2) and optic atrophy 1 (OPA1), which are located in the outer 

and inner mitochondrial membranes, respectively, while dynamin-related protein 1 (DRP1) is 

regulating the mitochondrial fission (Koshiba et al., 2004), (Elgas et al., 2013). Reshaping the 

mitochondrial structure is dynamic and sensitive to metabolic signals (Benard et al., 2007). The 

imbalance between fusion and fission is reported in adipose tissue dysfunction-related diseases 

including type 2 diabetes. Mechanically, mitochondrial fusion dilutes the ROS levels, thus 

maintaining the mitochondrial capacity and the mitochondrial biochemical homogeneity, and 

enhancing the ATP production (Westermann et al., 2010),  (Wada et al., 2016),  (Liesa et al., 2013), 

while fission is associated with augmented levels of ROS that lower oxidative phosphorylation and 

deplete the mtDNA. Inhibiting the expression of MFN2 in mice led to induced insulin resistance and 

was contributing to mitochondrial dysfunction in obese individuals (Mancini et al., 2019). 
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Mitophagy is the mechanism enhanced partly by the mitochondrial dynamics, which results in 

reducing the ROS by removing dysfunctional mitochondria altered by the oxidative stress or the 

excessive mitochondria accumulated during the adipogenesis (Ashrafi et al., 2013). Mitophagy is 

triggered by Unc-51 like autophagy activating kinase 1 (ULK1) upon 5′-adenosine monophosphate-

activated protein kinase (AMPK) activation or mTORC1 inhibition under cell maturation or 

nutritional deprivation (Kim et al., 2011). Mitophagy plays important role in the adipocytes 

differentiation, in which during adipocytes differentiation, mitophagy is enhanced to lower the 

mitochondrial mass to inhibit the fatty acid oxidation and accumulate more fats in the differentiated 

adipocytes (Altshuler-Keylin et al., 2017). Mitophagy is the control response for the accumulation 

of the fats, in which increasing the fats load is associated with lower mitophagy rates to keep the 

fatty oxidation rates. In this regard, inhibiting the mitophagy selectively in the adipose tissue by 

ablation of autophagy-related gene 7 (Atg7) improved the insulin sensitivity in mice fed with high-

fat diet, prevented the weight gain, and lowered WAT mass but increased the BAT mass (Zhang et 

al., 2009). Thus, the role of mitophagy is subjected to various factors like nutrition and stress, and 

this leads to controversial results.  

 

Figure (5). Functional and dysfunctional adipocyte (Santoro et al., 2021) 
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1.1.4.3. Adipose Tissue Inflammation: 

Although it is missing the classical signs of the inflammation, adipose tissue dysfunction correlated 

with insulin resistance and disruption in the glucose homeostasis is reported as “adipose tissue 

inflammation”. 

Immune and metabolic responses are strongly connected and coregulate each other. Immune cells 

in the adipose tissue are the main player that defines the function of the adipose tissue in healthy 

and pathological conditions (Hotamisligil et al., 2017).  

Adipose tissue insulin resistance is directly affected by the M1 macrophage phenotype; cytokines 

released by these dysfunctional macrophages promote insulin resistance in other metabolic tissues 

as well including skeletal muscles and the liver (Chmelar et al., 2013), (Chung et al., 2018). In 

particular, inflammatory cytokines affect the insulin sensitivity at different levels mainly at the 

cellular membrane components of the insulin signaling pathway like glucose transporter type 4 

which its translocation to the plasma membrane is downregulated by the effects of IL-1β (Jager et 

al., 2007), in addition to the binding to the insulin receptor directly as lectin galectin-3, which 

activates macrophage chemotaxis triggering the inflammatory response, was found to disrupt the 

insulin signaling by blocking the insulin receptor and found to be elevated in obese human and mice 

(Li et al., 2016). Reduction of Insulin receptor substrate 1 (IRS1) was also reported as an effect of 

the inflammatory M1 cytokines (Lumeng et al., 2007).  

Eosinophils, which are low present in adipose tissue and further decreased in metabolic 

complications like obesity (Wu et al., 2011), have been reported to secrete cytokines that ameliorate 

the inflammatory response of the macrophages and even switch their polarization toward M2 

response which is known as a protective anti-inflammatory response. Particularly, IL-4 improved 

insulin sensitivity and lowered weight gain in an obesity-high fat-induced mice model (Chang et al., 

2012), and enhanced the thermogenesis function of beige cells, consequently increasing the energy 

expenditure and glucose tolerance (Lee et al., 2015). 

In high-fat diet conditions, neutrophils accumulate in the adipose tissue by the effect of the 

macrophages (Talukdar et al., 2012). Neutrophils secrete the elastase which is a pro-inflammatory 

cytotoxic serine protease reported to be increased in adipose tissue in insulin resistance and 

overnutrition conditions. Deleting the elastase was shown to have positive outputs where it 



20 
 

attenuated the insulin resistance and reduced the macrophage accumulation in the adipose tissue, 

and increased fatty acid oxidation in the liver. (Mansuy-Aubert et al., 2013). Myeloperoxidase is 

another pro-inflammatory factor that is released by the neutrophils and found to induce insulin 

resistance in accordance with obesogenic conditions, and its deletion was found to improve insulin 

sensitivity and lower adipose tissue inflammation by reducing macrophage infiltration (Wang et al., 

2014).  

Adipocytes expansion in response to overnutrition leads to inadequate vascularization leading to 

hypoxia in the adipose tissue, in addition to mechanical stress due to contact with the surrounding 

matrix and cells. Hypoxia and mechanical stress lead together to increased adipocytes death which 

is associated with increased pro-inflammatory factors secretion from the macrophages which is 

known as the M1 macrophage polarization (Lee et al., 2013), (Michailidou et al., 2012), (Halberg et 

al., 2009), (Hill et al., 2014). The inflammatory activation of adipose tissue macrophages can be 

driven by lipids deriving from adipocyte lipolysis and death. In this regard, some immune cells must 

be exerting some protective roles in the initial response to the high fat load, but by the prolonged 

exposure to the same conditions, these effects are shifted to the pathological impact. For example, 

the macrophages buffer the FFAs released by the lipolysis to enhance the angiogenesis and 

extracellular matrix deposition which are together necessary for adipose tissue reshaping in 

overnutrition conditions (Shapiro et al., 2013), ( Cho et al., 2007).  

Adipocytes secrete a wide spectrum of different factors called Adipokines that alter the function of 

other cells including the immune cells (Fasshauer et al., 2015). When hypertrophic, adipocytes 

contribute significantly to the systemic adipose tissue inflammation by secreting inflammatory 

cytokines including tumor necrosis factor (TNF), interleukin (IL)-6, monocyte chemoattractant 

protein 1 (MCP-1), IL-1, and IL-8 which together strengthen the inflammatory response of the 

adipose tissue. Interestingly the effect of the adipocytes secretion differs based on the location of 

the adipose tissue depots and the adipocytes type (Pengcheng et al., 2020). Notably, some cytokines 

are released from nonadipocytes cells like IL6 and show different effects according to their origin 

(Han et al., 2020).  

Leptin is a proinflammatory factor secreted by white adipocytes that induce insulin resistance and 

increase the inflammatory response in the immune cells, while adiponectin inhibits the leptin-

induced insulin resistance and shift the polarization of the macrophages toward M2 anti-

inflammatory protective response (Zhao et al., 2005). 
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Fatty Acid Binding Protein 4, is a 14-15kDa protein that binds the fatty acids and facilitates the 

transport of long fatty acids to different organelles in the cell.  It is secreted by the adipocytes, 

therefore considered as an adipokine, in addition to macrophages. FABP4 is transcriptionally 

regulated by insulin indicating the role of the insulin on the adipocytes secretome (Trojnar et al., 

2019). Several animal studies reported the contribution of FABP4 to the metabolic complications 

resulting from the adipocytes dysfunction including type2 diabetes (Hotamisligil et al., 1996), 

(Furuhashi et al., 2008). The elevated levels of FABP4 were found to be predictive of both metabolic 

syndrome (Xu et al., 2007) and cardiovascular death (Saito et al., 2021). Inhibiting the FABP4 protein 

was reported to improve insulin sensitivity therefore might be a therapeutic strategy to treat type2 

diabetes (Furuhashi et al., 2007). 

Adiponectin is one of the major adipokines reported to affect several tissues including the liver, 

kidney, bone, brain, blood vessels, and pancreatic beta cells. Adiponectin is considered as the major 

responsible for the healthy metabolic roles of the adipose tissue, and notably, upregulating the 

levels of adiponectin was shown to recover the negative consequences of obesity (Kim et al., 2007). 

T3 is the first hormone reported to be secreted by the brown adipose tissue in the late 1980s (Silva 

et al., 1985). Several transplantation studies reported the anti-inflammatory secretion profile of the 

brown adipose tissue and the different responding tissues including the white adipose tissue where 

the transplanted brown adipocytes were found to increase the levels of 

the adiponectin (Gunawardana et al., 2015) in addition to the finding that brown adipocytes also 

secrete the adiponectin (Hui et al., 2015). This potential health effects of the brown adipocytes 

could be related to its release of Insulin Growth Like Factor 1 (IGLF1) (Gunawardana et al., 2012). 

 

1.1.5. Chronic Kidney Disease and adipose tissue inflammation: 

While the adipose tissue inflammation associated with overnutrition and obesity was studied and 

unraveled extensively, the contribution of other conditions contribute to adipose tissue 

inflammation was not well appreciated. Interestingly, chronic kidney disease is a risk factor for 

chronic inflammation in adipose tissue (Xiang et al., 2017), which leads to adipose tissue atrophy 

(Minakuchi et al., 2016), (Pelletier et al., 2013). Exposure to the uremic serum results in the 

activation of inflammatory pathways including NFκB and Hypoxia Inducible Factor 1 (HIF1), 

upregulation of inflammatory cytokines/chemokines, and catabolism with lipolysis, and lactate 

production. In addition to increasing the polarization of the inflammatory macrophage (Martos-Rus 
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et al., 2021). Accumulation of lipids around organs leads to organ dysfunction by a direct local 

mechanism, and in accordance, perirenal adipose tissue (PRAT) has emerged as an independent risk 

factor for chronic kidney disease (Hammoud et al., 2011). Several metabolic complications in 

adipose tissue usually correlate with the CKD including the insulin resistance IR which was reported 

to be developed even in the early CKD stage (Becker et al., 2005), dyslipidemia, and ectopic lipid 

deposition (Guebre-Egziabher et al., 2013). Interestingly, these pathological features in addition to 

others like macrophages infiltration in the adipose tissue, elevated pro-inflammatory cytokines are 

shared with the obesity-induced chronic inflammation in the adipose tissue (Kusminski et al., 2016, 

Hammond et al., 2010).  Visceral adipose tissue mass was reported to be predictive for the Acute 

Kidney Injury (AKI) which is tightly correlated to the inflammatory status in patients operated for 

Radical Nephrectomy (Olivero et al., 2021, Murashima et al., 2019). Obesity was reported to 

contribute greatly in predicting delayed renal function recovery in living kidney donors (Lee et al., 

2017), in agreement with other findings that bariatric surgery improves renal function and lowers 

the risk of CKD (Martin-Taboada et al., 2021). 

While mitochondrial CKD alterations were studied and characterized in skeletal muscle because of 

the direct link between CKD and muscle mass, these alterations are still to be determined in adipose 

tissue. A recent study studied the adipose tissue profile in the CKD rats, but in this study, no data 

were reported about the mitochondrial response to the CKD pathology (Xiang et al., 2017). So, our 

current study included new findings of the adipose tissue mitochondrial reaction to the CKD in the 

presence and absence of acylated ghrelin treatment. 

Thus, the adipose-renal axis shows interlinked effects, and for this aim, we included in our study 

investigating the acylated ghrelin effect in the adipose tissue of CKD rats. While CKD animal models 

including 5/6 nephrectomy were used as a muscle wasting model (Gortan Cappellari et al., 2017), 

and the ghrelin effects on muscle tissue in CKD was in part known (Deboer et al., 2008), (Wang et 

al., 2009), (Tamaki et al., 2015), (Barazzoni et al., 2010), the effects of CKD on the adipose tissue is 

increasingly unraveled, so surely investigating the ghrelin system in this regard is with high 

importance and even novelty.  
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1.2. Ghrelin: 

1.2.1. Definition and Biology: 

Ghrelin was discovered in 1999 by Kojima et al by analyzing the stomach hormones (Kojima et al., 

1999) to detect the ligand of the Growth Hormone Secretagogue Receptor (GHSR), and was found 

to have an orexigenic effect in animals (Wren et al., 2000) and humans (Wren et al., 2001). This work 

was selected among the breakthrough scientific achievements. Today more thousands of papers are 

published about ghrelin. 

Ghrelin is produced by specific endocrine functioning cells located in the gastrointestinal mucosa 

with most abundance in the upper part of the stomach, the P/D1 cells in humans, and X/A-like cells 

in rats (Rindi et al., 2002). Epsilon pancreatic cells also produce ghrelin (Andralojc et al., 2009). 

Ghrelin was also reported to be produced locally in the brain especially in the hypothalamus which 

explains in part its function as a secretagogue of the growth hormone. 

Ghrelin is subjected to the acylation at the Ser3 (or threonine) by the only enzyme known to catalyze 

the acyl modification of the ghrelin, ghrelin-O-acyl-transferase (GOAT) (Kojima et al., 2016 ),  

(Lemarié et al., 2016), (Gutierrez et al., 2008). 

Consequently, ghrelin circulates in two forms: acylated form AG and Unacylated form UnAG. For a 

long time, acylated ghrelin was considered the active form of the ghrelin without roles for the 

unacylated form. The ratio between the two forms of the ghrelin is controlled by the ghrelin 

production/release cycle from the ghrelin-producing cells, the expression and abundance of the 

GOAT, and the deacylation enzymes like carboxylesterases (De Vriese et al., 2004).  

Today, this view is completely reversed and unacylated ghrelin was described to play different 

physiological roles contributing mainly to the energy balance (Gortan Cappellari et al., 2019). 

Ghrelin is the only known endocrine hormone to have orexigenic effects and signal for stimulating 

the food intake in contrast to the leptin, released by adipocytes, that induces satiety (Klok et al., 

2007). 

GOAT was first reported by two different research groups in 2008 (Gutierrez et al., 2008),  (Yang et 

al., 2008). It is expressed by the MBOAT4 gene (Membrane-bound O Acyl Transferase 4), and this 

expression is subjected to regulation by the energy balance whereas it is increased in the long fasting 

and weight loss conditions while it does not seem to play crucial roles in the availability of the 

nutrients (Zhao et al., 2010). Mice lacking the GOAT showed less ability to maintain the glucose 

levels in prolonged fasting conditions and the metabolic status which is affected by the ghrelin and 

its counteract, leptin (Yang et al., 2008). As expected it is more expressed where ghrelin is 
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expressed, in the stomach, and other tissues expressing ghrelin like pancreas and pituitary. It is also 

expressed in the testis, brain, and spinal cord. A recent study showed that this GOAT can acylate the 

exogenous UnAG, and this might explain the distribution of the GOAT in tissues that do not express 

ghrelin but are affected by the unacylated form of the ghrelin (Hopkins et al., 2017). Interestingly, 

inhibitors of GOAT were found to increase peripheral insulin sensitivity, thus counteracting obesity 

and type2 diabetes (Khatib et al., 2015). However, this area is still under investigation to unravel the 

mechanisms of effects. 

Ghrelin levels rise before meals and decrease after meal. The kinetics of the ghrelin is subjected to 

the control of the autonomic nervous system (Koliaki et al., 2010, Broglio et al., 2004, Gagnon et al., 

2012) and the amount and type of the diet (Lomenick et al., 2009, Bowen et al., 2006). Glucagon 

and norepinephrine hormones, known to be upregulated during fasting, were described to affect 

the ghrelin promoter activity in agreement with studies that reported upregulation of ghrelin levels 

in the lack of energy conditions, and with other findings that reported a decrease in the ghrelin 

levels in the overnutrition conditions and obesity (François et al., 2016, Tschöp et al., 2001, Schalla 

et al., 2018). However, this is related to the total ghrelin level since elevated AG were detected in 

obese individuals (Barazzoni et al., 2007b).  

Ghrelin was reported to be involved in several pathological conditions. Kojima and Kanagawa who 

discovered the ghrelin in 1999 studied the plasma ghrelin concentrations in renal failure disease 

(Yoshimoto et al., 2002). Kanagawa et al reported high acylated ghrelin levels in patients with 

anorexia (Nakai et al., 2003). As effects of ghrelin were unraveled by time, more clinical research 

based on plasma ghrelin levels was coming to light to enrich our understanding of the role of this 

hormone. In our group, it was demonstrated that plasma total and unacylated ghrelin predict 5-year 

changes in insulin resistance (Barazzoni et al., 2016). Plasma ghrelin concentrations were used as a 

bio-indicator for a lot of diseases mainly to highlight the metabolic state of the individuals because 

of the wide effects of ghrelin on the metabolism and energy balance in the body. However, it was 

reported in other pathological conditions that are still linked to the metabolism like severe motor 

and intellectual disability (SMID) (Zenitani et al., 2021), insulinomas Patients (Wu et al., 2020), 

functional dyspepsia (Kim et al., 2010), major depressive disorder (Matsuo et al., 2021). 
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1.2.2. Ghrelin Expression and Structure: 
 
The human Ghrelin gene is located in chromosome 3 in the region 3p25.3. It contains six exons two 

of them are noncoding and play a regulatory role in the ghrelin expression. Ghrelin is transcribed 

into Preproghrelin (117 aa) which is further processed into Proghrelin by removing the 23 aa 

fragment which consists of the signal peptide. Proghrelin is processed by the enzyme at the arginine 

28 by Prohormone convertase 1/3 (PC 1/3) PC1/3 to produce the ghrelin and the C-ghrelin which is 

further processed to give the other ghrelin gene-related 23 aa hormone, Obestatin. Obestatin was 

reported to have anorexigenic effects contrary to the ghrelin effects, however, this topic needs to 

be further elucidated (Ruozi et al ., 2017).   

 
Figure (6). Outlined ghrelin expression (Lim et al., 2012). 

 
Both human and rat ghrelins are 28-amino acid peptides, in which Ser3 is modified by a fatty acid, 

primarily n-octanoic acid. In rats, the 11th residue is lysine (K) and the 12th is alanine (A).  

In rat and mouse stomach, the second type of ghrelin peptide has been detected (des-Gln14-ghrelin) 

resulting from the usage of CAG codon, which encodes the amino acid Glutamine (Gln), as a splicing 

site. However, this form is functional like the complete form of the ghrelin and acylated by GOAT at 

Ser3 (Sato et al., 2012). 
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Ghrelin amino acid sequence is well conserved in mammalians, especially the first 10 amino acids 

at the NH2 terminal end which may the importance of this peptide region in the acylation 

modification at the Ser3. A recent structural biology study based on the cryo-electron methods 

revealed a unique binding pocket for the octanoyl group which guides the right positioning of the 

peptide to its receptor and the initial activation of the receptor (Sato et al., 2012). 

 
Figure (7). Structures of human and rat ghrelins (Kojima et al., 2005). 

 
 
1.2.3. Ghrelin Effects on Adipose Tissue Metabolism: 

1.2.3.1. Ghrelin and energy balance: 

Given the fact of high pre-prandial and low post-prandial acylated ghrelin levels, ghrelin was pointed 

to play regulatory roles in the energy expenditure. Ghrelin stimulates the appetite consequently it 

increases the food intake. Together with other findings of its role in the adiposity and the 

accumulation of fats, acylated ghrelin contributes to weight gain (Tschöp et al., 2000). Ghrelin 

provides a protective role toward the conditions of starvation and the lack of food. This adaptive 

role implies accumulating more energy sources like fats in the responsible stores, adipose tissue 

dots in the body, and reducing the energy expenditure (Mihalache et al., 2016). 

This role is supported by several studies. Administration of anti-ghrelin antibodies into laboratory 

mice increased their energy expenditure (Pradhan et al., 2013). The ablation of the ghrelin receptor 

increased the energy expenditure by enhancing the thermogenesis in the brown adipose tissue (Sun 

2015). In an interesting study, transgenic old mice lacking ghrelin receptor, which is increased by 

age in adipose tissue, in the white adipose tissue showed lean and insulin-sensitive phenotype with 
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more energy expenditure (Lin et al., 2016). Acylated ghrelin also lowers energy expenditure by 

decreasing the activity of the sympathetic nervous system (SNS), and lowering thermogenesis in 

brown adipose tissue (Yasuda et al., 2003). However, in some pathological conditions of the negative 

energy balance like anorexia, ghrelin, and acylation levels were found to be high.  In these cases, 

increased ghrelin may reflect an adaptive response with the aim of increasing appetite and 

preserving energy balance during a poor nutritional state. 

1.2.3.2. Ghrelin effects on lipid turnover: 

Adipose tissue lipolysis is an essential mechanism to provide energy during starvation and prolonged 

starvation. Triglycerides are hydrolyzed and FFAs are released into the circulation. β-Adrenoceptors, 

which are expressed in the adipocytes, activation promotes lipolysis of stored triglycerides in both 

white and brown adipocytes (Collins 2012). Ghrelin effects on the lipolysis were conflicted between 

the in vivo, in vitro models and human studies. Ghrelin concentrations peak immediately before the 

meal and directly decrease after the meal indicating the pivotal role of this hormone in the 

mobilization of the fats obtained from the digested food. Ghrelin facilitates the storage of the lipids 

in the adipose tissue and inhibits the lipolysis when there is no need for the lipolysis, while its rise 

and fall are absent in the prolonged starvation when there is a real need for the lipolysis to maintain 

the biological functions of the organism. These adaptive roles of the ghrelin resulted in conflicting 

findings of the role of the ghrelin in the lipid metabolism according to the conditions of the study 

including mainly the nutritional status. Another reason that increases the complexity of this study 

is the role of ghrelin as an activator of the growth hormone which is known to have lipolytic activity.  

Several studies attempted to unravel the role of ghrelin on lipolysis and still, there is much to be 

discovered in this area. As ghrelin is known to induce the secretion of the Growth Hormone (GH) 

which is known to induce insulin resistance and lipolysis in the adipose tissue (figure 8), it is expected 

that ghrelin has lipolytic effects. Interestingly the lipolytic effects of the acylated ghrelin were found 

to be independent of the GH. The findings reported by (Lauritzen et al., 2020) showed a whole body 

increase in the lipolysis rates in patients with hypopituitary after infusion of acylated ghrelin 

independently of GH. These results are in contrast with other results reported blunted lipolysis after 

administration of isoproterenol (an β1 and β2 agonist) in rat adipose tissue cells incubated with 

ghrelin (Choi et al., 2003). However, this could be due to the difference between humans and rats 

in response to ghrelin in addition to the difference between in vivo and in vitro outputs. In the same 

context, ghrelin treatment was reported to increase the levels of the lipogenesis markers in vivo in 
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rat deficient for GH and wild type rats (Sangiao-Alvarello et al., 2009). Rodrequez et al (Rodríguez et 

al., 2009) reported that higher acylated ghrelin levels were correlated with elevated accumulation 

of fat in visceral adipose tissue, and its higher circulating levels in obese individuals could be the 

reason behind the excessive amount of fats in obesity.  

 

Figure (8). Growth hormone effects on adipose tissue. GH is known to induce insulin resistance and lipolysis 

in adipose tissue (Kopchick et al., 2020).  

1.2.3.3. Ghrelin and Insulin action in adipose tissue: 

Insulin signaling in the adipose tissue is a major player of the lipid metabolism in the adipose tissue. 

Adipocytes respond to the insulin by increasing the glucose uptake and the triglycerides synthesis 

and inhibiting the lipolysis, thus enhancing the lipid accumulation, while adipose tissue insulin 

resistance resulting from the over fat load contribute to increasing the lipolysis rates pathologically 

by elevating the levels of circulating FFA which induce the whole-body insulin resistance leading to 
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a higher risk of the metabolic complications and type2 diabetes. Hence, the direct link between 

lipolysis and insulin sensitivity is important to be considered when investigating insulin sensitivity in 

adipose tissue. In other words, lipolysis can, at least, be studied as an indicator of insulin sensitivity 

in adipose tissue.  

Several studies dissected the link between ghrelin and insulin sensitivity. Early reports after the 

discovery of the ghrelin reported decreased levels of the total ghrelin in type2 diabetes patients. In 

our group, acylated ghrelin treatment was shown to modulate positively the insulin sensitivity in 

the skeletal muscle at the level of AKT phosphorylation (Barazzoni et al., 2017 ). 

It was also demonstrated that the elevated AG levels are associated with HOMA-IR and Body Mass 

Index (BMI) in patients of MetS which indicated the potential role of the acylated ghrelin in the 

adiposity and lipid accumulation (Barazzoni et al., 2007b). In an elegant study published in 2017, 

ghrelin infusion was shown to induce insulin resistance independently of the growth hormone GH, 

cortisol, and FFA. In that study ghrelin induced peripheral insulin resistance but did not exert 

consistent regulation of insulin sensitivity in the skeletal muscle. No data from this study were about 

the insulin sensitivity in the adipose tissue (Vestergaard et al., 2017).  

1.2.3.4. Ghrelin as an anti-inflammatory factor: 

Ghrelin was reported in many studies to exert anti-inflammatory effects in different tissues. 

Technically, ghrelin stimulates the anti-inflammatory processes and inhibits pro-inflammatory 

actions. For example, Regarding the anti-inflammatory effects of ghrelin in adipose tissue, ghrelin 

treatment was found to protect against apoptosis and correlated by upregulated levels of TNFα and 

autophagy in primary human visceral adipocytes of patients with type2 diabetes (Rodríguez et al., 

2012). Similar findings were reported about the role of acylated ghrelin in patients with obesity and 

nonalcoholic fatty liver disease (NAFLD) where the acylated ghrelin protected against the apoptosis 

induced by TNFα (Ezquerro et al., 2019). Ghrelin was also shown to suppress the apoptosis induced 

by the high glucose/high lipid conditions via inhibiting JNK1/2 and p38 signaling  (Liao et al., 2017). 

These findings are in agreement as mentioned before with the fact the ghrelin is playing anti-

inflammatory roles by acting as an endogenous antioxidant and scavenger for the free radicals thus 

lowering the ROS levels and ameliorating the redox state (Dong et al., 2006), and other findings in 

other pathological conditions like obstructive sleep apnea (OSA) and coronary heart disease where 

the plasma ghrelin levels were upregulated with lowered levels of TNFα and IL-6 suggesting a 

protective role of the ghrelin towards the pro-inflammatory factors correlated with the OSA (Yang 
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et al., 2003). Moreover, in a rat model of testicular ischemia-reperfusion, ghrelin treatment was 

shown to have anti-inflammatory effects where it lowered significantly TNFα and IL6 (Taati et al., 

2015). 

1.2.4. Ghrelin in CKD: 

Plasma ghrelin levels were reported to be upregulated in children (Canpolat et al., 2018) and adults 

(Jarkovská et al., 2005) patients of CKD. These high levels of ghrelin could be explained in part by 

the low renal degradation of the ghrelin (Mak et al., 2007). Interestingly, these high levels of the 

ghrelin were correlated with a healthy profile in non-obese, non-diabetic hemodialysis patients, 

where preserved insulin sensitivity and low whole-body inflammation was reported (Barazzoni et al 

2008). Ghrelin administration to the nephrectomized rats lowered the circulating levels of 

proinflammatory cytokines, and this might be the reason behind the protective role in preserving 

the muscle mass in the nephrectomized rats (Deboer et al., 2008), which is in agreement with other 

findings in nephrectomized mice where ghrelin treatment improved the physical decline  (Tamaki et 

al., 2015). Improved mitochondrial function by the ghrelin treatment was reported as well in the 

CKD rats model and was furtherly correlated by enhanced insulin sensitivity in the high food intake 

conditions (Barazzoni et al., 2010). 

In adipose tissue, the effects of ghrelin in CKD are largely unknown.  

 

1.3. O-GlcNAcylation: 

1.3.1. Definition: 

O-GlcNAcylation is a non-canonical glycosylation post-translational dynamic modification (PTM) 

that resulted in the attachment of O-linked N-acetylglucosamine (O-GlcNAc) moieties to Ser and Thr 

residues of cellular proteins: cytoplasmic, nuclear, and mitochondrial. It is controlled by two 

enzymes:  O-GlcNAc transferase (OGT) which adds the O-GlcNAc to the targeted proteins and O-

GlcNAcase (OGA) which is catalyzing the removal of O-GlcNAc from the modified proteins. 

Hexosamine Biosynthetic Pathway (HBP) is the major pathway that generates the donor substrate 

for O-GlcNAcylation, uridine diphosphate GlcNAc (UDP-GlcNAc) by integrating the metabolism of 

glucose, fatty acids, and other biomolecules in the cell. Since its discovery in the eighties of the last 

century, it attracted the attention of scientists especially in the last five years, and several studies 

were performed to understand this unique type of PTM and its different roles in different biological 

functions. Today we know more about O-GlcNAcylation and its roles in cellular signaling dynamics, 
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transcription, epigenetics, and maintaining cellular homeostasis. Disruption of O-GlcNAcylation 

homeostasis was reported to be implicated in different pathological conditions in humans like 

diabetes and cancer. O-GlcNacylation was found to regulate gene transcription and proteasomal 

activities in addition to autophagy. Molecular genetics studies reported the effects of OGT 

mutations in different pathological conditions like the X-linked intellectual disability. The global O-

GlcNacylation levels were also found to change with age (Fülöp et al., 2008). However, most 

importantly, we know that O-GlcNAcylation represents the cellular response towards both nutrient 

availability and the various types of stress like heat shock, hypoxia, and deprivation. Its levels are 

highly affected by these two factors, and confidently it can be said that the O-GlcNAcylation is a 

nutrient and stress cellular sensor that plays major roles in cellular events including metabolism 

(Yang et al., 2017, Mueller et al., 2021).  

1.3.2. O-GlcNAcylation, unique PTM and homeostasis mechanism: 

Differing from other PTMs which are regulated generally by a large number of mediators, the O-

GlcNAcylation is regulated by a single couple of enzymes. This mechanism of regulation is beginning to be 

understood. Different theories were suggested to elucidate this mechanism. The most prevailed theory is 

that TRPs domains can produce a unique conformation to facilitate the attachment of the moiety to the 

target protein.  Interestingly, O-GlcNacylation was reported to have crosstalks with other PTMs, like 

ubiquitination where O-GlcNAcylation prevent the target protein degradation by recruitment of 

deubiquitinases to O-GlcNAcylated proteins (Ruan et al., 2013). Many O-GlcNAc proteins are also 

phosphorylated and evidence of a degree of interplay between phosphorylation and O-

GlcNAcylation has been reported. A lot of proteins that undergo the O-GlcNAcylation are also 

reported to undergo the phosphorylation, and in this context, there is a lot of evidence about the 

interplay between the two mechanisms (Hart et al., 2011, Hanover et al., 2012, Comer et al., 2000).  

Around 5000 human proteins were found to be O-GlcNAcylated (Wulff-Fuentes et al., 2021). 

Importantly, once a protein is reported to be O-GlcNAcylated, the second step is to identify the role 

and the localization of this modified protein. Recently, a human O-GlcNAcome database was 

established and can be found at this link: www.oglcnac.mcw.edu.  

At the atomic level, the O-GlcNAcylation occurs as a β-glycosidic bond between the hydroxyl group 

of serine or threonine side chains and N-acetylglucosamine (GlcNAc). This differs from the protein 

glycation which occurs by forming the bond between the amino group in the protein and aldehyde 

group in the sugar, and also differs from polysaccharide chain attached to surface proteins of the 

http://www.oglcnac.mcw.edu/
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plasma membrane in a non-dynamic process in contrast to O-GlcNAcylation which is a dynamic and 

reversible process (Zhao et al., 2016).  

Homeostasis of O-GlcNacylation: 

Since the O-GlcNacylation system is involved in a wide array of cellular functions and processes, it 

is very important to maintain the levels of the O-GlcNacylation. Studies on the C.elegans model 

reported that the effects of knocking down both OGT and OGA are similar suggesting a mechanism 

in which both enzymes are working differentially in a buffering region, an optimal zone, to maintain 

the O-GlcNAcylation levels in the cell which is necessary to maintain the cellular functional 

spectrum. Among the suggested mechanisms is that both OGT and OGA regulate the expression of 

each other, in addition, that both enzymes are subjected for the O-GlcNAcylation which means the 

autoregulation of the O-GlcNacylation system in the cell.  

 
Figure (9). Suggested mechanism for O-GlcNacylation homeostasis (Yang et al., 2017). 
 

 

1.3.3. OGT Expression, Isoforms, and Functional Studies: 

The Human OGT gene is located on chromosome X at the locus Xq13.1 close to the X-inactivation 

center (Shafi et al., 2000). Three isoforms are produced from the OGT human gene. The longest is 

the nucleocytoplasmic OGT (ncOGT) 117kDa which is considered as the canonical isoform and found 

to be sufficient for the O-GlcNAcylation of mitochondrial proteins (Trapannone et al., 2016).  The 

mitochondrial OGT differs from the ncOGT 103 kDa in the first 50 amino acids at the N-terminus end 

of the protein which forms the MTS (Mitochondrial Target Sequence) for the mOGT. The last isoform 
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is the cytosolic short OGT (sOGT) 75kDa which is the shortest form. All the three sequences have an 

identical catalytic part which includes two domains CDI and CDII and differs one from another by 

the number of tetratricopeptide repeats. While little is known about sOGT, ncOGT and mOGT were 

studied mostly in the literature. The ncOGT isoform is mainly localized in the nucleus with the ability 

to shuttle toward the cytoplasm and the cellular membrane in response to different stimuli signals. 

The nuclear localization of the ncOGT is mediated by three amino acids in the OGT sequence acting 

as localization signal, and the O-GlcNAcylation of the TPR domain of OGT. The mitochondrial OGT 

isoform exerts important roles in a wide spectrum of mitochondrial functions and even biogenesis. 

Notably, mOGT is detectable mostly in vito (Lazarus et al., 2006), and ncOGT was reported to be 

sufficient to maintain the the O-GlcNAc mitochondrial proteome (Trapannone et al., 2016). In our 

study, ncOGT was the isoform corresponding to the OGT detected from the white adipose tissue of 

the animals of the study, while mOGT was the isoform corresponding to the OGT in 3T3L1 cellular 

experiments. Uniquely, in the muscle tissue of the healthy rats, sOGT was the isoform corresponding 

to OGT.   

 

Figure (10). OGT isoforms. TPRs, tetratricopeptide repeats; CD, catalytic domain; InD, intervening domain; 

PPO, PIP-binding activity of OGT; MTS, mitochondrial targeting sequence.  (Aquino-Gil et al., 2017).  

Functional Studies of OGT: 

Several studies reported the effects of deleting the OGT in different organs, which in general leads 

to pathological output with few exceptions reported in skeletal muscle and adipose tissue. In the 

heart, deleting OGT was reported to be lethally in neonates and different defects in the mice 

reaching the adult life (only 12%) (Mu et al., 2020).  These results are in contrast with the findings 
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reported from deleting OGT in skeletal muscle where it leads to lowering the insulin resistance in 

the high-fat diet mice model (Murata et al., 2018). Intestinal OGT deletion affected the gut 

microbiome and increased the glucose clearance rate (Zhao et al., 2020). 

 

1.3.4. OGT Cellular Functions: 

1.3.4.1. OGT and the cellular stress response: 

Many studies evidenced the role of O-GlcNAcylation as a stress sensor. The overall increase in the  

O-GlcNAcylation was found to be associated with stress tolerance, in which the cells respond to the 

stress stimuli and organize the response to enhance the cell survival (Zachara et al., 2004, Butkinaree 

et al., 2010). For example, in the cardiovascular system, elevating O-GlcNAcylation indeed can rise 

the cell survival rates in presence of acute stress conditions including hypoxia, ischemia, oxidative 

stress (Ngoh et al., 2010). Further studies demonstrated the protective role of the O-GlcNAcylation in 

different stress stimuli cold and heat shock, oxidative stress, ethanol stress, genotoxic stress, 

reductive stress, endoplasmic reticulum stress, hypoxia-reoxygenation, osmotic stress, ATP 

depletion, ischemia-reperfusion injury, and trauma hemorrhage (Liu et al., 2021). 

Importantly, O-GlcNAcylation plays a crucial role in protein homeostasis by protecting nascent 

polypeptides from degradation. Unstructured protein regions, enriched in nascent polypeptides, are 

usually the main O-GlcNAcylated regions. This is supported by studies reporting that the nascent 

polypeptides of SP1 and NUP62 are highly O-GlcNAcylated than their mature forms (Zhu et al., 

2015). During cellular stress, the unfolded proteins levels are increased which activates the Unfolded 

Protein Response (UPR) which enhances the HBP pathway leading to more production of the UDP-

GlcNAc, the main meioty used by OGT, which leads to nonspecific O-GlcNAcylation of unfolded 

proteins in the cytoplasm, which protects these proteins from degradation by inhibiting protein 

ubiquitylation or proteasomal function and facilitate there refolding by chaperones with O-GlcNAc-

directed lectin activity (Ruan et al ., 2012, Zhang et al., 2003, Li et al., 2013, Ruan et al., 2013, Guinez 

et al., 2004, 2006, 2007). 

  

However, deprivation conditions were reported to increase the global levels of the O-GlcNacylation.  

This is explained by the increased levels of OGT (Taylor et al., 2009). 
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Figure (11). Outlined network for OGT as a stress sensor (Liu et al., 2021) 

 

 

Figure (12). Suggested mechanism for OGT function as a stress sensor in Unfolded Protein Response. (Yang 
et al., 2017).  

 

1.3.4.2. OGT as a nutrient sensor: 

Around 3% of the cellular glucose goes through the hexosamine biosynthesis pathway (HBP) leading 

to the production of the donor substrate of O-GlcNAcylation, uridine diphosphate N-

acetylglucosamine (UPD-GlcNAc). This production is affected by a lot of nutrients, carbohydrates, 

amino acids, fatty acids, and nucleic acids. Therefore, the level of O-GlcNAcylation is controlled 

https://dx.doi.org/10.1007%2Fs12192-020-01177-y
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directly by the metabolism and the availability of the nutrients. This highlights the role of nutrients 

in the cellular activities mediated by the O-GlcNAcylation modification (Hardivillé et al 2014). O-

GlcNAcylation was reported to maintain the metabolic homeostasis under differential nutrient-

availability conditions by affecting key metabolic pathways including for example insulin-AKT 

pathway, MAPK pathway, mTOR pathway, AMPK pathway (Hanover et al., 2010).  

 

1.3.5. Role of O-GlcNAcylation in metabolic homeostasis: 

O-GlcNAcylation is thought to be the bridge from metabolism to chronic diseases (Bond et al., 2013). 

It plays a pivotal role in adjusting the cellular metabolism according to the nutrient flux aiming at 

protecting the organ environment homeostasis. For example, in pancreatic beta cells, the disruption 

of O-GlcNAcylation induces endoplasmic reticulum stress, which results in β-cell failure (Alejandro 

et al 2015). Additionally, the knockdown of O-GlcNAcylation induces hyperinsulinemia, which 

suggests a link with the pathogenesis of type 2 diabetes mellitus (Ida et al., 2017).  

In the liver, O-GlcNAcylation plays a major role in the regulation of gluconeogenesis by O-

GlcNAcylating the peroxisome proliferator-activated receptor-γ coactivator (PGC)-1α which 

increases its stability and enhances its role in the gluconeogenesis enhanced during the starvation. 

(Ruan et al., 2012). Additionally, O-GlcNAc regulates FoxO1 activation in response to glucose 

resulting in the increased expression of the genes involved in the gluconeogenesis response to the 

starvation and fasting conditions (Housley et al., 2008). Cyclic adenosine monophosphate response 

element-binding protein (CREB) was also found to be O-GlcNAcylated by OGT which enhances the 

hepatic gluconeogenesis (Dentin et al., 2008). Importantly, OGT was found to be phosphorylated by 

calcium/calmodulin-dependent kinase II (CaMKII) in response to glucagon which is released during 

starvation. CaMKII then recruits OGT to the autophagy-initiating kinase UNC-51-like kinase 1 (ULK1) 

and enhance the autophagy in the liver to release amino acids and fatty acids for ketogenesis and 

gluconeogenesis (Yang et al., 2017). 

 

In skeletal muscle, O-GlcNAcylation exerts an important role in controlling the whole body oxidative 

metabolism by regulating the expression of the IL-15, in which OGT is involved in the repression of 

IL-15 transcription, and mice knocked out for OGT in skeletal muscle showed increased levels of IL-

15 which promotes the endurance, oxidative energy metabolism, and muscle PPARδ, SIRT1, PGC-

1α, and PGC-1β expression (Shi et al., 2018).  
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Most importantly, in the adipose tissue which is a master regulator of the whole body metabolism, 

O-GlcNAcylation was reported to affect different mechanisms related to the metabolism. In adipose 

tissue, OGT overexpression was reported to induce the lipid accumulation while its deletion 

increased the lipolysis and the insulin sensitivity (Yang et al., 2020). These effects were related to 

the white adipose tissue, while in brown adipose tissue OGT deletion lowers severely the 

thermogenesis in mice exposed to 4C due to the decreased mitochondrial biogenesis, in which OGT 

plays important role in the mitochondrial biogenesis by altering PGC-1α, the main regulator of 

mitochondrial biogenesis (Ohashi et al., 2017). However, more discussion about the OGT in adipose 

tissue will be in other parts of the thesis. 

1.3.6. OGT and inulin sensitivity: 

Insulin sensitivity is reduced by the activity of the OGT since it reduces the phosphorylation of the 

key mediators in the insulin signaling pathway including the AKT, PDK1, PI3K, and IRS1. 

Insulin affects OGT at three levels, modulation of OGT expression, subcellular localization, and 

enzymatic activity. Insulin upregulates the OGT expression by the PI3K-dependent pathway.  

Insulin signaling enhances the translocation of OGT from the nucleus to the cytoplasm and the 

localization of OGT to lipid rafts in the plasma membrane, where it becomes active by tyrosine 

phosphorylation by the insulin receptor.  

Importantly, prolonged insulin stimulation leads to the localization of OGT to the lipid rafts in the 

plasma membrane. This mechanism is mediated by the PIP3 and leads to the inactivation of several 

components of the insulin signaling pathway by the O-GlcNacylation.   

 

 
Figure (13). OGT function in response to insulin 
signaling activation. (Yang et al., 2017) 
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1.3.7. adipose tissue-brain axis and OGT: 
 
Nutritional regulation of the appetite is of paramount importance in overnutrition-induced 

obesogenic conditions. Several studies highlighted the role of the brain sensors of appetite 

homeostasis, for instance, SirT1 in AGRp neurons (Dietrich et al., 2010), hypothalamic mTOR (Cota 

et al., 2006), and hypothalamic AMP-Kinase (Minokoshi et al., 2004). The connections between the 

adipose tissue and the brain started to attract more attention in parallel with the increased interest 

in the adipose tissue endocrine function. Adipocytes secrete a wide spectrum of hormones that play 

pivotal roles in metabolism and energy homeostasis, and these hormones function in several tissues 

including the brain. One of the most studied proteins is leptin, the hormone that exerts the opposite 

effects of ghrelin. Leptin is released from the adipocytes in the white adipose tissue at levels 

proportional to the body's fat reserves and regulates appetite by controlling the feeling of fullness. 

It acts contrary to ghrelin. The satiety signals are transported to the brain by tanycytes which are 

attached to the LepR receptor. The deletion of this receptor led to disruption in the energy 

homeostasis and increased the percentage of lipids to the muscle mass severely  (Duquenne et al., 

2021). Interestingly, leptin satiety signals are mediated by the increased levels of OGT in the adipose 

tissue reported during the meal (Perry et al., 2020). Going the other way, brain to adipose tissue, it 

was found by crossing Crossing Ogt floxed mice with AgRP-Cre mice that mice knocked out for OGT 

in Hypothalamus arcuate nucleus had higher rates of thermogenesis in the white adipose tissue 

correlated with better insulin sensitivity and lower body weight gain in response to the high-fat diet 

(Ruan et al., 2014). The same study reported that the ghrelin released from the stomach during 

fasting conditions increases the levels of the OGT in the hypothalamus which leads ultimately to 

decreased browning rates in the white adipose tissue. 

These interesting findings were recently supported by novel findings suggesting a model for the OGT 

mechanism the mediates the adipose tissue-brain axis. OGT stimulates lipid accumulation and 

hyperphagia by transcriptional activation of de novo lipid desaturation and accumulation of N-

arachidonic ethanolamine (AEA), an endogenous appetite-inducing cannabinoid (CB). CB signals 

(CB1) are then transferred to the brain to induce hyperphagia. 
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Figure (14). OGT role as a lipid level sensor.(Li et al., 2018) 

 

These findings highlight the role of O-GlcNacylation in response to the metabolic systemic changes 

including overnutrition, postprandial during which the availability of nutrients, and the fasting 

conditions.  

 

 

1.3.8. Targeting OGT as a therapeutic strategy for Obesity: 
 

In several conditions, targeting OGT was holding a beneficial effect, so it is worth addressing this 

question: what is the safety of targeting the OGT?  

What pushes the efforts in the direction of targeting OGT for the treatment of obesity is the fact 

that it is not interfering with mental health and homeostatic feeding, in addition to being precise. 

Advanced biophysics tools and high throughput technologies revealed cell-permeable inhibitors for 

the OGT: APNT and APBT (Wang et al., 2017), OSMI-1 (Ortiz-Meoz et al., 2015), and the only natural 

product L01 (Liu et al., 2017).  Interestingly, experiments performed on cellular and zebrafish models 

revealed low toxicity of L01 which might be promising. OSMI-1was also tested in several 

mammalians in vitro cellular models and it showed that it does not affect the cellular surface N- 

or O-linked glycans. The safety margin of targeting OGT may be, at least in part, explained by the 

results of Li et al (Li et al., 2018) when they demonstrated that OGT knockdown in the adipose tissue 

of mice did not alter the baseline food intake when mice were fed on a normal diet, while it 

significantly reduced high fat diet-induced hyperphagia. 

 

 

https://www.nature.com/articles/s41467-018-07461-x#Sec2
https://www.nature.com/articles/s41467-018-07461-x#Sec2
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2. Aims of the study 

Acylated ghrelin plays major role in the intermediate metabolism and is directly involved in energy 

homeostasis, hence investigating the metabolic role of AG in the major metabolic tissues is of high 

importance and demand. While the effects of the acylated ghrelin in the liver and muscle tissue are, 

at least in part, described, its effects in the adipose tissue are largely unknown. So, we aimed first 

to study, in particular, the metabolic alterations in the adipose tissue of healthy rats upon sustained 

administration of acylated ghrelin. We aimed to test the metabolic profile at different mechanisms: 

insulin sensitivity, mitochondrial function, redox state, and cytokine profile in both physiological 

conditions and in a rodent model of inflammation and wasting by surgically induced-CKD.  

In the second part of the study, we aimed to confirm and further investigate in vitro the findings 

observed in the animal studies. Insulin signaling among other mechanisms was suggested to be 

directly targeted by the AG in the adipose tissue, so we aimed to test the effect of acylated ghrelin 

treatment on the insulin sensitivity in cultured differentiated adipocytes.  

The study also aimed at identifying possible mediators for the acylated ghrelin metabolic effects in 

the adipose tissue. Based on the growing evidence in the literature that reported similar effects of 

adipose tissue specific-deletion of both OGT and the AG receptor (GHS-R) at improving the insulin 

sensitivity in the white adipose tissue, we aimed to test whether the effects of the ghrelin could at 

least in part involve OGT. We aimed first to test the OGT levels in the white adipose tissue of the 

animals' models of the study. We then aimed to test, in vitro by using cultured adipocytes, whether 

the effect of AG on OGT in white adipose tissue is locally regulated by adipocyte mechanism.  

In the last part of the study, we aimed to test our hypothesis that OGT is involved in the AG network 

by gene expression silencing methods. We aimed at investigating the AG effect on the insulin 

sensitivity in OGT-silenced cultured adipocytes in conditions related to the physiological dynamics 

of both OGT and AG. 
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3. Materials and Methods 
 
3. 1. Animal Studies: 
 

3.1.1 Sustained Exogenous Acylated Ghrelin Administration for 4-Days in Healthy 

Rats: 

The present animal experiments were performed in the context of a wider study on the effects of 

ghrelin forms on the metabolism of insulin-sensitive tissues, and the relative protocol previously 

published (Gortan Cappellari et al., 2016). 

The study was approved by the Animal Studies Committee of the University of Trieste, and the 

animals were housed at the University of Trieste Animal Facility. 12 weeks old male Wistar rats 

(Harlan-Italy, San Pietro al Natisone, Udine, Italy) were divided into individual cages with free access 

to water and standard chow (Harlan 2018, 14.2 kJ/g), in a 12 hours’ light/dark cycle conditions for 

one week, then they were randomly divided into two groups (n=8 each group); the control group 

(Con) received subcutaneous (s.c.) injection of saline solution (NaCl 0.9% weight for volume), and 

the Acylated Ghrelin treatment group (AG) in which the 200-ng was administered subcutaneously 

to each rat twice a day for four days. The used dose and period were selected based on previous 

studies (444 roberta thesis). Bodyweight and food intake measurements were taken daily during 

the experiment. Rats were killed three hours after the last injection by anesthesia (tiobutabarbital 

100mg/kg, tiletamine/zolazepam [1:1] 40 mg/kg i.p.). White adipose tissue was collected surgically 

from the retroperitoneal adipose tissue and frozen at -80°C for the following analysis, and blood 

was collected by heart puncture for glucose measurement. The study protocol is outlined in figure 

15. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure (15). Schematic outline for the study protocol.  
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3.1.2 Sustained Exogenous Acylated Ghrelin Administration for 4-Days in Uremic 5/6 

Nephrectomized Rats: 

The present animal experiments were performed in the context of a wider study on the effects of 

ghrelin forms on the metabolism of insulin-sensitive tissues in CKD, and the relative protocol 

previously published (Gortan Cappellari et al., 2017). 

The study was approved by the Italian Health Ministry Animal Experimentation Authority.  

Thirty 12-weeks old male Wistar rats (Harlan-Italy, San Pietro al Natisone, Udine, Italy) were divided 

into individual cages with free access to water and standard chow (Harlan 2018, 14.2 kJ/g), in a 12 

hours’ light/dark cycle conditions for one week, then they were assigned randomly to 5/6 

nephrectomy (20 rats) or sham surgery (10 rats). Surgery was performed using a single-step 

laparotomic approach, to reduce animal stress and complications. Surgical procedures were 

performed in in surgical sterility and anaesthesia (Premedication: dexemetomodin (0,025- 0,05 

mg/kg IP, anaesthesia: Zoletil (20-25 mg/kg IP,). Ten days after the surgery, animals were free of any 

complications or treatment. On day 36, nephrectomized rats were randomly assigned to a 4-day, 

twice-daily s.c. saline (Nx, n=10), AG (Nx-AG, n=10) while sham rats (S, n=10) were treated with 

saline as well. Anaesthesia, tissue, and blood collecting and processing were also performed as 

described in the first study. The study protocol is outlined in figure (16). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (16). Schematic outline for the study 
protocol.  
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3.2. In vitro models: 
 
For the in vitro experiments, we focused on the effects of AG on the insulin sensitivity in the 

differentiated adipocytes as the in vivo findings suggested a direct effect of the AG on insulin 

sensitivity. Since the AG control is tightly linked to the nutritional status, the study aimed to test the 

AG effect on insulin sensitivity in different nutritional conditions based on the FBS content in the 

medium. The study included experiments performed in normal FBS10% concentration referred to 

normal feeding conditions, in addition to reduced FBS concentration referred to partial starvation, 

and completely serum deprivation referred to complete starvation. Starvation conditions were used 

in this study since AG is known to increase in fasting conditions. Different doses of the AG were 

applied (1000; 100; 10 ng/ml) in all the aforementioned conditions. Three independent experiments 

were run for each condition, duplicated in the siRNA- AG experiments analyzed by ELISA.  

 
3.2.1. 3T3L1 cellular model: 

3T3L1 cell line is a murine-derived cell line used in adipose tissue research. The cells are fibroblast 

shaped like 3T3 murine cells, but under specific conditions, they undergo differentiation into 

adipocytes-like cells by accumulating the lipids. Functionally, differentiated 3T3L1 adipocytes are 

also responsive to the hormonal stimulatory effects like insulin (Green et al., 1975). 

3T3L1 cells used in the study were received as a kind gift from Dr. Barbara Toffoli, Ph.D. 

3.2.1.1    Proliferation: 

Cells were received as a vial moved from liquid nitrogen. The vial was thawed at 37 °C and the 

contents of the vial were moved to prewarmed Proliferation Medium: DMEM High Glucose (Sigma 

D5796, ST Louis Missouri, USA), Calf bovine serum 10% inactivated at 56 °C for 20 minutes (Sigma 

12133C, ST Louis Missouri, USA), Glutamin 2mM (Sigma TMS002C, ST Louis Missouri, USA), 

Pencellin: Streptomycin 1unit/ml: 0.1mg/ml (Sigma P4333, ST Louis Missouri, USA). Cells were then 

centrifuged at 1000 RPM for 5 min. The cellular pellet was resuspended in an appropriate volume 

Figure (17). 5/6 single step surgery nephrectomy.  
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of the proliferation medium and plated at 3000 cells/cm2 in at 0.2-0.25 ml/cm2. Filtered flasks 

(Sarstedt 83.3911.002, Nümbrecht, Germany) were used for culturing the cells. Plated flasks 

were moved to the incubator at 37 °C, 5% CO2. Cells were kept until they were 60-70% confluent 

with changing the medium every other day before subculturing.  

Subculturing 3T3L1 cells: For the trypsinization, the medium was discarded followed by a brief wash 

with warmed PBS (Sigma P3813, ST Louis Missouri, USA), then warmed Trypsin-EDTA (Sigma 

59428C, ST Louis Missouri, USA) was added in 0.04 ml/cm2 and the cells were kept in the incubator 

tell getting the rounded shape, then the cells were collected to 50 ml flask (Starstedt 6255901, 

Nümbrecht, Germany) containing prewarmed proliferation medium to block the trypsin effect. Cells 

were then centrifuged, the pellet was resuspended and cells were counted using a hemocytometer 

(THOMA 0.0025mm2) to be plated as mentioned before. 

3.2.1.2.   Differentiation: 

Cells were plated in proliferating medium and kept until they were confluent with changing the 

medium every other day. When confluent, cells were kept for 48 hours, then induced for 

differentiation using the MDI induction medium (methylisobutylxanthine, dexamethasone, insulin). 

MDI induction medium consisted of the same formula of the proliferation medium with switching 

to Fetal Bovine Serum FBS(Sigma F7524, ST Louis Missouri, USA) instead of calf bovine serum, in 

addition to adding the following compounds: 

 1) 3-isobutyl-1-methylxanthine/IBMX 0.5 mM(Sigma I5879, ST Louis Missouri, USA). The stock was 

diluted in Dimethyl Sulfoxide DMSO. 

 2) Dexametasone 1 µM (Sigma D1756 , ST Louis Missouri, USA). The stock was diluted in DMSO. 

 3) Insulin (Sigma I6634, ST Louis Missouri, USA) diluted in filtered 20mM Acetic Acid. Different final 

concentrations of the insulin were used to optimize the differentiation protocol (1;2.5; 5; 10 µg/ml). 

The concentration of 10 µg/ml was selected to proceed with. 

Cells were kept in MDI induction medium for 48 h, then moved to the maintenance medium which 

is IBMX/ Dexametasoe free medium for 8 days changing the medium every other day. Images were 

taken during the differentiation to monitor the lipid droplets in the cells. 

3.2.2. Human Cells: 

 
Human White Preadipocytes HWP were purchased from PromoCell (C-12732, Heidelberg 

Germany). These cells were collected from visceral adipose tissue origin. Upon plating, they were in 

passage 2 (P2). 
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3.2.2.1. Proliferation: 

Cells were thawed and plated in filtered flasks 5000 cells/cm2 using Human Preadipocyte Growth 

Medium (Sigma 811-500, ST Louis Missouri, USA) 0.2ml/cm2. The medium was changed every other 

day until cells reached 75-80% confluence, then they were sub-cultured. For the trypsinization, the 

medium was discarded and cells were washed with PBS, then treated by Trypsin-EDTA 1x solution 

(Sigma T3924, ST Louis Missouri, USA). 5 ml of Trypsin-EDTA solution were added to the T75 flask 

and directly 4 ml were discarded, and the flask was kept at room temperature for 2-3 minutes until 

cells were round, then 5 ml of Trypsin Inhibitor (Sigma T6414, ST Louis Missouri, USA) were added 

and the cells were collected to 50 ml falcon, and centrifuged at 220g for 5 min to pellet the cells. 

The supernatant was not completely removed to assure not disrupting the cells. Cells were 

resuspended in an appropriate volume and plated again in 5000 cells/cm2 for normal proliferation, 

or plated in 25000 cells/cm2 for differentiation. 

 

3.2.2.2. Differentiation: 

Cells were plated in multi-well plates in 25000 cells/cm2 using Preadipocyte Growth Medium (1 ml 

for one well of 24 wells plate). When the cells arrived at more than 90% confluence, the medium 

was changed to a differentiation medium prepared from the Bulletkit (Lonza PT-8002, Walkersville, 

Maryland, USA). The kit included both PGMTM-2 Basal Medium (PT-8202) and PGMTM-2 

SingleQuotsTM supplements (Lonza PT-9502, Walkersville, Maryland, USA) required for the growth 

and differentiation into mature adipocytes.  

The growth medium was prepared by mixing the entire contents of the FBS, L-glutamine, GA-1000 

SingleQuots™ to the bottle of Preadipocyte Basal Medium-2 (The final concentrations of the 

supplements will be 10%, 2 mM, 30 µg/ml, and 15 ng/ml respectively). The entire contents of the 

SingleQuots™ of human insulin, dexamethasone, indomethacin, and isobutyl-methylxanthine were 

dissolved in 100 ml of the Growth Medium and kept in 4 °C as 2x stock for the differentiation 

medium. The final differentiation medium was prepared by mixing one volume of the stock 2x with 

the same volume of the growth medium. 

The cells were differentiated for 14 days then were processed for further experiments. 

Acylated ghrelin treatment was performed in different conditions. In starvation conditions AG was 

added in different doses for 24h using the Human Adipocytes Starvation medium (Sigma 811S250, 

ST Louis Missouri, USA). AG was also tested in different doses in nutrient availability conditions using 

the differentiation medium for 5 days.  
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3.2.3. siRNA transfection protocol: 

3.2.3.1. 3T3L1 Adipocytes: 

siRNA transfection was performed on the terminally differentiated adipocytes. The siRNAs used in 

the work are MISSION esiRNA from Sigma, which are a heterogeneous mixture of siRNA that all 

target the same mRNA sequence, thus assuring high-specific and effective gene silencing. Mission 

esiRNA murine OGT (Sigma EMU006701, ST Louis Missouri, USA) , Mission esiRNA murine GAPDH 

(Sigma EMU156001, ST Louis Missouri, USA) and Universal Negative Control (Sigma SIC001, ST Louis 

Missouri, USA) were used in the experiments. It was performed in two methods, forward 

transfection and in suspension transfection. However, the protein yields in the latter method were 

not high so the rest of the experiments, with ghrelin treatment, were performed in the forward 

transfection method. 

3.2.3.1.1.  In suspension transfection: 

Different concentrations of siRNAs were used with RNAimax lipofectamine (ThermoFischer 

13778150, Waltham, Massachusetts, United States). Both RNAimax and siRNAs were diluted in 

serum/penstrep-free medium separately, then incubated together for 15 minutes. 

Cells were differentiated in T75 flasks. Cells on day10 of the differentiation were trypsinized. 

Centrifugation of differentiated cells was done for 2min at 80g to avoid the disruption of the lipid 

droplets in the cells. Cells were then resuspended in serum/penstrep-free medium (Sigma MegaCell 

m3942, ST Louis Missouri, USA). An appropriate number of cells was mixed with the siRNA/RNAimax 

and plated (30000 differentiated cells/cm2). Six hours after plating, the medium containing the 

siRNA/RNAimax was removed and the maintenance medium was added again. RNA was extracted 

at 48, 96 h after the transfection, and protein was extracted 120 h after the transfection. 

3.2.3.1.2.  Forward transfection and Acylated Ghrelin Treatment: 

Cells were plated and differentiated in multi-well plates (Sarstedt, 833920, 833921, 832922 

Nümbrecht, Germany). On day 10 of the differentiation, the maintenance medium was discarded 

and serum/penstrep-free medium was added in a volume 40% of the maintenance medium (for one 

well of 24 well plate with usual 500µl  volume, 200 µl were added). siRNA and RNAimax were diluted 

in serum/penstrep-free medium (Sigma m3942, ST Louis Missouri, USA) and mixed in a final volume 

of 10% of the maintenance medium (for one well of 24 well plate, 50 µl were added), incubated for 

15 min then added to the cells to reach 50% of the maintenance medium volume (for one well of 

24 well plate, 250 µl were added). Six hours after, the same volume was added of medium (MegaCell 



47 
 

Sigma m3942) containing FBS 20% and Glutamin 4mM, so the final volume of the wells was the 

same volume of the maintenance medium. The next day, the medium was changed to the reduced 

FBS medium (Megacell, FBS 3%, Glutamin 2mM, PenStrep) for 24 h, then the acylated ghrelin 

(Bubendorf, Switzerland) was added for 24h either in the same medium (added fresh) for the partial 

starvation treatment, or without FBS for the complete serum starvation treatment. 

3.2.3.2. siRNA transfection for the human differentiated adipocytes and AG treatment: 

Human siRNAs for OGT, GAPDH were purchased from sigma (mission esiRNA EHU082301, 

EHU146741 respectively, ST Louis Missouri, USA), and the negative siRNA control was the same used 

in 3T3L1 experiments. The transfection reagent RNAimax, used for murine cells, was used as well 

for the human cells. 

On day 14 of the differentiation, cells were siRNA-transfected to knock down the expression of the 

OGT in the cells using the forward strategy. Differentiation medium was removed and serum-free 

medium (Megacell Sigma 3942) was added for 1 h. 100 nM of the siRNA were mixed with the 

RNAimax in serum/antibiotics free medium then added to the cells for 6 h, then medium with 

FBS20% was added for 24 h, then cells were starved by human starvation medium (Sigma 811S250, 

ST Louis Missouri, USA) for 24h before adding the AG in the same fresh starvation medium (Sigma 

811S250, ST Louis Missouri, USA) for 24 h. 

Protein extraction and RNA extraction were performed as in the 3T3L1 adipocytes.  

3.2.4. Gene expression quantification:  

 
3.2.4.1. RNA extraction: 

RNA was extracted using TRIgent method. TRIgent solution was got from MRC (TR 118, Ohio, USA). 

Cells were homogenized in an appropriate volume of TRIgent solution (200 µl for one well of 24 

wells plate) at cold 4 °C. Cellular homogenates were then centrifuged at 12000 g for 10 minutes at 

4 °C. The supernatant was collected to another tube and kept to stand at room temperature for 5 

min, then an appropriate volume of chloroform was added to the tube (40 µl chloroform for 200 µl  

TRIgent) and shaken vigorously for 15 Sec then kept to stand at room temperature for 15 minutes, 

then centrifuged at 12000g for 15 min at 4 °C. The colorless upper aqueous phase containing the 

RNA was collected to a new tube and mixed with an appropriate volume of Isopropanol 100% (the 

half amount of TRIgent used volume) and kept to stand at room temperature for 10 minutes. Tubes 

were then centrifuged at 12000 g for 10 min at 4 °C to precipitate the RNA. The supernatant was 

removed and the RNA pellet was washed vigorously by ethanol 75% (the same volume of TRIgent) 

then centrifuged at 7500 g for 5 min at 4 °C. Ethanol supernatant was then discarded and RNA pellet 
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was left to dry under the hood at room temperature, then dissolved in Nuclease free water (Thermo 

Fischer Scientific AM9920, Waltham, Massachusetts, United States) at 55 °C for 15 min.  

RNA concentrations were then measured by the microspectrophotometer Nanodrop (ND1000). 

3.2.4.2. Complementary DNA (cDNA) Synthesis: 

cDNA or reverse transcription reaction was performed using Taqman Reverse Transcription (Applied 

Biosystem by Thermo Fischer Scientific N8080234,  Waltham, Massachusetts, United States). Equal 

amounts diluted to the same volume were prepared from the RNA samples and senatured at 65 °C 

for 5 min. The cDNA reaction was performed using the thermocycler machine: MyCycler Thermal 

from Biorad. 0.5 µg RNA was reverse-transcribed using 2.5 µM Random Hexamer, 0.5 mM each 

dNTP and 25 U MultiScribe™ Reverse Transcriptase. 

 
Thermal Cycle program: 
25 °C for 10 min 
42 °C for 60 min 
70 °C for 10 min 
4 °C indefinite time 
 

3.2.4.3. Quantitative Real-Time PCR (qPCR) 
 
Taqman method was used in the quantitative PCR. Sets of primers and probes were designed 

manually using the references sequences stored in the National Centre for Biotechnology 

Information (NCBI) of the genes of interest, then ordered from Sigma-Aldrich. The sets were checked 

for their melting temperature and other thermodynamic features using the Idtdna online tool. The 

cDNA was amplified using 300 nM forward and reverse primers, and a 240 nM dual-labeled probe 

in Universal Taqman Master Mix (4404437 Applied Biosystem by Thermo Fischer Scientific,  

Waltham, Massachusetts, United States) 

 
Relative quantity curve was prepared by pooled samples at 1; 1:5; 1:10; 1:20 dilutions. 

The qPCR reaction was performed using ABI PRISM 7900HT, and the results were interpolated to 

the standard curve of dilutions.  

 
 
Sequences of the primers and probes used in the study: 
 

Human & Murine 18S: (RefSeq: NR_003278.3) 

Sense Primer: 5’ CGGCTACCACATCCAAGGAA 3’      
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Antisense Primer: 5’ GCTGGAATTACCGCGGCT 3’      

Antisense dual-labeled probe: 5’ TET- TGCTGGCACCAGACTTGCCCTC- TAMRA 3’    

 

Murine GAPDH: (RefSeq: NM_008084.3) 

Sense Primer: 5’ TGTGTCCGTCGTGGATCTGA 3’             

Antisense Primer: 5’ CCTGCTTCACCACCTTCTTGA 3’     

Sense Dual-Labeled Probe: 5’ TET-CCGCCTGGAGAAACCTGCCAAGTATG-TAMRA  3’   

 

Human GAPDH: (RefSeq: NM_002046.7) 

Sense Primer: 5’ GACAGTCAGCCGCATCTTC 3’          

Antisense Primer: 5’ ACTCCGACCTTCACCTTCC 3’     

Sense Dual-Labeled Probe: 5’ TET- CGCCAGCCGAGCCACATCGC- TAMRA  3’  

    

Murine Adiponectin: (RefSeq: NM_009605.5) 

Sense Primer: 5’ AAGGAGATGCAGGTCTTCTTGGT 3’            

Antisense primer: 5’ ACACTGAACGCTGAGCGATACA 3’        

Sense Dual-Labeled Probe: 5’ 6FAM -TGGCCCTTCAGCTCCTGTCATTCCA- TAMRA 3’      

 

Human Adiponectin: (RefSeq:NM_004797.4) 

Sense Primer: 5’ CTGGGAGCTGTTCTACTG 3’            

Antisense primer: 5’ CTTGAGTCGTGGTTTCCT 3’       

Antisense Dual-Labeled Probe 5’ 6FAM – TCATGACCGGGCAGAGCTAATAG- TAMRA 3’            

 

Murine fatty acid-binding protein 4 (Fabp4): (RefSeq:NM_024406.3) 

Sense Primer: 5’ CGACAGGAAGGTGAAGAG 3’                          

Antisense Primer: 5’ GAAGTCACGCCTTTCATAAC 3’                   

Anti Sense Dual-Labeled Probe: 5’ 6FAM – GACTTTCCATCCCACTTCTGCACCTG- TAMRA 3’    

  

Human fatty acid-binding protein 4 (FABP4): (RefSeq:NM_001442.2) 

Sense Primer: 5’ AGCACCATAACCTTAGATG 3’           

Anti-Sense Primer: 5’ GCTCTCTCATAAACTCTC 3’       

Anti-Sense Dual-Labeled Probe: 5’ 6FAM –TGACGCATTCCACCACCAGT- TAMRA 3’ 

 

    

Murine OGT: (RefSeq:NM_139144.4) 

Sense Primer: 5’ GCCATACGAATTAGTCCTA 3’    

Antisense Primer: 5’ CATCCTGCATCTCCTTTA 3’      

Sense Dual-Labeled probe: 5’ 6FAM –TCCCATATTGGAATAAGCATCAGCAAA- TAMRA 3’    
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Human OGT: (RefSeq:NM_181672.3) 

Sense primer: 5’ TGGTGACTATGCCAGGAGAG 3’                        

Antisense Primer: 5’ TTCCAGACTTTGCCACGAAC 3’                    

Antisense dual-labeled probe: 5’ 6FAM –TGCAGCATCCCAGCTCACTTGC- TAMRA 3’     

 

 

3.2.5. Oil Red O Staining: 

Oil Red O powder (Sigma O0625, ST Louis Missouri, USA) was dissolved in isopropanol 100% in this 

ratio: 60 mg in 20 ml). The solution was then filtered using Whiteman paper then diluted in mqH2O 

in the ratio (3vol Oil red O: 2 vol mqH2O) to get the working Oil Red O solution just before being 

used. 

This method was used to stain the lipid droplets within the adipocytes with the red stain as 

referenced in (Krahmer et al., 2013). 

Cells were fixed in 10% neutral formalin (Sigma HT501128, ST Louis Missouri, USA) for 1 hour, then 

washed by water, then isopropanol 60% was added to the cells for 5 min, then Oil red O working 

solution was added for 20 minutes with gentle shaking. After the staining, extensive washing with 

water was applied to remove the extra diet. Multichmper slides (Sigma C6932, ST Louis Missouri, 

USA) were used for lipid staining in human adipocytes’ experiments. The volumes used for each step 

were the same volumes used for the cell culture medium. 

To measure the Oil Red O staining, isopropanol 100%, which extracts the dye, was added to the cells 

in half of the volume used for the staining, then this reading was applied in 96 wells plate with the 

spectrophotometer at 485 nm. 

 

3.3. Protein Analysis: 

3.3.1. Protein extraction and measurement of the protein concentration: 

Cells were washed briefly with cold PBS (4 °C) and treated with cold Cell Extraction Buffer (FNN 

0011, Invitrogen by Thermo Fischer Scientific,  Waltham, Massachusetts, United States  ) added with 

Phenylmethilsulfonyl fluoride (PMSF 1M) and 4.8% of Protease Inhibitor cocktail (P8340, Sigma-

Aldrich, St. Louis, MO, USA), then moved to clean 1.5 ml tubes. Three cycles of brief spin/vortex 

were applied, followed by ultrasonic homogenization in wet-bath (Branson 3200) at room 

temperature for 10 min. Homogenates were then kept on ice for 15 min then centrifuged at 13000 

RPM at 4 °C (Thermo Scientific SL16R) for 10 min. In the case of differentiated adipocytes, lipids 

were floating on the top of the tube and cellular organelles and components were precipitated as a 
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pellet at the bottom of the tube. The supernatant was collected and aliquoted into several 

autoclaved 1.5 ml tubes and kept at -80 °C.  

For the animal adipose tissue samples, pieces were prepared from the visceral white adipose tissue 

and weighed, then treated with the same cell extraction buffer 10µl/mg, and hand-homogenated 

for 10 min in ice, rested in ice for 20 min, then centrifuged at the 13000 RPM for 15 min at 4 °C. The 

lipids were compacted to the top of the tube, while the cellular organelles precipitated at the 

bottom of the tube, and the clear supernatant was collected to new autoclaved tubes and kept at -

80 °C. 

Protein concentration was measured using the colorimetric detection method based on 

bicinchoninic acid (BCA) (Smith et al., 1985).  

 

3.3.2. xMAP Technology: 

The word xMAP is derived from Multi-Analyte Profiling for x unknown sample. From the name, it is 

a multiplex technology applicable for high-throughput detection of different analytes in one sample. 

The technology can be used for multiplex assays for proteins and nucleic acids. In our study, we used 

xMAP only for protein measurements. xMAP is an immuno-based technology where the analytes in 

the sample bind to the antibodies that cover colored magnetic beads. Each bead is coated with a 

specific antibody to identify the analyte. All the beads are excited by laser light at 635 nm but the 

fluorescent emission differs specifically allowing accurate identifying of the bead/analyte. To 

quantify the analyte, a reporter is added to target the molecule of interest that is attached to the 

antibodies on the bead, then another laser is used to excite the reporter at 532 nm (Fulton et al., 

1997). 

3.3.3. Western Blot: 
 

Equal amounts of protein samples were run in Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS PAGE). Protein samples were diluted in PBS to reach the same volume and 

mixed with 6x Laemmli Loading Buffer LB (TrisBase 480 mM pH 8.8, SDS 7.2%, Glycerol 30%, 

Bromophenol Blue 0.02%, β-mercaptoethanol 20%) in a ratio (5 vol protein: 1 vol LB) and heated at 

95 °C for 5 min. Denatured protein samples were then loaded in stacking gel (Tris 0,15 mM pH 6.8, 

SDS 0,05%, acrylamide 3.6%, Ammonium Persulfate 0,1%, TEMED 0,1%) to run for 15 min at 80 Volt, 

10 mA. Once bands were compacted they passed to Running gel (Tris 0,4 M pH 8,8, SDS 0,05%, 

acrylamide 12%, Ammonium Persulfate 0,05% TEMED 0,01%) to run at 100 Volt, 15mA for 120 min 
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in the Running Buffer (TrisBase 0.25M, Glycine 1.92M, SDS 0.1%). A colored ladder was used to 

detect the molecular weight of the protein bands (ColorBurst C1992 Sigma). After the end of the 

run, gels were soaked in transfer buffer (TrisBase 0.25M, Glycine 1.92M, Methanol 10%) for 5 min, 

then placed on wet 0.2 μm nitrocellulose membrane (Amersham 10600080) with plot paper (Biorad) 

in a sandwich form in a semi-dry transfer system (Biorad). Transfer run was performed in a constant 

voltage of 17 V for 90 min. After the transfer was completed, The gel was processed for coomassie 

blue staining; the gel was first soaked in fixing solution (50% methanol, 10 % Glacial Acetic Acid) 

overnight, then stained by staining solution (0.1% Coomassie Brilliant Blue R-250, 50% methanol, 

and 10% glacial acetic acid) for 20 min, then destained by destaining buffer (40% methanol and 10% 

glacial acetic acid) until the background of the gel was fully destained, then stored in storing solution 

(5% glacial acetic acid) and imaged by densitometer (Biorad GS 700). Images were analyzed using 

Quantity One image analysis software (Bio-Rad). 

The membrane was stained with Ponceau S (Sigma P7170) to check the protein bands' separation 

and ensure equal amounts of the protein. The stained membrane was imaged and documented. 

Ponceau S was then washed by PBS and the membrane was incubated in Blocking Buffer (PBS, 

powder Milk 5%, Tween 0.05%) for 60 min to block the non-specific protein binding sites. 

Membranes were then probed overnight at 4 °C with the primary antibodies that were diluted in 

the blocking buffer to the manufacturer's recommended usage dilution. Membranes were then 

washed extensively using washing buffer (PBS, Tween 0.05%) and probed with the secondary 

horseradish peroxidase (HRP)-linked antibodies diluted in the blocking buffer to the manufacturer 

recommended usage dilution. A list of the antibodies used in the study is in table (). The membrane 

was again washed extensively by washing buffer, then the detection of the protein bands was 

enhanced by incubating the membrane with the Electrochemical Luminescence solution (LumiGLO 

Reagent A 95538S, Peroxide Reagent B 39864S, Cell Signalling Beverly, MA, USA) and exposing the 

membrane to X-ray film in dark, followed by developing the protein signal by soaking the exposed 

film in developing solution then in fixing solution. The films with the protein bands were imaged by 

the densitometer (Biorad GS 700). Images were analyzed using Quantity One image analysis 

software (Bio-Rad).  

  Antibody name Code Company 

Insulin Signaling 

Phospho-AKT (Ser473) 9271 cell signaling 

Phospho-GSK-3β (Ser9)  9336 cell signaling 

AKT 9272 cell signaling 
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Table (1). List of the antibodies used in the study. 

 

3.3.4. Enzyme-Linked Immunosorbent Assay (ELISA): 
 

Commercial ELISA kits were used to quantify AKTser473 total/phosphor (85-86046, Invitrogen); and 

GSK3βser21 total/phospho (85-86173, Invitrogen) in the insulin signaling pathway.  

Following the manufacturer's instructions, 50 µl Adipocytes protein extracts were added to the pre-

treated 96 well plate, then 50 µl of the antibody cocktail were added to the wells and incubated for 

1 h with moderate shaking 300 rpm. Wells were then washed by the washing buffer provided with 

the kit, then 100 µl of the detection reagent were added to each test well and incubated for 25 min. 

The reaction was stopped by adding 100 µl of the stop solution to each well then the plate was read 

using the spectrophotometer at 450 nm.  

 

 
 

3.4. Measuring Redox State: Glutathione: 

Acting as a free radical scavenger and inhibitor of lipid peroxidation, GSH is considered a major 

antioxidant factor in the cell, besides its role in the detoxification of hydrogen peroxide by various 

glutathione peroxidases. GSH is present in the cell in two forms, reduced GSH and oxidized GSSG, 

thus the ratio GSH/GSSG is an important indicator for the redox state in the cell and the cellular 

health. In normal physiological conditions, the reduced form GSH represents around 98% of the 

GSK-3β 9315 cell signaling 

IRS-1 2382 cell signaling 

O-GlcNacylation OGT HPA030751 Sigma 

Adipocytes Differentiation 
FABP4 SAB4300636 Sigma 

Adiponectin 2789 cell signaling 

Inflammation TNFα sc-52746 
Santa-Cruz Biotechnology, 

Dallas, USA 

Housekeeping  
Beta-actin A3853 Sigma 

GAPDH 2118 cell signaling 

Secondary Antibodies 

Anti-Rabbit IgG HPR-
linked 7074 cell signaling 

Anti-Mouse IgG HPR-
linked NA931 

GE Healthcare Life 
Sciences, Little Chalfont, 
USA 
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total amount of glutathione. GSH is the most abundant antioxidant in aerobic cells and its 

concentrations range from micromolar in body fluids to millimolar in tissue. 

Rahman et al (Rahman et al., 2006) reported the method for the quantification of glutathione, in 

both forms. Oxidized glutathione GSSH can give two molecules of reduced GSH in reducing 

conditions as NADPH with the presence of glutathione reductase (GR). This reaction can be 

measured by the spectrophotometer by adding the 5,5’-dithiol-bis(2-nitrobenzoic acid) (DTNB) 

which is converted in the same conditions to the TNB that can be measured at 412 nm. This method 

can estimate the total glutathione content. GSSH content can be measured by adding 2-

vinylpyridine which binds to the reduced glutathione, so only GSSH will contribute to the reaction. 

Practically, adipose tissue samples were hand-homogenized for 10 min in 5% metaphosphoric acid 

(weight/volume; 4µl of solution every mg of tissue) and then centrifuged at 12000g at 4°C for 15 

min. The supernatant was collected and frozen at -80 for further analysis. Six volumes of reaction 

Buffer (Glutathione Reductase 3.33 U/ml Sigma; DTNB 0.84 mM Sigma; KPE Buffer pH=7.5: EDTA 5 

mM, KH2PO4 81.5 mM) was prepared and incubated with one volume of the sample in 96 wells 

plate in dark for 30 Sec, then β-NADPH was added in solution with KPE (β-NADPH 0.8 mM in KPE 

buffer 0.1 M) and readings were taken every 60 Sec for 15 min. The total amount of glutathione can 

be measured by interpretation from the standard solutions that have known concentrations of the 

glutathione content. GSSH was measured in the same method by just incubating the samples for 10 

minutes with 4-vinilpiridine diluted 1:10 in KPE Buffer. The reduced form of glutathione was 

calculated by subtracting the GSSH value from the total glutathione value. 

  

3.5. Measuring Mitochondrial Function: 
 

Mitochondrial function was estimated at the levels of mitochondrial enzymes Citrate Synthase (CS) 

and Cytochrome C Oxidase (COX). Both were measured according to (Barazzoni et al., 2005). 

3.5.1. Mitochondrial Enzymatic Extraction: 

Since the protein extraction method includes using detergents present in the buffer it cannot be 

used to isolate intact mitochondria. Enzymatic extraction was performed as the following: adipose 

tissue samples were hand homogenized in PBS for 10 min in ice, then the homogenates were 

transferred into 1.5 ml tubes and centrifuged at 600g for 10 minutes at +4°C. Lipid was floating on 

the top of the supernatant while cellular organelles and components were precipitated at the 

bottom. The supernatant was collected and kept at -80 C. 
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3.5.2.  Citrate Synthase Assay: 

Citrate synthase is the first enzyme of the tricarboxylic acid (TCA) cycle. It catalyzes the reaction of 

2 carbon acetyl CoA with 4 carbon oxaloacetate to form the 6 carbon citrate. 

Citrate Synthase (CS) activity was measured using the colorimetric spectroscopic method. CS 

catalyzes the production of the citrate from the reaction between the oxaloacetate and acetyl-CoA, 

which releases as well sulphuryl acetyl-CoA (CoA-SH) that can by its sulphuryl group produce yellow 

product thiobis 2-nitrobenzoic acid (TNB) in the presence of 5,5’-Dithiobis 2- nitrobenzoic acid 

(DTNB). For the measurement, enzymatic adipose tissue extracts were added in a microplate well 

and mixed with an Assay Buffer composed of: TrisBase Buffer 200 mM pH 8.2, Acetyl CoA 0.25 mM, 

DTNB 0.025 mM, Triton solution X-100 10%. Oxaloacetate solution (Oxaloacetate 7.6 mM plus 

TrisBase Buffer 200 mM pH 8.2) was added before reading the reaction at 412 nm, 30 C, at intervals 

of 10 sec for 15 min. The absorbance values during the different time points generated a line whose 

slope represented the CS activity (figure 17).  

 

3.5.3.  Cytochrome C Oxidase: 
 

Cytochrome c oxidase is located on the inner mitochondrial membrane dividing the mitochondrial 

matrix from the intermembrane space and has traditionally been used as a marker for mitochondrial 

function. Cytochrome c oxidase provides energy for the cell by coupling electron transport through 

the cytochrome chain with the process of oxidative phosphorylation (Michel et al., 1998). 

COX activity was also measured using the colorimetric spectroscopic method. COX acts as a 

reduction reagent that reduces its substrate Cytochrome C from ferrous to ferric state, and this 

reaction can be measured by the spectrophotometer at 550 nm. Enzymatic adipose tissue extracts 

were added to a microplate well and mixed with the assay buffer (BSA 0.65 mM, MgCl2 10.3 mM, 

KPI Buffer 50 mM, and Cytochrome C 0.05 mM). The plate was read at 550 nm, 30 C, at intervals of 

10 sec for 10 min. As CS measurement, the absorbance values during the different time points 

generated a line whose slope represented the COX activity (figure 18). 
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Figure (17): Calculating the slope of the generated line between X (Time) and 

Y(absorbance) to calculate CS content in the sample . An area with more linearity was 

selected to calculate the slope. 
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Figure (18): Calculating the slope for the generated line between X (Time) and 

Y(absorbance). An area with more linearity was selected to calculate the slope 

which will be used to calculate the COX content in the sample. 
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3.6. Statistical Analysis: 
 

Comparisons between two groups was performed by Student T-test analysis for independent or 

dependent samples as appropriate. One-way ANOVA was used in case of multiple comparisons 

followed by appropriate post hoc tests. Bonferroni correction was applied for multiple comparisons. 

P<0.05 was considered significant. GraphPad software was used to generate the graphs presented 

in the study. Results were represented by the average and the standard error. Analyses in this study 

were performed using SPSS v.17 software (SPSS Inc., Chicago, IL). 
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4. Results: 

4.1. Results from animal studies: 
4.1.1. Exogenous Acylated Ghrelin Administration to Healthy Rats: 

4.1.1.1. Animal Phenotype: 

No statistical differences were observed among groups in cumulative food intake or body weight, 

suggesting that acylated ghrelin treatment (AGT) did not modify caloric intake and body weight, 

while the AG group had significantly higher glucose levels in agreement with other findings reported 

higher gluconeogenesis upon acylated ghrelin treatment (Barazzoni et al., 2007a) and higher 

glucagon secretion from beta-pancreatic cells (Chuang et al., 2011). 

 
Body weight 

(g) 

Body weight 

gain 

(g) 

Caloric intake 

(kcal/kg/day) 

Blood glucose 

(mg/dL) 

Ctrl 319.6±3.6 14.0±1.4 73.5±2.2 118.6±6.0 

AGT 320.8±8.8 16.1±2.3 72.9±4.7 133.8±3.5 * 

 

 

 

4.1.1.2. AG lowers the mitochondrial function in the white adipose tissue of healthy rats: 

Citrate Synthase CS and Cytochrome Oxidase COX were analyzed as markers for the mitochondrial 

function, and AG was found to lower significantly the mitochondrial levels of these two enzymes. 

 

 

  
 

 

 

 

 

Table (2) Animal Charectiristics in the study: Exogenous Acylated Ghrelin Administration to Healthy Rats.   
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Figure (19) Mitochondrial function in adipose tissue of healthy rats is lowered by AG treatment. Right: 

Citrate Synthase, Left: Cytochrome c Oxidase. 
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4.1.1.3. AG treatment does not affect the cytokine profile in the white adipose 

tissue of healthy rats: 

IL-1β, TNFα, IL-10 cytokines levels were measured using xMAP technology, and no differences were 

observed among the groups of the study.  

 

 

 

 

 

 

 

 

 

 

4.1.1.4. AG treatment does not affect the redox state in the white adipose tissue 

of healthy rats: 

Total and oxidized glutathione levels were measured in the white adipose tissue and no differences 

were observed among the groups of the study. 
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Figure (20) Cytokine Profile in adipose tissue of healthy rats treated and untreated by AG. Right:IL-1β, 

Middle: IL-10, Left: TNFα. 
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Figure (21) Redox state in adipose tissue of healthy rats treated and untreated by AG. Right:Total 

Glutathione, Left: Oxidized/total Glutathione. 
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4.1.1.5. AG treatment lowers the insulin sensitivity in the white adipose tissue of 

healthy rats: 

Insulin signaling was tested first by checking the phosphorylation of both AKT S473 and GSK-3βS9  using 

western blot. AG lowered the phosphorylation ratio of these two proteins (AKTS473 P<0.05 with a similar trend 

at GSKβ P=0.08).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For further investigation of the insulin signaling, xMAP analysis was performed to test at the same 

time different targets in the insulin signaling pathway. The analysis included: Insulin Receptor (IR), 

Insulin Receptor Substrate 1 (IRS1 S312), AKTS473, GSK-3βS9,  pTSC2S939, mTORS2448, p70S6KT421, GSK-

3αS21, PTEN380. 

As a result, AG lowered significantly the phosphorylation of insulin sensitivity at the levels of AKTS473, 

GSK-3βS9, GSK-3αS21 , pTSC2S939, mTORS2448, with similar trend for PTEN380 and p70S6KT421, while no 

effects were observed on IR. Importantly, AG treatment led to an increase in the phosphorylation 

of the IRS1S312 which exerts a negative feedback modulatory effect on the insulin signaling by 

inhibiting the binding of IRS1 to the IR thus disrupting the insulin signaling. This further supports the 

finding that AG lowers insulin sensitivity in the white adipose tissue of healthy rats.  
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Figure (22) Insulin Sensitivity in white adipose tissue of healthy rats treated (AGT) and untreated by AG 

(Con). A)Densitometer Analysis: Right:p/tAKT,  Left:p/t GSK3β . B) WB using protein extracts of white 

adipose tissue showing phosphorylated and total forms of AKT and GSK3β. 
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Figure (23) Insulin Sensitivity in white adipose tissue of healthy rats treated (AG) and untreated by AG 

(Con) analysed by xMap technology. A) p/t IR, B) p/t IRS-1, C) p/t GSK3β, D) p/t AKT, E) p/t GSKα, F) p/t 

mTOR, G) p/t P70S6K, H) p/t PTEN, I) p/t TSC2. * P<0.05. 
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4.1.1.6. AG upregulates the OGT levels in the white adipose tissue of healthy 

rats: 

OGT levels were analyzed by WB. AG significantly increased the OGT levels in the white adipose tissue of 

healthy rats. The molecular weight of the detected band, 117 kDa, indicated the canonical nucleocytoplasmic 

OGT (nc OGT). Notably, no other isoforms were detected in the adipose tissue in this study. 

 

 

 

 

 

 

 

 

 

4.1.1.7. AG upregulates the Short Cytosolic OGT isoform (sOGT) in the muscle 

tissue of healthy rats: 

Interestingly, the molecular weight 75 kDa of the band, detected by WB on the muscle tissue of the 

healthy rats, indicated the Short form of the OGT, suggesting that OGT isoform expression and 

modulation by AG may be tissue specific. 
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Figure (25) Cytosolic OGT levels in skeletal muscle tissue of healthy rats treated (AG) and untreated by AG 

(Con) analysed by WB on protein extracts of muscle tissue.  

Figure (24) OGT levels in white adipose tissue of healthy rats treated (AG) and untreated by AG (Con) 

analysed by WB on protein extracts of white adipose tissue. * P<0.05 vs. Con. 
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4.1.2. Exogenous Acylated Ghrelin Administration to 5/6 

nephrectomized uremic rats: 
4.1.2.1. Animal Phenotype: 

 

 

 

 

 

 

No significant differences were observed in the calorie intake. However, data shows important 

effects of surgically-induced CKD. Compared to the sham group, nephrectomized rats showed 

significantly lower body weights and elevated levels of plasma urea and plasma creatinine, which 

are direct consequences of CKD and developing chronic kidney disease; which is correlated with 

muscle wasting and reduced adipose tissue.  

 

4.1.2.2. AG does not affect the mitochondrial function in the white adipose 

tissue of uremic rats: 

As in the first study (4.1.1.2), CS and COX were measured as markers for mitochondrial function. 

Mitochondrial function was significantly lower in nephrectomized rats (Nx and NxAG) compared to 

the sham group, but there was no difference among the uremic rat groups.  

 

 

Table (3) Animal Charectiristics in the study: Exogenous Acylated Ghrelin Administration to Uremic Rats. 

Measurement presented for T0 and T40. * P<0.05 
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4.1.2.3. AG does not affect the redox state in the white adipose tissue of uremic 

rats: 

Total and oxidized glutathione were measured as a marker of the redox state as in the first study. A 

higher redox state was observed in the uremic rats compared with the sham rats, which represents 

further validation of the model as an elevated general systemic model. However, AG did not exert 

a significant effect compared with Nx.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sham Nx NxAG
0.0

0.2

0.4

0.6

* *

G
S

S
G

/(
G

S
S

G
+

G
S

H
)

Sham Nx NxAG
0

5

10

15

20

T
o

ta
l 

G
lu

ta
th

io
n

e

[µ
m

o
l/

m
g

]

Sham Nx NxAG
0

10

20

30

40

* *
C

y
to

c
h

o
m

e
 c

 o
x

id
a

s
e

[µ
m

o
l/

m
in

/m
g

]

Sham Nx NxAG
0

5

10

15

20

**

C
it

ra
te

 S
y

n
th

a
s

e

[µ
m

o
l/

m
in

/m
g

]

Figure (26) Mitochondrial function in the white adipose tissue of the animals groups in the study. Right: 

Cytochrome c Oxidase, Left: Citrate Synthase. 

Figure (27) Redox state in adipose tissue of healthy rats treated and untreated by AG. Right: Total 

Glutathione, Left: Oxidized/total Glutathione. 
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4.1.2.4. AG lowers the TNFα in the adipose tissue of uremic rats: 

TNFα levels in the groups of the study were analyzed by western blot. Uremic rats treated by AG 

showed significantly lower levels of TNFα compared with Nx. Compared with sham rats, Nx group 

showed strong significant higher levels of TNFα, while no differences were observed between the 

NxAG and Sham groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2.5. AG lowers the insulin sensitivity in the white adipose tissue of uremic 

rats: 

Insulin sensitivity was tested at the levels of AKTS473, GSK-3βS9. Uremic rats showed significantly 

lower insulin sensitivity compared with the sham rats. Interestingly, and in agreement with the 

findings from the first study AG treatment further lowered the insulin sensitivity significantly 

compared with Nx rats. 
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Figure(28). TNFα levels in the white adipose tissue of the animals study by WB, densitometer 

analysis to the right, and blot image on the left). *P<0.05 vs. Sham, $ P<0.05 vs. Nx. 
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A) 

Figure (29) Insulin Sensitivity in white adipose tissue of animals’ groups in the study. A)Densitometer 

Analysis to the right and image blot to the left for p/tAKT. B) Densitometer Analysis to the right and 

image blot to the left for p/t GSK3β. WB was performed using protein extracts of white adipose tissue. * 

P<0.05 vs. sham, $ P<0.05 vs. Nx. 

B) 
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4.1.2.6. AG upregulates the OGT levels in the white adipose tissue of uremic rats: 

Compared with sham rats, Nx had unchanged levels of the OGT, however, AG was shown to 

upregulate the OGT level compared with Nx and sham rats suggesting, with the findings from the 

first study, the OGT as a target for the AG signaling in the white adipose tissue.  As in the first 

study, the WB detected only the ncOGT isoform in the adipose tissue of the rats' study.  

 

 

 

 

 

 

4.2.  In Vitro Results: 
4.2.1. 3T3L1 Cells 

4.2.1.1. Identifying the effect of the Acylated Ghrelin on the insulin sensitivity in the 

differentiated adipocytes: 

For the in vitro experiments, we focused on the effects of AG on the insulin sensitivity in the 

differentiated adipocytes as the in vivo findings suggested a direct effect of the AG on insulin 

sensitivity. Western blot analysis was applied to follow the insulin sensitivity at the level of AKT S473 

and GSK3β S9. 

 

              4.2.1.1.1. Normal Feeding Conditions FBS 10%: 

AG was added to the maintenance adipocytes medium containing FBS10% for 72 h. AG 

administration to the adipocytes in all the followed doses resulted in lower ratios of the 

phosphorylation rates of both AKT S473 and GSK3β S9 compared to the control cells suggesting that 

Figure (30) OGT levels in white adipose tissue of animals’ groups in the study. Densitometer Analysis to 

the right and image blot to the left normalised for ponceau staining.  P<0.05 between groups with 

different letters. 

117 kDa 
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AG lowers insulin sensitivity in the adipocytes in consistence with our findings in the animals of the 

study. P values are reported in the following table. 

 
AKT S473 GSK3β S9 

1000 ng vs con 0.092 0.131 

100 ng vs con 0.024 0.068 

10 ng vs con 0.059 0.116 
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Figure (31) Insulin sensitivity in 3T3L1 adipocytes treated by 10; 100; 1000 ng/ml AG for 72h in normal feeding conditions with 

10% FBS at the level of GSK3β S9 and AKT S473 phosphorylation. A) GSK3β S9 phosphorylation analysed by WB at the top, and 

represented by densitometer analysis at the bottom. B) AKT S473 phosphorylation analysed by WB at the top, and represented 

by densitometer analysis at the bottom. * P<0.05 vs. Con 

A) B) 

Table (4): P values of T-test between the AG treatments and the control at the level of AKT S473 and GSK3β S9 
phosphorylation. 
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4.2.1.1.2.  Starvation conditions: 

4.2.1.1.2.1.  Partial Starvation (FBS 3%): 

For this condition, FBS 3% medium was used. AG administration to the adipocytes in all the followed 

doses for 24 h did not show significant effects on the phosphorylation rates of the GSK3β S9 and AKT 

S473, although there was a tendency to increase the insulin sensitivity at the GSK3β S9 level.  
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Figure (32) Insulin sensitivity in 3T3L1 adipocytes treated by 10; 100; 1000 ng/ml AG for 24h in partial 

starvation conditions with 3% FBS at the level of GSK3β S9 and AKT S473 phosphorylation. A) AKT S473 

phosphorylation analysed by WB at the top, and represented by densitometer analysis at the bottom. B) 

GSK3β S9 phosphorylation analysed by WB at the top, and represented by densitometer analysis at the 

bottom. 
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4.2.1.1.2.2. Complete Starvation (FBS 0%): 

AG treatment 24h combined by removing the serum from the medium did not result in a significant 

difference in the insulin sensitivity at the levels of AKT S473 and GSK3β S9 phosphorylation although it 

tended to decrease the insulin sensitivity at the AKT S473 level but still without significant effect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taking the results of the starvation conditions together suggests that the significant AG role in 

lowering insulin sensitivity in vitro might be impaired by reducing the nutrients in the medium. 
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Figure (33) Insulin sensitivity in 3T3L1 adipocytes treated by 10; 100; 1000 ng/ml AG for 24h in complete 

serum starvation conditions with at the level of GSK3β S9 and AKT S473 phosphorylation. A) 

AKTS473phosphorylation analysed by WB at the top, and represented by densitometer analysis at the bottom. 

B) GSK3β S9 phosphorylation analysed by WB at the top, and represented by densitometer analysis at the 

bottom. 
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4.2.1.2. Identifying the effect of the Acylated Ghrelin on OGT levels in the 

differentiated adipocytes: 

In all the results obtained from 3T3L1 adipocytes, mitochondrial OGT, mOGT 103kDa, was the only 

detected isoform.  

4.2.1.2.1. OGT levels in 3T3L1 adipocytes treated by AG in normal nutrient 

availability conditions FBS 10%: 

OGT levels were not altered in adipocytes treated by the AG compared with the control cells. 

 

 

 

 

 

 

 

 

 

 

 

4.2.1.2.2. OGT levels in 3T3L1 adipocytes treated by AG in partial starvation conditions: 

WB analysis did not unravel significant differences in the OGT levels in differentiated 3T3L1 

adipocytes treated by AG compared with the control cells. 
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Figure (34) OGT levels in 3T3L1 adipocytes treated by 10; 100; 1000 ng/ml AG for 72h in normal feeding conditions 

with 10% FBS represented by image blot to the right and densitometer analysis to the left.  
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Figure (35) OGT levels in 3T3L1 adipocytes treated by 10; 100; 1000 ng/ml AG for 24h in partial starvation conditions 

with 3% FBS represented by image blot to the right and densitometer analysis to the left.  
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4.2.1.2.3. OGT levels in 3T3L1 adipocytes treated by AG in complete starvation 

conditions: 

Even in complete starvation conditions, no differences were observed at the OGT levels in the 

adipocytes treated by AG compared to the control. 

 

 

 

 

 

 

 

 

Taken all together, AG treatment in vitro did not alter the OGT levels in the adipocytes which 

suggests that the increased OGT levels in the adipose tissue in the animal studies might be regulated 

by other organs rather than only in site regulation by adipose tissue. 

Knocking – down the OGT expression in the differentiated adipocytes: 
 

4.2.1.3. Differentiated Adipocytes Knocked for OGT and Treated by AG 

Based on the accumulated evidence in the previous animal studies, we wanted to confirm the link 

between the AG and the OGT by the siRNA knockdown methods. For this aim, adipocytes were 

transfected by the siRNA OGT and siRNA Control as described in the forward strategy, and after 48 

h, AG 1000 ng was introduced to the cells for 24h in starvation conditions: partial starvation (FBS 

3%) and complete starvation without FBS. The aim of using only starvation conditions was to 

investigate this link in the same conditions that AG physiological levels rise in the body. 

4.2.1.3.1. Partial Starvation (Reduced FBS 3%): 

ELISA was performed to test our hypothesis at the GSK3β and AKT levels. In control cells, AG 

treatment did not result in significant alterations in the phosphorylation ratios of GSK3β S9 and AKT 

S473, but in knocked-down cells, AG increased the phosphorylation of GSK3β S9 compared to control 

cells treated by AG and knocked OGT down cells not treated by AG, suggesting that knocking OGT 
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Figure (36) OGT levels in 3T3L1 adipocytes treated by 10; 100; 1000 ng/ml AG for 24h in complete serum 

starvation conditions represented by image blot to the right and densitometer analysis to the left.  
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down affects the sensitivity of the adipocytes to the AG, which was represented by the significant 

increase in insulin sensitivity at the GSK3β S9 level. Similar effects were found at AKT S473 

phosphorylation, where the AG treatment in knocked OGT down increased the insulin sensitivity 

compared to the knocked OGT down cells not treated by AG. These results provide the first evidence 

in this study about the link between the AG and the OGT in the adipose tissue.  

 

 

4.2.1.3.2. Starvation Conditions without FBS: 

For further proof, we tested this link in complete starvation conditions. Interestingly, knocking the 

OGT down lowered the insulin sensitivity at the level of AKT S473 phosphorylation both in the absence 

of AG significantly and in AG presence with a similar trend P=086, suggesting altered sensitivity of 

the cells to the AG when knocking OGT down. AG treatment showed a tendency to lower the insulin 

sensitivity when comparing controls treated and untreated by AG in agreement with the results 

obtained from the in vivo animal studies. Notably, AG treatment in knocked OGT cells did not show 

a difference compared to the knocked OGT cells without AG treatment, suggesting a dominant 

effect for the OGT knockdown reducing the sensitivity of the cells to the AG treatment when 

compared by knocked-down cells without AG treatment. To summarize, knocking OGT in complete 

starvation condition affects the sensitivity to the AG treatment, in addition to exerting a dominant 

effect in lowering insulin sensitivity. 
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Figure (39). Insulin sensitivity at GSK3β S9 level in 3T3L1 adipocytes after knocking OGT expression and 

AG treatment for 24h in partial starvation. Data represented are from ELISA analysis using protein 

cellular extracts. * P<0.05 vs. siCON, $: P<0.05 vs. Other two groups. 
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4.2.2. Results from Human Cells: 

4.2.2.1. Effects of 5-days AG treatment on insulin sensitivity in human 

differentiated adipocytes: 

AG was added to the differentiated cells starting from day-14 of the differentiation in three 

doses 10;100;1000 ng. No significant differences were observed between the treated cells 

and the control at the phosphorylation level of both AKT S473 and GSK3β S9.  
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Figure (40). Insulin sensitivity at AKT S473 level in 3T3L1 adipocytes after knocking OGT expression and 

AG treatment for 24h in complete serum starvation. Data represented are from ELISA analysis using 

protein cellular extracts. * P<0.05 vs. siCON. 
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4.2.2.2. AG Effect on Insulin Sensitivity in Human Differentiated Adipocytes in 

Starvation Conditions: 

Insulin sensitivity was investigated at the levels of GSK3β S9 phosphorylation. AG was introduced at 

three doses 10; 100; 1000 ng/ml for 24h in starvation conditions using human adipocytes starvation 

medium. Notably, AG treatment showed a tendency to increase insulin sensitivity at the GSK3β  S9.  
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Figure (41) AKT S473 (A) and GSK3β S9 (B) phosphorylation levels in human differentiated adipocytes treated by 10; 100; 1000 ng/ml 

AG for five days in normal serum feeding conditions represented by image blot up and densitometer analysis down. 
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Figure (42) GSK3β phosphorylation levels in human differentiated adipocytes treated by 10; 100; 1000 ng/ml AG for 24h in 

starvation conditions represented by image blot to the right and densitometer analysis to the left. WB was performed using 

cellular protein extracts. 
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4.2.2.3. Knocking OGT in Human Adipocytes and Treating by AG: 

Insulin sensitivity was tested at the phosphorylation levels of AKT S473. In human differentiated 

adipocytes, knocking OGT did not alter the insulin sensitivity at the level of AKTS473 

phosphorylation when cells were not treated by the AG. However, introducing AG to knocked cells 

resulted in a significantly increased insulin sensitivity compared to all the other groups. 
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Figure (43). Insulin sensitivity at AKT S473 level in human differentiated adipocytes after knocking OGT expression 

and AG treatment for 24h in starvation conditions. Data represented are from ELISA analysis using protein cellular 

extracts. * P<0.05 vs. siCON. $: P<0.05 vs. siCON AG & siOGT 
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5. Discussion: 

 

In animal studies, AG lowered the insulin sensitivity in the adipose tissue of healthy rats, and in 

uremic rats compared even to untreated uremic rats. This result is in agreement with other findings 

that highlighted the adaptive role of ghrelin in starvation conditions where the the lipolysis 

response, counteracting the insulin effect, is activated (Vestergaard et al., 2008), and with the 

physiological role of the ghrelin as an inducement for the GH secretion which exerts anti-insulin 

effects in the adipose tissue (Kopchick et al., 2020). Lowered insulin sensitivity was correlated with 

lower mitochondrial function and unaltered redox state and cytokine profile in healthy rats. While 

adipocytes' mitochondrial function is linked to higher lipogenesis rates, the lowered mitochondrial 

function in adipose tissue reported by AG treatment can also be explained by the correlated 

inhibition of the lipogenesis mechanism in starvation conditions (Kersten et al., 2001) since 

mitochondrial function in the adipocytes is directly linked to the lipogenesis (Wilson-Fritch et al., 

2003). In uremic rats, no significant effects for AG were observed at the level of mitochondrial 

function and redox state, which might be explained by the prevalent effect of the CKD-induced 

systemic inflammation. However, at cytokine profile, AG was found to modulate the 

proinflammatory status at the level of TNFα in agreement with previous findings reported reduced 

TNFα levels in omental adipocytes treated by both forms of ghrelin (Rodríguez et al., 2012) and with 

its role as an anti-inflammatory factor in adipose tissue (Liu et al., 2020) and in other tissues where 

ghrelin lowered inflammation-induced TNFα elevated levels like endothelial cells (Hedayati et al., 

2009), human monocytes and T lymphocytes (Dixit et al., 2004), brain tissue (Qi et al., 2012) and 

cardiac tissue (Yuan et al., 2009). TNFα was extensively studied for its role in inducing insulin 

resistance (Ruan et al., 2002, Hube et al., 1999, da Costa et al., 2016, Gouranton et al., 2014), mainly 

by activating the NF-κB pathway mediated by TNFR and TRL as demonstrated in a recent 

proteomics-based study (Mohallem et al., 2020). While decreased TNFα levels by acylated ghrelin 

treatment were reported in uremic rats, this was not observed in healthy rats treated by AG 

although acylated ghrelin, not unacylated ghrelin, was reported to attenuate the basal and TNFα-

induced autophagy in the omental differentiated human adipocytes. However, this was in vitro 

study, while our findings were reported in vivo. Our findings might be explained, at least in part, by 

the unaltered basal redox state reported in the healthy rats, while uremic rats experienced higher 

levels of redox state induced by the CKD complications. At this point, our results can give the 

conclusion that acylated ghrelin in visceral white adipose tissue did not alter basal cytokine profile 
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correlated with basal redox state, while it ameliorates this pro-inflammatory profile is positively 

induced redox state conditions.  More experiments are needed to test this hypothesis that might 

involve autophagy pathways as well, and other adipose tissue depots in the body.  

Regarding the findings of mitochondrial function in the adipose tissue of uremic rats, to our 

knowledge, this is the first study that investigates the mitochondrial function in the adipose tissue 

in the 5/6 nephrectomy CKD model, as well as the effects of AG on the mitochondrial function. 

Mitochondrial function was lowered in the adipose tiussue of uremic rats in association with the 

higher redox state and the systemic inflammation induced by the CKD which is in line with previous 

findings in skeletal muscle tissue showing lower mitochondrial function as a consequence of higher 

uremic toxins in CKD (Sun et al., 2017, Takemura et al., 2020, Thome et al., 2019); and AG did not 

alter the mitochondrial function in the adipose tissue of uremic rats. These results combined with 

findings from the first animal study suggested that AG exerts its role in lowering mitochondrial 

function at basal redox state, and this role might be impaired in elevated redox state conditions. 

Further experiments are needed to cover this important point that might include other aspects of 

the mitochondrial function including mitochondrial dynamics and mitophagy. 

Altered in both animal studies, insulin sensitivity might be, among other mechanisms, the direct 

target for the AG physiological effects, which gave a rationale to investigate the effects of AG on 

insulin sensitivity in vitro in the following parts of the study.  

AG treatment was found to lower the insulin sensitivity in 3T3L1 adipocytes, varying from significant 

to a strong tendency at the levels of AKT S473 and GSK3β S9 phosphorylation in all the used doses in 

the normal feeding conditions. In human differentiated adipocytes, AG treatment was not found to 

exert significant effects at the level of GSK3βs9 and AKT S473 phosphorylation. Importantly, the 

lowered insulin sensitivity was observed from prolonged AG treatment, while the AG treatment for 

shorter periods did not show a dominant effect, except for a tendency to increase GSK3βs9 

phosphorylation in human adipocytes treated by AG 24 h in starvation conditions. A previous study 

reported gradual increased AKT phosphorylation in terminally differentiated 3T3L1 adipocytes upon 

ghrelin treatment from 30 min to 24 h, but total AKT was not measured in this study, and the 

medium composition used for this experiment was not clarified whether it was starvation medium 

or not (Kim et al., 2004). Another study reported the anti-lipolytic role of the ghrelin forms in ex-

vivo subcutaneous and visceral rats adipose tissue model, and this role was not exhibited in animals 

administered via intraperitoneal injection (Cervone et al., 2019). Although our study included 
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human adipocytes, they were differentiated in vitro differing from the ex vivo adipocytes model 

used in the aforementioned study. Additionally and importantly, this study did not test the insulin 

signaling in the primary adipocytes. While most of the in vitro literature focused on other sides in 

the adipocyte biology (Miao et al., 2019, Zhang et al., 2004, Liu et al,. 2009, Cervone et al., 2019), 

our in vitro study tested mainly the insulin signaling in the adipocytes in the absence of other 

hormonal responses presented in the in vivo studies.  

The second part of the study included investigating the link between the OGT and AG. OGT was 

found to be elevated in mice adipose tissue during fasting conditions (Yang et al., 2020) that 

physiologically correlated with elevated AG levels. Previous studies reported that knocking OGT in 

white adipose tissue in the mice showed a similar effect of knocking AG receptor in the white 

adipose tissue; where both were correlated with improved insulin sensitivity in the visceral white 

adipose tissue (Yang et al., 2020, Lin et al., 2011, Ma et al., 2013). All together comprised a rationale 

for the hypothesis that OGT is mediating the AG effects in the visceral white adipose tissue. As a 

first step to test the hypothesis, we reported in vivo that OGT is upregulated upon AG treatment in 

the adipose tissue in its nucleocytoplasmic canonical isoform, which was reported to be sufficient 

to maintain the O-GlcNAc mitochondrial proteome (Trapannone et al., 2016). These results were 

confirmed in healthy rats and uremic rats which show a general systemic inflammation. 

Interestingly, cytosolic short OGT levels were upregulated in the muscle tissue of healthy rats 

treated by AG, suggesting that AG might directly target the OGT in vivo. However, to confirm this 

idea, further investigations in other organs are necessary to cover this interesting and important 

topic taking into consideration OGT is involved in a wide spectrum of cellular functions in different 

tissues.  

As a second step, we aimed at investigating the OGT levels upon AG treatment in vitro. Importantly, 

no major alterations in OGT levels were reported in vitro when AG was introduced to the adipocytes, 

suggesting that the mechanisms responsible for OGT upregulation upon AG treatment are para-

adipocytes regulated, and might involve other mechanisms mainly in the central nervous system, 

the hypothalamus. A previous study reported that OGT inhibition in the AgRP neurons in the arcuate 

nucleus (ARC) of the hypothalamus, which are activated by ghrelin in hunger conditions, induced 

the browning in the white adipose tissue, in correlation with starvation conditions and elevated 

ghrelin levels (Ruan et al., 2014).  
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Although the results did not show that OGT is directly mediating the AG effects in the white adipose 

tissue, the link between the two systems was shown and reported for the first time. 

 

The last part of the study aimed at investigating whether OGT is at least involved in the AG network 

by silencing OGT in differentiated human and 3T3L1 adipocytes. Since both OGT (Yang et al., 2020)  

and AG (Toshinai et al., 2001) are upregulated in the fasting conditions, we tested the hypothesis in 

starvation medium conditions.  

In 3T3L1 adipocytes, knocking OGT combined with AG treatment (siOGT AG) showed different 

responses according to the nutrients availability in the medium. In the partial starvation conditions, 

there was a strong significant increase in insulin sensitivity compared with the controls of both AG 

treatment (siCON AG) and silenced-OGT (siOGT) separately. In complete deprivation serum 

conditions, which in our study was used as complete starvation, knocking OGT combined with AG 

treatment (siOGT AG) showed a strong tendency to lower the insulin sensitivity compared to the 

control of AG treatment (siCON AG) and the control with basal OGT expression without AG 

treatment (siOGT). These results go in agreement, at least in part, with other findings that knocking 

OGT in the adipose tissue in starvation conditions led to increased lipolysis in mice (Yang et al., 

2020). Although the results did not show that OGT is directly mediating the AG effects in the white 

adipose tissue, the link between the two systems was shown and reported for the first time. Putting 

all in one picture, AG lowered the insulin sensitivity in FBS 10% in basal OGT expression conditions, 

while for silenced-OGT expression, it increased the insulin sensitivity in partial starvation, then with 

complete serum deprivation it lowered the insulin sensitivity again. While lowering insulin 

sensitivity was reported in our in vivo animal studies, the increased insulin sensitivity needs to be 

explained. Reducing the nutrients available in the medium might be sensed by the cells, and 

activating an adaptive response to increase the energy storage by increasing the glucose uptake and 

insulin sensitivity, but in the complete absence of the FBS, adipocytes need to activate the lipolytic 

response to provide the energy to survive. This nutrients-dependent suggested mechanism was 

reported in the skeletal muscle tissue in the rodents where caloric overfeeding rapidly induced 

insulin resistance (Wang et al., 2001), while caloric restriction was found to contribute to higher 

insulin sensitivity in rodents (Cartee et al., 1994) and humans (Kelley et al., 1993). Interestingly, our 

results were reported in silenced-OGT conditions, not in the basal conditions, which suggested that 

OGT plays important role in the sensitivity of the cells to the AG treatment.  
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In human differentiated adipocytes, knocking OGT combined with AG treatment (siOGT AG) further 

increased the insulin sensitivity compared with both controls for the knocking down (siOGT) and AG 

treatment (siCON AG) separately, in agreement with the results obtained from the 3T3L1 adipocytes 

experiments performed in partial starvation conditions. These results suggest that silenced-OGT 

cells increased their sensitivity to the AG as compensation for the impaired OGT expression, which 

is a cellular stress sensor, to inhibit apoptosis induced by the starvation conditions, especially AG 

was reported to exert anti-apoptotic effects by increasing insulin sensitivity as an adaptive response 

to the starvation condition which induces the apoptosis (Rodríguez et al., 2012, Kim et al., 2004). 

This hypothesis is further supported by 1)the significant increase in the insulin sensitivity in OGT-

silenced cells treated by AG compared with OGT-silenced cells without AG treatment, 2) the strong 

significant difference when compared to control cells without AG treatment, 3) the tendency to 

increased tendency in GSK3β S9 phosphorylation reported in this study in human adipocytes treated 

by AG for 24h in starvation conditions. However, to test this hypothesis, more experiments are 

needed that mainly target the apoptosis pathway. 

Taking all together, knocking OGT altered the sensitivity of both human and murine 3T3L1 

adipocytes to the AG, which was reflected in the changes observed in the insulin sensitivity.  These 

results from human and murine adipocytes demonstrated for the first time the link between the 

OGT and AG at the level of insulin sensitivity and suggested that lowering OGT levels by siRNA 

transfection increased the insulin sensitivity in starved humans adipocytes and 3T3L1 partially 

starved adipocytes. The findings introduced in this study gain their importance from linking two 

systems directly involved in energy storage and expenditure and open the door for further 

investigations for the interlinked connections between the two systems.   
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6.  Conclusion: 

In this study, we reported in the visceral white adipose tissue that sustained AG treatment 

lowers insulin sensitivity in vivo in healthy and uremic rats, lowers the mitochondrial 

function at physiological conditions, and ameliorates the high proinflammatory levels TNFα 

correlated with CKD conditions. Our in vivo results suggested that AG has effects on insulin 

sensitivity which are not mediated by changes in redox state or inflammation. The part of 

these findings of the insulin sensitivity was demonstrated by the prolonged AG treatment in 

3T3L1 differentiated adipocytes. We also reported in vivo that AG treatment upregulates the 

levels of the ncOGT in the visceral white adipose tissue in healthy and uremic rats, and the 

sOGT levels in the muscle tissue of healthy rats suggesting a direct effect of the AG on the 

OGT system in vivo. The in vitro studies on the adipocytes suggested that the OGT 

upregulation by AG treatment,  reported in vivo, is at least in part regulated by non-

adipocytes mechanisms and might involve further regulation exerted by other tissues. 

Silencing OGT was shown to be altering the sensitivity of the adipocytes to the AG treatment, 

rather than directly mediating the directly the AG effects. Importantly, silencing OGT 

combined with AG  improved insulin sensitivity in human and 3T3L1 adipocytes in non-

complete starvation conditions.  

In addition to characterizing metabolic roles of the AG in the visceral white adipose tissue, 

the findings introduced in this study gain their clinical importance from unraveling for the 

first time the link between two systems directly involved in adipose tissue homeostasis, AG 

and OGT. In particular, the improved insulin sensitivity in the adipocytes, induced by 

silencing OGT and AG treatment together, is of high interest and potential in the field of 

metabolic syndrome and type2 diabetes research since insulin resistance in the adipocytes 

is a major causative hallmark of these pathological conditions. Further studies using 

transgenic mice OGT-silenced specifically in adipose tissue are needed to confirm this finding 

in vivo. 
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Appendix A:  

A.1. 3T3L1 Cells: 

                    A.1.1 Differentiation of 3T3L1 cells: 

Different doses of insulin were used to set the protocol of the differentiation. The insulin 

concentrations were 10;5;1; ug/ml during all the differentiation, and 1 ug/ml for the first 4 days 

of the differentiation. FBS medium was also used without hormones as a control in addition to 

the preadipocytes cultured in normal proliferation medium with calf bovine serum.  The 

differentiation of 3T3L1 cells in all the different sets was demonstrated at protein, gene 

expression, and lipid staining levels. 

                 A.1.1.1. At the protein level: 

Western blot was used to test the adiponectin and FABP4 which were used as markers for the 

differentiation of the cells. Insulin sensitivity at the IRS1 level was tested, and importantly OGT 

levels were measured aiming at identifying the dose that gives the highest expression of the OGT 

to be applied in the siRNA knockdown experiments. 
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Figure (1) Differentiation validation of 3T3L1 cells. Protein cellular extracts was used for WB analysis of: 

FABP4, IRS1, Adiponectin, OGT.  
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                  A.1.1.2. : Quantitative Real-time PCR 

Real-time PCR analysis was performed to test the gene expression of OGT, adiponectin, and FABP4 

in the differentiated 3T3L1 adipocytes compared to the preadipocytes. Results were normalized 

for two reference genes according to the MIQE guidelines (Bustin et al., 2009): GAPDH (Zhang et 

al., 2016) and 18S rRNA (Ebrahimi et al., 2020). Table (1) summarizes the final results tested by the 

T student test. 

Results normalized to 18S 

 
FABP4 Adiponectin OGT 

 

T-test (related to 

preadipocytes) 

T-test (related to 

preadipocytes) T-test (related to preadipocytes) 

INS 1 ug/ml 0.079223071 0.355917654 0.272228401 

INS 10 ug/ml 0.100141606 0.028236539 * 0.040352189 * 

INS 5 ug/ml 0.181054223 0.113220769 0.25321495 

INS 1 ug/ml 4 

days 0.017921303 * 0.042300855 * 0.021488699 

 

Results normalized to GAPDH: 

 
FABP4 adiponectin OGT 

 

T test (related to 

preadipocytes) 

T test (related to 

preadipocytes) T test (related to preadipocytes) 

INS 1 ug/ml 0.30060474 0.001222225 * 0.396150123 

INS 10 ug/ml 0.104829613 0.028790922 *  0.060520974  

INS 5 ug/ml 0.200883542 0.210132632 0.904301497 

INS 1 ug/ml 0.00165188 * 0.001376986 * 0.453840032 

 

 

 

                    A.1.1.3. Staining Method: Oil Red O Staining  

Oil red O staining was performed to quantify the lipid contents in the adipocytes. Differentiated 

cells accumulated lipids in droplets that appeared in red, while the preadipocytes showed very 

Table (1) Differentiation validation of 3T3L1 cells by measuring FABP4 and Adiponectin expression levels, 

and measuring OGT expression in the differentiated adipocytes. Quantitative PCR method was used. * 

P<0.05 vs preadipocytes. 
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few differentiated cells when FBS was used. Below are images acquired for the different 

treatments (figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2) Oil Red O staining for 3T3L1 cells. 1) 3T3L1 cells in different treatments in multiwell plate: A1,A2 differentiated 

adipocytes using 1 ug/ml insulin for 4 days. A3, A4 differentiated adipocytes using 1 ug/ml insulin for 10 days. B1,C1 

differentiated adipocytes using 5 ug/ml insulin. B2, C2 differentiated adipocytes using 10 ug/ml insulin. B3, C3 

Preadipocytes in FBS without hormonal inducement. B4, C4 Preadipocytes in proliferation medium with calf bovine 

serum without hormonal inducement. 2) Quantification of the lipid contents spectrphotometrly at 492nm.  
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Figure (3). Oil Red O staining for the different followed treatments. A) Insulin 1 ug/ml for 4 days, B) Insulin 

1 ug/ml for 10 days, C) Insulin 5 ug/ml , D) Insulin 10 ug/ml, and E) Preadipocytes.  

 

 

 

A.1.2.   Set of the siRNA transfection protocol: 

 

Different siRNA concentrations: 25; 50; 100 ng were to identify the concentration to be applied 

for the following experiments with AG administration. Two different transfection strategies were 

used: In Suspension transfection and Forward transfection to test the transfection efficacy, 
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especially the transfection was planned to be performed on terminally differentiated cells. 

Transfection efficacy was estimated by the analysis of the gene expression and the protein levels.  

         A.1.2.1.       In suspension strategy: 

 

In suspension, transfection is known to be an efficient transfection method used widely in high-

throughput sets. The differentiated adipocytes were suspended with the siRNA/lipid and re-

plated in multi-well plates and analyzed at two different time points for the gene expression: 48 

h; 96 h and at 120 h for the protein measurement. The concentration of 50 nM was selected to 

be applied for further experiments. Although pretty good efficacy was obtained, the protein yield 

was low which is the major drawback of this strategy. These findings forced to move to the other 

strategy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quantitative PCR showed that 50nM siRNA OGT reduced the expression of the OGT by 62% and 

57% at 48 h, 96 h respectively normalized to GAPDH levels, and by 48% at 48 h normalized by 18S. 

These results confirmed that the dose 50 nM gave sufficient reduction at both protein and gene 

expression levels, so it was applied to check in forwarding strategy. 
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OGT 103kDa 

siRNA GAPDH 
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Figure (4) Knocking OGT expression in 3T3L1 adipocytes using siRNA transfection. WB analysis was 

performed using the cellular protein extracts. Right) 50nM siRNA OGT compared to siRNA control. Left) 

siRNA GAPDH as a positive control for the transfection.  
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 A.1.2.2.   Forward Strategy: 

 

siRNA/lipid complexes were added to starved cells. The concentration 50 nM was also selected to 

be used for further experiments. Protein analysis by WB showed a reduction by 50% at 72 h after 

transfection. Taking into consideration the high protein yield from this strategy and the lower 

siRNA needed amounts, this strategy was selected to proceed with in the following experiments. 

Importantly, the reduction ratios obtained from the two strategies indicate the possibility to 

transfect differentiated adipocytes with a good transfection efficency. 

 

 

 

 

 

 

 

 

 

 

 

           A.2. Differentiation of the human cells: 

Oil Red O staining was used to test the differentiation ratio of the human adipocytes. Lipid 

droplets appeared clearly on days 5-6 from the differentiation and get larger during the 

differentiation. Following are images for the differentiation steps (Figure 6). 
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Figure (5) OGT protein levels in siRNA transfected 3T3L1 cells estimated by WB analysis at 72h 

post-transfection. 
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Figure (6). Differentiation of human preadipocytes into mature adipocytes. A) Preadipocytes P2, B) 4 days 

differentiation, C) 7 days differentiation, D) 14 days differentiation, E) human adipocytes stained by Oil 

Red O on day 14 of differentiation, and F) human mature adipocyte with accumulated lipid droplets. 

 

 

 


