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ABSTRACT 

Objectives: E4orf1 is an adenoviral-derived protein that promotes cellular 

glucose uptake by up-regulating AKT phosphorylation.  Proof of concept studies show 

that the transgenic or viral-vector mediated expression of the E4orf1 remarkably 

enhances glycemic control in animal models.  However, a system suitable for deliver ing 

the E4orf1 protein in humans is needed for extending the findings to clinical setting.  As 

the first step, here we show construction and testing of nano-liposome, a well-known 

nano-particle, as a carrier to deliver the E4orf1 protein to 3T3-L1 cells in-vitro 

Method: GST- tagged E4orf1 protein was encapsulated in nano-liposomes 

which were prepared using Soy phosphatidylcholine and labeled with Rhodamine-PE 

(Phosphoethanolamine). The size and polydispersity index (PI) of nano-liposomes were 

measured using a Brookhaven BI-MAS particle size analyzer. To test the delivery 

efficacy of the nano-liposomes, murine 3T3-L1 cells were treated with E4orf1-

containing nano-liposomes (E4 group) or void nano-liposomes (Void group) and 

expression determined over time by immunofluorescence. Cell lysates from treated cells 

were used to examine changes in molecular signaling.  

Results: The diameter of nano-liposomes was 133.5 nm and 90.7 nm and the PI 

was 0.2 and 0.1 for E4 and void nano-liposomes respectively. The average 

encapsulation efficiency was 99% as measured by the Enzyme Immuno Assay using 

anti-E4orf1 antibodies. The E4 group of cells showed maximum GST and Rhodamine 

expression at 24 h compared to 2, 4 and 12 h. The Void group showed the expression 

of Rhodamine, but not GST.  The expression of E4orf1 in E4 group of cells was 

confirmed at 24, 48 and 72 h.  Western blot analysis in cells treated for 24, 48 and 72 h 

showed significant increase in p-AKT expression at 72 h in E4 cells compared to the 

Void group.   

Conclusions: We report the first successful delivery of E4orf1 encapsulated 

liposomes and the expected effect of E4orf1 on cell signaling.  It provides the proof of 

concept for extending the use of nano-particle-mediated delivery system to investigate 

the anti-diabetic potential of E4orf1 in humans.  
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CHAPTER 1 

INTRODUCTION  

1.1 Diabetes 

The prevalence of type 2 diabetes mellitus (T2DM) is increasing globally.  

According to a report by the World Health Organization (WHO), the global prevalence 

of diabetes among adults has increased from 4.7% in 1980 to 8.5% in 2014 

(Organization 2016). In long term, high blood glucose levels and diabetes may cause 

damage in different organs in our body such as kidney, heart and eyes (Alberti and 

Zimmet 1998).  

The function of insulin, which plays a key role in regulating blood glucose, is 

impaired in T2DM (Kusminski, Gallardo-Montejano et al. 2015). Insulin controls the 

level of glucose in the blood by affecting hepatic and extrahepatic cells, especially 

adipocytes and muscle cells. Cellular glucose uptake in response to a given amount of 

insulin depends on insulin sensitivity. Insulin sensitivity is the main factor not only for 

regulating glucose homeostasis, but also for energy maintenance in our body (Gupta, 

Bala et al. 2016). 

Insulin is a 51 amino acids dipeptide containing α and β chain linked with a 

disulfide band (Wilcox 2005). Insulin is synthesized in in the β cells of the pancreatic 

islets of Langherhans (Wilcox 2005). When glucose level rises in blood circulat ion, 

glucose enters to β cells. Glucose entry is sensed by glucokinase, which phosphoryla tes 

glucose to glucose-6-phosphate (G6P) and produces ATP. ATP is needed for closure of 

K+-ATP-dependent channels that results in membrane depolarization and activation of 

voltage dependent calcium channels.  Voltage dependent calcium channels open and 

intracellular calcium concentration increases that leads to insulin release and secretion 

(Wilcox 2005). 

Insulin starts its action by binding to its receptors located in cell membrane 

which leads to phosphorylation of insulin receptor substrates (IRS), specifically IRS1 

and IRS2. This proximal insulin signaling is followed by the distal insulin signaling, 

which includes the activation of phosphatidylinositol-3 kinase (PI3K), leading to the 
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activation of AKT, and translocation of glucose transporter Glut4 to cell membrane, 

which facilitates glucose entry inside a cell (Wilcox 2005). 

Insulin together with glucagon regulates blood glucose level (Simonson, 

Rossetti et al. 1997). During fasting, 0.25-1.5 units of insulin per hour is secreted by 

pancreatic β cells which is enough for insulin-dependent entry of glucose into cells and 

for keeping the fasting blood glucose in a normal range. This basal insulin level prevents 

excess hydrolysis of triglyceride and gluconeogenesis as well (Wilcox 2005). Insulin 

promotes fatty acid synthesis in adipose tissue and liver. Also it stimulates protein 

synthesis in a range of tissues (Wilcox 2005). 

The insulin sensitivity is impaired in T2DM (Kusminski, Gallardo-Monte jano 

et al. 2015), and cells become resistant to insulin. Insulin resistance is defined as 

impaired sensitivity to insulin mediated glucose disposal (Reaven 2004). In other words, 

in insulin resistance condition, normal or elevated insulin level cannot produce the 

desired biological response in the body (Cefalu 2001). 

 Insulin resistance in most cases is believed to be manifested at the cellular level 

when the function of receptors is impaired (Wilcox 2005). Compensatory 

hyperinsulinaemia occurs when pancreatic β cell secretion increases to maintain normal 

blood glucose levels in the setting of peripheral insulin resistance in muscle and adipose 

tissue (Wilcox 2005). 

Reduction of excess weight may improve insulin resistance. However, 

sometimes it is hard to control hyperglycemia without medications.  The most common 

medications are oral or injectable anti-diabetic drugs or exogenous insulin (Patil, 

Mahajan et al. 2017). Moreover, T2DM needs to be treated by multiple drugs, when 

monotherapy is not effective enough (Patil, Mahajan et al. 2017). 

1.1.1 Treatment 

A wide range of synthetic anti-diabetic drugs are available all over the world 

many dependent on insulin or insulin signaling pathway for their action. Insulin 

sensitizers such as Biguanides and Thiazolidinesdioness (TZDs) that improves insulin 

sensitivity and insulin secretagogues such as sulfonylureas and non-sulfonylurea drugs 
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that improve insulin secretion, are among the most commonly used oral anti-diabet ic 

drugs (Gupta, Bala et al. 2016). 

Metformin which belongs to biguanides family is one of the most commonly 

used anti-diabetic drugs, which is the first line of treatment for the patients with 

overweight. Metformin improves glycemic control by reducing gluconeogenesis in the 

liver (Anne Ballinger 2012). 

Sulfonylureas are another type of anti-diabetic drugs which can be used for 

patients who have normal body weights. However, they are not appropriate options for 

elderly people or those with renal failure (Anne Ballinger 2012). Hypoglycemia is a 

serious side effect of these drugs (Ballinger 2011). Because Sulfonylureas increase the 

rate of formation of insulin by inhibiting its destruction. They also inhibit some 

enzymatic reactions necessary for glucose formation and release (Frawley, Segal et al. 

1957). 

TZDs are peroxisome proliferator-activated receptor gamma (PPAR-gamma) 

agonists, which promote adipogenesis and their anti-diabetic effect is by reducing 

hepatic glucose production and enhancing peripheral glucose uptake. Some members of 

TZD class increase the risk of weight gain, edema and congestive cardiac failure in 

patients (Staels and Fruchart 2005) (Berlie, Kalus et al. 2007). 

These anti-diabetic agents depend on intact insulin signaling or insulin signa ling 

pathway for their action. In diabetes however, insulin signaling is often impaired 

(Dhurandhar, Dubuisson et al. 2011). In particular, the proximal insulin signaling is 

impaired in diabetes (Dhurandhar 2013).  Therefore, the drugs that depend on insulin 

signaling, may not be fully effective as anti-diabetic agents. 

Moreover, insulin resistance is linked with high intake of fat since Non-

esterified fatty acids derived from dietary lipids, increase hepatic glucose output and 

reduce peripheral insulin sensitivity (Wilcox 2005). Insulin resistance is often mediated 

by increased inflammation that may be diet-induced via the role of various dietary fatty 

acids (Sears and Perry 2015). 
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Therefore, insulin resistance may be improved by reducing dietary fat intake.  

However, long term compliance with low fat diets is highly challenging.  Hence,  

perhaps a desirable strategy to improve hyperglycemia independent of dietary fat or the 

proximal insulin signaling would be highly attractive in treating T2DM. Human 

adenovirus 36 (Ad36) appears to be such an agent, as described below  (Dhurandhar, 

Dubuisson et al. 2011).  

 

1.2 Adenovirus 36 (Ad36) 

Adenoviruses were discovered in 1953. They were initially associated with acute 

respiratory disease. Adenoviruses are widespread in nature and have been isolated from 

human and many animal species (Dimmock, Easton et al. 2016). Ad36 belongs to 

adenoviral subgroup D and serotype 36 (Dhurandhar 2013). 

  It causes acute upper respiratory tract infection, enteritis and conjunctivitis in 

humans (Foy and Grayston 1976). Ad36 infection is related to weight gain and obesity. 

Different epidemiological studies showed that the prevalence of Ad36 infection was 

more in obese individuals compared to non-obese ones (Dhurandhar 2013). However, 

it is an agent that is linked with improvement of glycemic control in humans who are 

naturally infected with the virus. Ad36 and its protein (E4orf1) induces adipogenes is 

but improve glucose disposal (Dhurandhar 2013). Ad36 promotes glucose uptake in 

both adipocytes and skeletal muscle cells in mice and decreases the glucose output from 

liver (Krishnapuram, Dhurandhar et al. 2011).  

1.2.1 Ad36 increases adiposity 

Ad36 increases replication, differentiation and lipid accumulation in 3T3L1 

preadipocytes and human adult adipose tissue derived stem cells (hASC) (Rathod, 

Vangipuram et al. 2007, Pasarica, Mashtalir et al. 2008). 

Dhurandhar et.al reported that experimental infection of Ad36 in chickens, mice, 

rats and marmosets, a non-human primates, can significantly increase adiposity 

(Dhurandhar, Israel et al. 2000). This adipogenic effect of Ad36 is not common to all 
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members of adenovirus family. For instance, Ad2 and Ad31 are not able to increase 

adiposity in animals, while Ad5 and Ad37 are adipogenic (Dhurandhar, Israel et al. 

2000).  

One of the unique features of Ad36 is its affinity toward adipose tissue. It has 

been shown that the number of Ad36 DNA in adipose tissue was positively correlated 

with the total amount of adipose tissue in  animals (Dhurandhar, Israel et al. 2000). The 

mechanism by which Ad36 and its protein, E4orf1, increase adiposity is via up-

regulation of cyclic adenosine monophosphate (cAMP) and PI3K which induces the 

adipogenic gene cascade (Rogers, Fusinski et al. 2008). cAMP signaling pathway 

includes activation of protein kinase B (PKB or AKT) and cAMP response element 

binding protein (CREBP), which ultimately induces C/EBP-b expression which is 

critical for activation of PPARγ and other proadipogenic genes required for lipid 

accumulation (Vangipuram, Sheele et al. 2004).  

1.2.2 Ad36 improves glycemic control  

 Pasarica et.al showed that despite similar food intakes, Ad36 infected rats had 

significantly greater body weight compared to non-infected rats. However, they showed 

better insulin sensitivity (Pasarica, Shin et al. 2006). 

In an in-vitro study, ability of Ad36 to increase glucose uptake by human skeletal 

muscle (HSKM) cells was shown (Wang, Cefalu et al. 2008). In this study, the effect of 

Ad36 on in vitro glucose uptake and GLUT1 and GLUT4 expression was assessed in 

HSKM cells obtained from type 2 diabetic and healthy lean subjects. Adenovirus 2 

(Ad2) was used as a negative control. Cells were infected with either Ad-36 or Ad2 and 

the infection was confirmed by testing the expression of E4orf1 gene. Ad36 infected 

cells of both diabetic and nondiabetic subjects increased glucose uptake compared to 

other groups. Also, Ad36 increased GLUT1 and GLUT4 gene expression and protein 

abundance in HSKM infected cells while Ad2 did not. Also, western Blot analyses 

showed that Ad36 increased PI 3-kinase protein abundance in infected cells which all 

can suggest that Ad36 can activate PI 3-kinase and increase glucose uptake in diabetic 

and nondiabetic HSKM cells (Wang, Cefalu et al. 2008). 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Pasarica%2C+Magdalena
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Krishnapuram et.al showed that subjects who were seropositive for Ad36 had 

significantly lower fasting glucose and fasting insulin levels and lower insulin resistance 

as indicated by HOMA-IR (homeostatic model of insulin resistance) index compared to 

individuals who were seronegative for Ad36 (Krishnapuram, 2011). In another study,  

rats infected with human adenovirus 36 increased adipogenesis but improved insulin 

sensitivity in a manner similar to the action of the anti-diabetic drugs thiozolinediones 

(Rogers, Mashtalir et al. 2008). 

Krishnapuram et.al tested the effect of Ad36 infection on glycemic control in a 

mouse model and in naturally infected individuals by doing three different experiments.  

In the first experiment, four-week-old mice that were on chow-fed diet and were 

infected by either Ad36 as intervention group or Ad2 as a control group. The results 

showed an increased adiposity but a better glycemic control in the Ad36 compared to 

control group.  

In the second experiment, they used fourteen-week-old mice that were on a high-

fat diet and were tested the effect of Ad36 on diet-induced hyperglycemia. They 

observed a significant better glycemic control in Ad36 group compared to Ad2 and 

mock infected mice. Moreover, results of intraperitoneal glucose tolerance test (ipGTT) 

showed a faster blood glucose clearance in Ad36-infected mice compared to control. 

Western blot analyses results indicated a higher amount of Ras and phospho-Akt in 

skeletal muscle, adipose tissue and liver of Ad36 infected mice. These data indicate that 

Ad36 upregulates the Ras-PI3K pathway. Also, there was more amount of GLUT4 and 

GLUT1 proteins in skeletal muscle and adipose tissue that may explain the improve d 

glucose uptake in Ad36 group. 

1.3 E4orf1 

E4orf1 protein of Ad36 is responsible for the anti-hyperglycemic effect of the 

virus (Dhurandhar 2013). E4orf1 is a hydrophobic protein of Ad36 with 17 kDa 

molecular weight and 125 amino acids. E4orf1 proteins have a PDZ domain binding 

motif (PBM) which enables E4orf1 to interact with other proteins that have PDZ region. 

E4orf1 binds to Dlg1 (Drosophila disc large-1) protein via its PBM, then this complex 
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travels to the cell membrane that leads to Ras-mediated PI3K activation which results 

in GLUT4 translocation into cell membrane and increases cellular glucose uptake. 

E4orf1 bypasses proximal insulin signaling, which is often impaired in T2DM and in 

the insulin resistant conditions, but enhances the distal insulin signaling (Dhurandhar, 

Dubuisson et al. 2011, Na, Hegde et al. 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ability to improve glucose disposal is not common to E4orf1 gene of all 

adenoviruses. E4orf1 of Ad36 has 46% and 92% homology with E4orf1 of Ad2 and 

Ad9 respectively (Dhurandhar 2013). E4orf1 of Ad9 and Ad5 increase glucose uptake, 

but that of Ad2 does not (Rogers, Fusinski et al. 2008, Wang, Cefalu et al. 2008). 

Several in-vivo and in-vitro studies have been conducted to determine the mechanism 

by which E4orf1 improves glucose uptake by cells. 

1.3.1 In-vitro studies with E4orf1 

Ad-36 

Figure 1. Schematic presentation of insulin signaling pathway in a cell that leads 
to glucose uptake and the mechanism of Ad36 in regulation of glucose uptake by 

bypassing the proximal insulin signaling and upregulating of distal insulin signaling 
pathway mediated by Ras-mediated PI3K activation. (Rogers, Fusinski et al. 2008, 
Wang, Cefalu et al. 2008, Krishnapuram, Dhurandhar et al. 2011) 
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  Dhurandhar et.al designed a multi-purpose study. Their first aim was to 

investigate if E4orf1 was responsible for anti-hyperglycemic effect of Ad36. They used 

either non-targeting siRNA or E4orf1 siRNA to knock down the E4orf1 expression in 

preadipocytes, and then infected those cells with Ad36 and then determined glucose 

uptake. Ad36 infected cells showed a significantly higher glucose uptake, which was 

attenuated with E4orf1 siRNA (Dhurandhar, Dubuisson et al. 2011). This confirms that 

the presence of E4orf1 is necessary to increase glucose uptake.  Next, they determined 

if E4orf1 expression is sufficient to increase cellular glucose uptake. To answer this 

question, they developed 3T3-L1 cell line that inducibly express E4orf1 in response to 

doxycycline (pTRE-3T3-E4) cells. Glucose uptake was increased in 3T3-E4 cells in 

response to doxycycline compared to pTRE cells that did not express E4orf1. Western 

blot assays also showed a significant higher amount of Ras/PI3K/Glut4 proteins in cells 

with E4orf1 expression (Dhurandhar, Dubuisson et al. 2011). 

Glucose uptake was increased not only in preadipocytes, but also in adipocytes, 

and C2C12 myoblasts,  and glucose release was reduced in HepG2 hepatocytes 

transfected with E4orf1 expressing plasmid (Dhurandhar, Dubuisson et al. 2011). 

In another study, Ha-Na Na et.al showed that in pTRE-null cells, insulin 

stimulation increased glucose uptake compared with basal conditions in presence of 

non-targeting (NT) siRNA, but not when IR was knocked down. However, the 

expression of E4orf1 significantly increased glucose uptake over 2-fold even when IR 

was knocked down (Na, Hegde et al. 2016). 

1.3.2 In-vivo studies with E4orf1 

Kusminski et.al designed a transgenic mouse model that inducibly expressed 

E4orf1 in adipocytes in response to doxycycline (Dox) in food. The E4orf1 expression 

was under adiponectin promoter. They compared male wild type (WT) mice and E4orf1 

transgenic mice that were fed doxycycline and a 60% fat diet (HFD).  E4orf1-Tg mice 

under the Dox-HFD showed E4orf1 expression in adipocytes. The overall glucose 

clearance was not significantly different in response to oral glucose tolerance test 

(OGGT) after six weeks on Dox-HFD between WT mice and E4orf1-Tg mice. 
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However, compared to WT mice, there was a significant reduction in baseline acute 

fasting (3h) glucose levels in E4orf1Tg mice. Moreover, E4orf1-Tg mice showed a 

greatly lower spike in insulin response to glucose load compared to WT mice 

(Kusminski, Gallardo-Montejano et al. 2015). 

Insulin signaling in transgenic mice after two weeks of Dox-chow diet was 

evaluated by measuring the amount of phospho-AKT (p-AKT) and reported a 

significant increase in baseline, non-stimulated p-AKT expression in white adipose 

tissues of E4orf1-Tg mice compared to WT mice while total-AKT expression did not 

change (Kusminski, Gallardo-Montejano et al. 2015). 

In another study, in order to test if E4orf1 has any effect on improvement of 

endogenous insulin sensitivity, nine weeks old C57B1/6 mice were fed a HF diet and 

then infected with E4orf1 expressing retrovirus. Oral Glucose Tolerance Test (OGTT) 

was performed and E4orf1 group showed a greater insulin sensitivity compared to the 

control group. Also, reduced expression of phospho-tyrosine of Insulin Receptors (IR) 

in epidydimal fat of E4orf1 mice showed the effect of E4orf1 on downregulating the 

proximal insulin signaling in adipose tissue (Na, Hegde et al. 2016).  These results 

indicate that E4orf1 improves glycemic control independent of proximal insulin 

signaling.   

McMurphy et.al designed a study to determine the effect of hepatic expression 

of Ad36 or Ad5 by using a viral vector on glucose homeostasis in a genetic model of 

diabetes (db/db mice), dietary model of insulin resistant (DIO mice) and normoglycemia 

(wild-type mice). In db/db model, Ad36E4orf1-treated mice showed a significantly 

lower non-fasting and fasting blood glucose levels, significantly improved liver glucose 

uptake. In addition, western blot results demonstrated that Ad36E4orf1 transduction had 

a significant effect on amount of phospho-AKT in liver (McMurphy, Huang et al. 2017). 

In DIO mice, Ad36E4orf1 treatment significantly reduced blood glucose levels 

and significantly improved GTT. They tested two doses in normal wild type mice 

(2x109, 2x1010 vg per mouse). Only high dose (2x1010 vg per mouse) Ad36E4orf1 mice 

showed a decrease of blood glucose level. Ad36E4orf1 significantly lowered insulin 
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levels in db/db and DIO mice (McMurphy, Huang et al. 2017). Collectively, these data 

indicate that E4orf1 of Ad36 is not a sensitizer, mimetic, or secretagogue of insulin. 

Instead, it seems to have “insulin sparing action” (Kusminski, Gallardo-Montejano et 

al. 2015), which reduces the need for insulin and therefore, reduce insulin levels. 

Expression of E4orf1 in mice achieved by transgenic approach or mediated by 

retrovirus or adeno-associated virus demonstrate the proof of concept that E4orf1 has 

the ability to be a novel agent for treatment of T2DM and if we can deliver it into adipose 

tissue and skeletal muscle cells, it may be a new anti-diabetic drug whose action is not 

dependent on insulin. However, these approaches are not suited for delivering E4orf1 

in humans for therapeutic purpose. Moreover, E4orf1 is a protein. So, it can be destroyed 

in the gut, blood or body and needs a receptor on cells for internalization. Hence, we 

need a drug delivery system to deliver a viral protein to body cells, which do not have 

a specific receptor for that protein without having any immune response.    

Drug Delivery System (DDS) is defined as a formulation or a device that enables 

the delivery of a therapeutic substance to improve its efficacy and safety (Bassyouni, 

ElHalwany et al. 2015). As described below, we considered the pros and cons of various 

drug delivery systems for delivering E4orf1. 

1.4 Drug delivery systems 

There are variety of drug delivery systems, some of them have been well known 

for many years. There are also some novel techniques to deliver drugs to specific organs 

or tissues for treatment of different diseases. 

 1.4.1 Oral drug delivery system 

Oral drug delivery is the most popular and the most utilized route of drug 

administration which has been used for long time. This type of drug delivering is easy 

and there is a traditional belief that by oral administration, drug will be absorbed as well 

as food. There are different forms of drug which are administered orally including solid, 

semisolid or liquid which all can have different dosage. Most of them are immedia te-

release type designed for immediate release of drug for rapid absorption (Banga and 

Chien 1988). 
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The characteristics of Gastrointestinal (GI) physiology must be considered fo r 

producing all the pharmaceutical products formulated for delivery via the oral route, 

irrespective of the mode of delivery (immediate, sustained, or controlled release) and 

the forms of drug (solid, dispersion, or liquid). Although this type of drug delivery is 

easy to use and preferred rout of administration for systemic delivery, there are some 

limitations such as elimination by gastrointestinal degradation and hepatic metabolism, 

low systemic bioavailability, short duration of therapeutic activity and formation of 

inactive or toxic metabolites (Banga and Chien 1988, Chien 1991). 

1.4.2 Mucosal drug delivery system  

It is possible to bypass the hepato-gastrointestinal first-pass elimination, 

associated with oral administration, by using mucosal delivery. The absorptive mucosa 

is present in various body cavities such as ocular, nasal, rectal, buccal and vagina l 

mucosae. Furthermore, both hydrophilic and hydrophobic drugs can be absorbed via 

mucosa because of its biochemical and biochemical nature (Banga and Chien 1988, 

Chien 1991). Delivering the drug via mucosa is useful in emergency situation because 

the drug is rapidly absorbed. This type of drug delivery can control drug release and is 

noninvasive and rapid (Chien 1991). 

1.4.3 Nasal drug delivery system  

This system has been used for delivering psychotropic and hallucinogens drug 

in form of snuff. It has been shown that many drugs achieve a better systemic 

bioavailability by self-medication through the nasal route than by oral administrat ion. 

Also, it has been shown that nasal drug delivery could be an appropriate substitute for 

the parenteral system (Chien 1985, Chien, Su et al. 1989). 

1.4.4 Ocular drug delivery System  

This type of drug delivery is mostly used for administration of ophthalmica l ly 

active drugs to the tissues around the ocular cavity. The most popular form is the eye 

drop solution. Only a very small fraction of the dose is absorbed in this way because the 

majority of the medication is immediately diluted in the tear and it may drop out eye 

(Chien 1991). 
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1.4.5 Transdermal drug delivery system  

Intravenous injection has been known as an excellent way to deliver drug. Not 

only does it bypass the hepatic first-pass elimination and enter the drug directly into 

systemic circulation, but also it maintains a constant level of drug in our blood by time -

mannered injections. However, it is an invasive way and may have some risks. 

Therefore, several transdermal drug delivery systems have been developed (Chien 

1987). 

1.4.6 Parenteral drug delivery system  

The systemic bioavailability of drug in mucosal and transdermal drug delivery 

is limited because of the permeation barriers such as epithelial membrane. It is also 

limited in oral drug delivery because of gastrointestinal transit. On the contrary, 

parenteral drug delivery, especially intravenous injection is able to directly deliver the 

drug to systemic circulation, so the drug absorption will be rapid. There are different 

forms of parenteral delivery such as intramuscular, subcutaneous and intravenous 

(Chien 1991). 

1.4.7 Vaginal drug delivery system  

Vaginal mucosa has been recognized as a drug delivery route for deliver ing 

specific kinds of drug like steroid (Chien 1991). 

All drug delivery systems discussed here have both advantages and 

disadvantages according to their specific characteristics. Recently, management of 

illness through medication has been developed dramatically and new methods are 

discovered and improved the treatment of various diseases. Here, we will discuss some 

of these new methods and discoveries. 

Among all the mentioned methods of drug delivery systems, some such as oral 

delivery are not appropriate for delivering E4orf1 because this protein may be 

eliminated by GI tract. Other methods such as nasal or ocular delivery are not 

appropriate either because they are invasive methods or because they are not suitable 

for delivering E4orf1 to adipocytes, myocytes or hepatocytes. 
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Hence, we came up with the idea of using nanotechnology as a modern and 

effective way of drug delivery that has been tested before. 

1.5 Nanotechnology 

Nanotechnology involves making nanoparticles ranging from 1 to 100 

nanometer in diameter. There are different types of nanoparticles such as micelles, 

liposomes and hydrogels (Qiu, Qiao et al. 2014). This technology has made big progress 

in drug delivery systems by improving the solubility of hydrophobic drugs, enhancing 

the stability of drug, decreasing cytotoxic side effects and reducing detrimental side 

effects to normal tissues (Zhang, Zhai et al. 2016). Nanotechnology has been widely 

used and studied for treatment of different types of cancers, atherosclerosis and other 

cardiovascular diseases.  

1.5.1 Physiological behavior of nano-drug delivery system 

One of the noticeable features of nano-drugs is that these tiny materials remain 

in the circulation avoiding renal excretion. They also show higher permeability to 

penetrate into tiny vessels such as leaky and angiogenic vessels in tumors, which makes 

them a novel and great choice for cancer treatment (Acharya and Sahoo 2011, Markman, 

Rekechenetskiy et al. 2013). Another important physiological behavior of nano-drugs 

is identification and incorporation by the mononuclear phagocyte system includ ing 

neutrophils, monocytes (Matoba and Egashira 2014). Nanoparticles can also improve 

in-vivo drug kinetics with their ‘passive-targeting’ properties. On the other hand, by 

using an ‘active-targeting’ strategy, it is possible to employ a specific targeting structure 

on nanoparticles, which binds to the target molecule that is specific for a certain disease 

process, such as tumor specific antigens and the induction of adhesion molecules 

(Matoba and Egashira 2014). 

In protein delivery, nanoparticles can protect the protein from degradation, 

improve half-life of protein, control protein release and may target different tissues in 

body (Yu, Wu et al. 2016). 

1.5.2 Liposomes 
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Liposomes are among the well-known nanoparticles that were first discovered 

by Bangham in 1965 and the first liposomal pharmaceutical product got approved by 

US Food and Drug Administration (FDA) in 1995  for  the  treatment  of chemotherapy 

refractory acquired immune deficiency syndrome (AIDS)-related Kaposi’s sarcoma 

(Chang and Yeh 2012). 

Liposomes have been used widely for drug delivery. They are made up of lipids 

and are able to encapsulate drug in their core, that can encapsulate the hydrophobic 

drugs and protect them (Hans and Lowman 2002). Liposomes are small, spherical and 

separate an aqueous medium from another by their phospholipid bilayers (Chang and 

Yeh 2012). Liposomes have several capabilities such as being able to carry both 

hydrophilic and hydrophobic molecules. Also they are biocompatible to cell 

membranes. Moreover, in order to target specific tissues or cells, it is possible to put 

specific ligands on their surfaces (Lee and Yuk 2007). Current applications of the 

liposomes are in the immunology, dermatology, vaccine adjuvant, eye disorders, brain 

targeting, infective disease and in tumor therapy (Samad, Sultana et al. 2007). 

Liposome-mediated drug delivery system inhibits rapid clearance of liposomes by 

controlling size, charge, and surface hydration (Lian and Ho 2001).  

Previous studies have shown that liposomes are applicable for protein and 

peptide drug delivery (Li, Pei et al. 2001). For instance, Kedar E. et.al used liposomes 

to encapsulate the recombinant mouse granulocyte/macrophage colony-stimula t ing 

factor (GM-CSF) and recombinant human tumor necrosis factor alpha (TNF-alpha) to 

improve the therapeutic index of cytokines in a mice model (Kedar, Palgi et al. 1997). 

Their results showed that the toxicity of liposomal TNF-alpha was less than soluble 

TNF-alpha in normal and tumor-bearing mice. Also encapsulated GM-CSF increase in 

the absolute number of peritoneal and spleen leukocytes and of GM colony-forming 

cells in the spleen, as compared with the levels obtained using soluble GM-CSF. These 

findings suggest that liposome-mediated delivery of GM-CSF and TNF-alpha may be 

more efficient than the soluble cytokines (Kedar, Palgi et al. 1997). 
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In another study, Kiyotada YASUI and Yasuhiko NAKAMURA showed that 

positively charged liposomes carrying TNF has a stronger antitumor effect than the 

solution. So, they conclude that some solid tumors could be cured by positively charged 

liposomes, because of their increased antitumor effect and reduced toxicity (Yasui and 

Nakamura 2000). 

Results of a meta-analysis study including seven randomized controlled trials 

(RCTs) showed that using liposomal Bupivacaine (LB) which is a prescription 

medication used as a local anesthetic for pain control, after total knee arthroplasty 

(TKA) can decrease the occurrence of nausea when compared with traditiona l 

bupivacaine by 18.3% (risk ratio = 0.70, 95% confidence interval 0.55, 0.89, P = .003). 

It also was associated with an increase of the range of motion than traditiona l 

bupivacaine (P < .05) (Yu, Yang et al. 2018). 

Based on all the above-mentioned properties, liposomes are favorable candidate 

for delivering the E4orf1 protein by considering that their usage is clinically approved, 

and they can encapsulate both hydrophilic and hydrophobic drugs. Therefore, we 

planned to encapsulate E4orf1 protein in lipid-based liposomes and treat 3T3L1 

preadipocytes. 

Before conducting the in-vivo experiment to determine the role of nano-

liposome-mediated delivery of E4orf1 in improving glycemic control, we conducted 

this project to establish that E4orf1 carrying nano-liposomes can be successfully 

developed, and that they could enter cells, release E4orf1 and that E4orf1 can increase 

cellular glucose uptake as described below. 
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CHAPTER 2 

HYPOTHESIS AND SPECIFIC AIMS 

 

Numerous studies have approved the anti-diabetic property of E4orf1. 

We hypothesize that by encapsulating E4orf1 protein into liposomes and 

delivering it into 3T3L1 cells, encapsulated protein will be taken up by cells, and will 

enhance distal insulin signaling and increase cellular glucose uptake. 

Specific Aims: 

1. Design a nanoparticle to encapsulate E4orf1 protein. 

2. To test if E4orf1 containing nanoparticles will be taken up by cells. 

3. To test if the encapsulated protein can improve glucose uptake and insulin 

signaling in the treated cells.  
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CHAPTER 3 

METHODS AND MATERIALS 

Study outline 

 Preparation and characterization of nano-liposomes 

 Measuring size 

 Determining the shape 

 Measuring zeta potential 

 Measuring stability 

 Measuring the encapsulation efficiency  

 Cell treatment 

 Determining nano-liposomes presence in the cells 

 Determining E4orf1 release within the cells 

 Determining E4orf1 signaling in treated cells 

 Determining glucose uptake in treated cells 

 

 

3.1 Cell Culture 

3T3L1 cells were kept in maintenance media containing high glucose 

Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen #11995), 10% Bovine calf 

serum (#SH30072.03, Hyclone) and an antibiotic- antimyotic agent (Pen-Strept) (Sigma 

Aldrich #A5955). 

3.2 Liposome Preparation 

 Materials:  

 Soy L-α-PC (Avanti 441601) which is dissolved in 100% ethanol to make a 

stock solution of 15 mg/mL 

 E4orf1 protein (Proteintech Ag19996) which is dissolved in deionized water to 

get the concentration of 0.5 mg/mL 

 Rhodamine-PE (1 mg/mL) -(Avanti 810150) which is dissolved in 100% 

ethanol. 
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 Method: 

Two 2 mL tubes, one for making void nanoparticle and the other one for E4orf1 

containing nanoparticle were labeled. 100 μL of Soy L-α-PC stock solution and 200 μL 

of Rhodamine-PE was added into each tube. Then they were vortexed well for 30-60 

seconds. Solutions dried using nitrogen evaporator for 30-40 minutes and then 1000 μL 

of E4orf1 solution to one tube and 1000 μL of deionized water was added to other one 

and they were vortexed for 60-90 seconds. After that the mixture was passed through 

200 nm followed by 50 nm polycarbonate filters 10 times each using an Avanti Mini-

Extruder set and was kept on ice. 

Solutions were collected after extrusion and were being passed through a 100 

KD centrifugal unit and centrifuge it for 40-60 minutes at 10000X g. Condensed 

nanoparticle part should be remain in the filter, so after pipetting out the liquid, the 

volume was measured, and the concentration was adjusted using 10X and 1X PBS to 

get the final concentration of 1X PBS.  

Finally, the shape, size, polydispersity index (PDI) and zeta potential was 

determined using Transmission Electron Microscopy (TEM) and Brookhaven 

ZetaPALS® analyzer.  

3.3  Western Blotting 

For all WB involving NP-treated 3T3L1 cells, cells were collected in RIPA buffer 

with protease inhibitor. Protein concentration was determined with BCA assay. Thirty 

g protein was loaded in a 10% precast gel (BIORAD, 5671044) for detection of p-

AKT and total AKT and separated in 1X TRIS-SDS buffer at 100V. 10 µL of rainbow 

marker (Thermo Scientific) was used to determine protein size. Gels were transferred 

to a PVDF membrane which was equilibrated in 100% methanol for 4 min followed by 

washing in ice cold 1X transfer buffer (from 5X Trans- Blot Turbo transfer buffer). Gel 

transfer was set up by placing blotting paper, membrane, gel and blotting paper 

respectively and placed in Trans Blot Turbo (BioRad) at fast transfer for 7 min. Then, 

membrane was blocked in 5% non-fat milk for 1h at room temperature followed 4 times 

washing with TBST 15 min each. 
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Primary antibody (CellSignaling) at 1:500 dilution for p-AKT and 1:1000 dilut ion 

for total AKT in 1% BSA- TBST was added and the membrane incubated overnight at 

4 ⁰ C on the rocker. Next day, the membrane was washed with TBST 4X at room 

temperature. Species-specific secondary antibody diluted in 1% milk and TBST was 

then added for 1h at room temperature and washed 4X with TBST again. For developing 

blots, ECL Western Blot Clarity solution (A: B- 1:1 of ClarityTM and Clarity MaxTM 

Western ECL Blotting Substrates, catalog number-1705061) was added to the blot and 

incubated for 4 mins. Blot was visualized using BioRad ChemiDoc Imager. 

In order to strip the blots, blots were washed 2 times with TBST for 15 min. Then 

10-15mL of stripping buffer was added to the blot and was kept at 37 ⁰ C for 15 minutes. 

The blot was washed 3X with TBST and blocking and adding antibodies incubation 

steps were repeated. 

3.4 Glucose uptake 

In order to do glucose uptake assay, E4orf1-containing liposomes were made as well 

as void liposome and added to 3T3L1 cells in 6 well plates. We had 4 different sets of 

cells; Basal, Insulin treated, void nanoparticle treated and E4orf1 nanoparticle treated 

cells. Cells in 6 well plates were washed 2 with PBS before adding 900 L KRP (136 

mM Nacl, 4.7 mM KCl, 10mM NaPO4, 0.9 mM CaCl2, 0.9mM MgSO4, 0.9 mM CaCl2) 

with or without 100nM insulin (Sigma Aldrich, #15500) for 20 minutes. One well was 

treated with KRP plus 100 nM cytochalasin (Sigma Aldrich, #C6762) for subtraction of 

nonspecific glucose uptake. Fifty L of 10  isotope solution was then added to each 

well for a final concentration of 100 nM cold-deoxy glucose and 0.5 Ci/mL [3H]-2-

Deoxyglucose (PerkinElmer #NEC720A250UC) for 5 minutes. Immediately after the 

5-minute incubation, cells were washed ice-cold PBS. 1000 L of 0.05% SDS was then 

added to each well, and after incubation of cells for 30-45 minutes at 37C, 950 L of 

cell lysates was added to a scintillation vial and the remaining 50 L was used for 

protein estimation via BCA assay. Samples were read on a Beckman scintilla t ion 

counter the following day and reading were normalized to protein content of each well.  

3.5  Staining 
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 Material 

 Paraformaldehyde 4% in phosphate Buffered Saline (Chem Cruz, sc-281692) 

 Primary antibody (Rb pAb to GST (HRP)) (Abcam, ab 3416) 

 Secondary antibody (Goat anti rabbit IgG-HRP) (Santa Cruz, sc-2030) 

 Diamond Antifade Mountant with DAPI (Molecular probes, P36962) 

 0.1% PBS-Tween 

Method 

3T3L1 cells were seeded in 8 chamber slides and kept for different period of 

time after treatment in 37C. Then they were washed with 1X PBS three times (3X). 

Then, fixed with 4% PFA for 1h at RT and washed again with 1X PBS 3X. In this step 

cells were permeabilized by using 0.1% PBS-Tween for 1h at RT. Then were washed 

with 1X PBS 3X. 

In this step, for DAPI staining, few drops of mounting medium (Diamond 

Antifade Mountant with DAPI) was placed on slide and it got covered and kept drying 

at RT in dark before observing. For GST staining, primary antibody at 1:250 dilution in 

1% BSA in PBS was added and kept at 4C overnight (place the slides on top of the wet 

paper, closed in a box). The next day, the cells were washed with 1X PBS 3X and 

incubated with secondary antibody at 1:250 dilution in 1% BSA in PBS and kept it at 

RT for 1h in dark. 

Then, cells were washed with 1X PBS 3X. Few drops of mounting medium 

(Diamond Antifade Mountant with DAPI) was added on slide and they were covered 

with cover slip and got cured at RT in dark before observing. 

Cells were visualized using OLYMPUS microscope (CKX3-SLP) and CellSens Entry 

software. 

3.6  Enzyme Linked Immuno-Absorbent Assay (ELISA) 

In order to measure the encapsulation efficiency of nanoparticle which encapsulated 

the GST-tagged E4orf1 protein, we did ELISA using the Pierce Anti-GST Coated 

Plates (Thermo Scientific, 15144). 

Material 
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 Anti-GST Coated Plates (Thermo Scientific) 

 Cell lysate containing GST-tagged protein 

 Phosphate-buffered saline (PBS) 

 Wash buffer containing 0.05% Tween-20 Detergent (Thermo Scientific, 

28320) 

 Anti GST (HRP) antibody (Abcam, ab 3416) 

 StepTM Ultra TMB-ELISA (Thermo Scientific, 34028) 

 Method 

Different concentrations of GST-E4orf1 (2, 1, 0.5, 0.25, 0.12, 0.06, 0.03 ng/μl) 

were made to use as standard samples. Different dilutions of filtrated and infiltrated 

nanoparticle were also made and used as samples.  

Plate was washed with 200 μl of cold wash buffer 3X. 100 μl of standards and samples 

were added to the wells and the sealed plate was kept in RT for 1h. Then, it was washed 

with wash buffer 3X. Anti GST (HRP) antibody (Abcam, ab 3416) with 1:5000 dilut ion 

in 1X PBS was added and then covered and incubated for 1h at RT in dark. It was 

washed with wash buffer again. Then, 100 μl of TMB was added and kept for 5 min at 

RT. At last, 100 μl of 5N Hydrochloric acid (HCL) was added and then was read at 450 

nm using the CYTATION imaging reader (BioTek) and Gen5 2.09 software. 

The encapsulation efficiency was calculated using this equation: 

Encapsulation Efficiency (%) = ((Protein concentration in infiltrated NP - Protein 

concentration in filtrated NP)/ Protein concentration in infiltrated NP) × 100 

3.7  Transmission Electron Microscopy (TEM) imaging 

Nano-liposomes were prepared and dissolved in distilled water. They were dropped 

on carbon formvar 200 mesh grids. After one minute the fluid wicked off. Then some 

drops of 2% Uranyl acetate was applied and after one minute, It was wicked off again 

and was left to dry and was visualized by HITACHI (H-8100) electron microscope.  

3.8  Stability 

After nanoparticle preparation, both void and E4orf1 containing liposomes were 

aliquoted into three different 2 ml tubes and were kept in 37, 22 and 4°C for different 
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period of time. For instance, they were kept in 37°C for two days and their size, zeta 

potential and polydispersity index were measured using Brookhaven ZetaPALS® 

analyzer. 
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CHAPTER 4 

RESULTS 

 

4.1 Nanoparticle Characteristics 

4.1.1 Size, polydispersity and zeta potential  

The size, polydispersity index and zeta potential of nan0-liposomes were 

determined using Brookhaven ZetaPALS® analyzer. Void nano-liposomes (Void NP) 

and E4orf1 containing nano-liposomes (E4 NP) had different sizes which were 

approximately the same within each group in different measurements. 

 

 

 

4.1.2 Shape 

Void and E4 nano-liposomes had same round shape under TEM imaging (Figure 

2). 

Void nano-liposomes E4orf1 nano-liposomes 

Size Polydispersity Index Zeta Potential Size Polydispersity Index Zeta Potential 

87.10 0.133 -13.03 127.2  0.248 -33.37 

83.2  0.089 -51.84 125  0.191 -43.81 

Table 1. Nano-liposomes’ Characteristics (size in nanometer (nm)) 
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4.2 Staining 

Rhodamine staining (red color) of 3T3L1 cells which were treated with either 

void or E4 nano-liposomes shows successful entry of nano-liposomes (Figure 3) 

 

 

 

 

 

Figure 2. Transmission Electron Microscopy (TEM) 

Figure 3. DAPI and Rhodamine staining of treated 3T3L1 cells 

             DAPI                              Rhodamine 

 E4 nano-liposomes

Void nano-liposomes 
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GST staining of 3T3L1 cells which were treated with either void or E4 nano-

liposomes shows successful entry of E4orf1. The shiny green dots represent the 

presence of nano-liposomes within the cells (Figure 4). 

 

 

 

4.3 Stability 

After 24 and 48 h storage in 37 ºC, size of both void and E4orf1 nano-

liposomes increased (table 2) and went beyond the 200 nm which states that they are 

not stable in this temperature. After 4 and 6 days storage in 22 ºC, size of void NPs 

was still less than 200 nm. 

 

 

 Void nano-liposomes E4orf1 nano-liposomes 

Time 

points 

Size Polydispersity 

Index 

Zeta 

Potential 

Size Polydispersity 

Index 

Zeta 

Potential 

0 87.5 0.151 -15.80 150.2 0.252 -0.09 

24 h 2779 0.351 -31.56 3035 0.370 -21.13 

48 h 5180 0.799 -25.10 494.96 0.373 -26.04 

Figure 4. DAPI and GST staining of treated 3T3L1 cells 

DAPI                                     GST 

E4 NP

I 

 DAPI 

Void NP

I 
 DAPI 

Table 2. Nano-liposomes’ stability in 37 ºC (size in nanometer (nm)) 
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However, size of E4orf1 nano-liposomes increased and went beyond the 200 nm 

after 4 days. Zeta potential of void NPs changed during 6 days storage in 22 ºC, but it 

was not a big changed in E4 NPs (Table 3). 

 
 

 
After one week storage in 4 ºC, size of both void and E4 NPs are still less than 

200 nm. However, their zeta potential has been changed during 7 days storage in 4 ºC 

(Table 4). 

  

  

 Void nano-liposomes E4orf1 nano-liposomes 

Time 

points 

Size Polydispersity 

Index 

Zeta 

Potential 

Size Polydispersity 

Index 

Zeta 

Potential 

0 90.00 0.168 -56.33 152.3 0.265 -45.56 

Day 4 131.5 0.270 -13.46 438.3 0.293 -32.60 

Day 6 184.5 0.303 -0.00 518.8 0.246 -36.28 

 Void nanoparticles E4orf1 nanoparticles 

Time 

points 

Size Polydispersity 

Index 

Zeta 

Potential 

Size Polydispersity 

Index 

Zeta 

Potential 

0 90.1 0.124 -0.28 178.0 0.296 -0.00 

Day 1 86.5 0.093 -0.30 114.8 0.170 -36.10 

Day 2 84.4 0.107 -0.00 112.8 0.164 -0.00 

Day 4 89.4 0.112 -0.00 118.3 0.192 -1.36 

Day 6 89.00 0.120 -0.00 114.4 0.193 -0.09 

Week1 96.73 0.199 -24.26 121.1 0.196 -33.57 

Table 3. Nano-liposomes’ stability in 22 ºC (size in nanometer (nm)) 

 

Table 4. Nano-liposomes’ stability in 4 ºC (size in nanometer (nm)) 
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4.4 Encapsulation efficiency  

4.4.1 GST protein standard curve 

Different concentrations of GST protein were used to get a standard curve 

(Figure 5). Concentration of E4orf1 was calculated in diluted infiltrated and filtrated 

nano-liposomes samples (Table 6). 

 

 

Concentration 

(µg/ml) 

OD (450 

nm) 

0  0 

 0.05 0.194 

 0.06 0.213 

 0.12 0.519 

 0.5 1.892 

Table 5. Optical Density (OD) of different concentration of GST protein 

 

y = 3.8106x

R² = 0.9982
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µg/ml

GST-Std curve

Figure 5. Standard curve for GST protein 
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Concentration of E4orf1 protein was calculated in diluted infiltrated and filtrated 
nano-liposomes samples. 

 
 

 
 
 

 

 

Encapsulation efficiency was calculated using the following formula: 

Encapsulation Efficiency (%) = ((Protein concentration in infiltrated NP - Protein 

concentration in filtrated NP)/ Protein concentration in infiltrated NP) × 100  

= ((55-40)/55) × 100 = 27% 

 

4.4.2 E4orf1 protein standard curve 

Different concentrations of GST-E4orf1 protein were used to get a standard curve 

(Figure 6). 
 
 

 
 

 

 
 
 

 
 

 
 
 

 
 

 

Sample Dilution 

factor 

OD (450 

nm) 

Diluted 

concentration 

Final Concentration 

(µg/ml) 

Infiltrated 

E4 NP 

 

1:5000 0.043 0.011 

 

55 

Filtrated E4 

NP 

 

1:5000 0.031 0.008 

 

40 

Concentration 

(µg/ml) 

OD (450 

nm) 

0  0 

0.062 0.043 

0.125 0.139 

 1 0.982 

Table 6. Optical Density (OD) of infiltrated and filtrated E4 NPs and fina l 

concentration of E4orf1 

 

Table 7. Optical Density (OD) of different concentration of GST-E4orf1 protein 
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Concentration of E4orf1 was calculated in diluted infiltrated and filtrated nano-

liposomes samples (Table 8). 
 
 
 
 
 

 
 
 

Encapsulation efficiency was calculated using the following formula: 

Encapsulation Efficiency (%) = ((Protein concentration in infiltrated NP - Protein 

concentration in filtrated NP)/ Protein concentration in infiltrated NP) × 100  

= ((35-11.2)/35) × 100 = 68% 

 
 
 
 

y = 1.0788x

R² = 0.9972

0
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1.2

0 0.2 0.4 0.6 0.8 1 1.2

O
D

 4
5

0

(µg/ml)

GST-E4orf1 Std curve 

Sample Dilution 

factor 

OD (450 

nm) 

Diluted 

concentration 

Final Concentration 

(µg/ml) 

Infiltrated 

E4 NP 

 

1:5000 0.759 0.703 

 

35 

Filtrated E4 

NP 

 

1:100 0.121 0.112 

 

11.2 

Figure 6. Standard curve for GST-E4orf1 protein 

Table 8. Optical Density (OD) of infiltrated and filtrated E4 NPs and final concentration  

of E4orf1 
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4.5 Western Blotting 

4.5.1 Western blot of E4orf1 

Western blot of E4orf1 shows the presence of E4orf1 protein in 3T3L1 cells 

which were treated with E4 NP (Figure 7). 

 

 

 
 
 
 
 

4.5.2 Western blot of p-Akt and total Akt 

Akt activation was significantly increased in E4 NP treated group compared to basal 

and void NP treated cells after 72 h treatment (Figure 8). 

 

 

  

Figure 7. Western blot of E4orf1. E4 NP treated 3T3L1 cells, but 

not other groups show E4orf1 expression after 72 h treatment 

Figure 8. Western blot of phospho (p)-Akt (~ 60 kDa) and total Akt (~ 60 kDa) 
expression in 3T3L1 cells treated with nothing but normal media (Basal), 100 nM 

insulin (Insulin), void nano-liposomes (Void NP) and E4orf1 nano-liposomes (E4 
NP) for 72 h. Bar graphs show p-Akt levels normalized to total Akt levels which is 
significantly higher in E4 NP group than basal and void NP groups (ANOVA, P 

˂0.05) 
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Free E4orf1 did not increased the p-Akt levels in treated cells compared to basal and 

void NP treated cells after 72 h treatment (Figure 9). 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Western blot of phospho (p)-Akt (~ 60 kDa) and total Akt (~ 60 kDa) 
expression in 3T3L1 cells treated with nothing but normal media (Basal), 100 nM 

insulin (Insulin), free E4orf1 protein (Free E4orf1), 50 μl of void nano-liposomes 
(Void NP), 30 µl of E4orf1 nano-liposomes (E4orf1 NP-30 µl) and 50 µl of E4orf1 

nano-liposomes (E4orf1 NP-30 µl) for 72 h. Bar graphs show p-Akt levels 
normalized to total Akt levels which is significantly higher in E4 NP group compared 

to basal, free E4orf1 and void NP groups (ANOVA, P ˂0.05) 
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4.6 Glucose Uptake Assay 

Glucose uptake significantly increased in E4 NP treated cells compared to basal 

and void NP treatment in a dose-dependent manner (Figure 10). 
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Figure 10. Glucose uptake. E4orf1 nano-liposomes-treated 3T3L1 cells 
exhibit significantly more cellular glucose uptake compared to basal, insulin 

treated and void NP treated cells after 72 h. Glucose uptake increased in 

E4orf1 NP groups in a dose-dependent manner. (ANOVA, P ˂0.05). 



Texas Tech University, Zahra Feizy, August 2018 

33 

CHAPTER 5 

DISCUSSION 

Previous in-vitro studies showed that E4orf1 gene of Ad36 is necessary and 

sufficient to increase glucose uptake in pre-adipocytes, adipocytes and myocytes and to 

reduce glucose output from hepatocytes (Dhurandhar, Dubuisson et al. 2011, Hegde, Na 

et al. 2016, Na, Hegde et al. 2016). 

 Moreover, three different labs using different methods of E4orf1 expression 

such as transgenic expression, retrovirus associated or adenovirus associated delivery 

of E4orf1, showed that E4orf1 can improve glycemic control in animal models 

(Kusminski, Gallardo-Montejano et al. 2015, Na, Hegde et al. 2016, McMurphy, Huang 

et al. 2017).  

To translate these findings to a clinical setting, we needed to develop a delivery 

system for E4orf1. Because E4orf1 is a protein and oral, intravenous or intramuscular 

delivery may result in protein degradation and immune response in the body. 

Furthermore this protein does not have any receptor on the surface of cells in our body. 

Therefore, we decided to design a nanoparticle to encapsulate our protein and deliver it 

to the cells. 

Among all available nanoparticles, we chose liposomes because their usage is 

clinically approved and they are biocompatible to cell membranes, so it would be 

possible to use them in animal or human in future studies (Hans and Lowman 2002, Lee 

and Yuk 2007). 

In the first step, we prepared nano-liposomes using soy phosphatidylcholine and 

labeled them with Rhodamine-PE. Then, we looked at them under transmission electron 

microscopy to determine their shape and size. TEM imaging showed that both void and 

E4 NP have a round shape but different sizes (Figure 2). Due to the differences in 

preparation methods and lipid compositions, liposomes can be classified according to 

their size (small [#100 nm], inter-mediate [100–250 nm], or large [#250 nm]) (Chang 

and Yeh 2012). We got approximately same values of less than 200 nm while measuring 

the size which is an appropriate size to use (Zhang, Xuan et al. 2004, Chang and Yeh 

2012).  
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To measure the encapsulation efficiency of E4orf1 in nano-liposomes, we 

designed an ELISA based method using an Anti-GST Coated Plates instead of using 

more simple methods such as BCA assay because the lipid compartment, which 

interferes with BCA assay. To get a standard curve, we used different concentration of 

either GST (Figure 5) protein or GST-E4orf (Figure 6). However, we did not get same 

result. Based on GST standard curve, the encapsulation efficiency was calculated 

around 27% versus 68% based on GST-E4orf1 standard curve and it was one of the 

limitations in our study that we couldn’t optimize a more precise method for measuring 

the encapsulation efficiency. 

In the next step, prepared nano-liposomes have been tested to determine if they 

can be up-taken by cells. For the purpose of this study, 3T3L1 preadipocytes were used 

as one of the cell types involved in glucose metabolism by glucose uptake upon 

stimulation by insulin. Moreover, previous studies showed that Ad36 infection or 

E4orf1 expression can increase the glucose uptake in 3T3L1 cells which made it a good 

candidate to start our experiment with (Krishnapuram, Dhurandhar et al. 2013). Firstly, 

we made sure that nano-liposomes have been up-taken by the cells by doing rhodamine 

staining (Figure 3), which nanoparticles were labeled with. Then GST staining was done 

to determine the presence and release of E4orf1 within the cells (Figure 4) Since the 

E4orf1 protein had a GST tag, by GST staining it was easily detectable. Rhodamine and 

GST staining of 3T3L1 cells shows successful entry of nano-liposomes and release of 

E4orf1 protein (Figure 3, 4). 

To test the ability of nano-liposome-mediated delivery of E4orf1, 3T3L1 cells 

were treated with either void or E4 containing nano-liposomes and incubated for 72 h. 

Here we show that Akt phosphorylation was significantly increased after 72 h in E4 NP 

treated cell compared to basal and void NP treated cells (Figure 8), which is in 

agreement with previous studies that have shown E4orf1 expression in 3T3L1 cells 

increased Akt activation (Na, Dubuisson et al. 2016). Also previous in-vivo studies 

show up-regulation of pAkt expression in adipose tissue independent of insulin in 

E4orf1 expressing mice (Kusminski, Gallardo-Montejano et al. 2015). This finding 

suggest that delivering E4orf1 using nano-liposomes can affect insulin signa ling 
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pathway by increasing the phosphorylation of Akt, which is a major protein in insulin 

signaling pathway. 

Moreover, released E4orf1 improved glucose uptake in E4 NP-treated 3T3L1 

cells after 72 hour in a dose-dependent manner (Figure 10), which is in agreement with 

previous studies that showed E4orf1 expression increases the glucose uptake in 

preadipocytes (Hegde, Na et al. 2016).  

All of our results suggest a successful delivery of the anti-diabetic protein E4orf1 

to the cells by using a biocompatible nano-liposomes delivery system. 

There is well-established data that the E4orf1 gene of Ad36 can improve 

glycemic control in vitro and in vivo. Its unique property to bypass the proximal insulin 

signaling and to improve glucose uptake has made it a potential therapeutic target to 

treat type 1 and type 2 diabetes. 

Since E4orf1 is a viral protein and cannot be directly injected to the body, our 

study is focusing on designing a nanoparticle, which is able to carry this protein and 

deliver it to the adipocytes and myocytes. Our findings will be applicable for designing 

other studies where we use higher animal models such as mice to use nanoparticles as a 

carrier for E4orf1 protein that may lead to developing a novel treatment option, which 

can be used for both kinds of diabetes at the same time.  

It was the first time that E4orf1 protein was encapsulated in a nanoparticle to 

study its effect on cells. This may result into a novel system for delivering E4orf1 

protein for therapeutic purpose in humans in the future. 

However, additional in-vitro and in-vivo studies are needed to study the ability 

of nano-liposomes as an effective way to deliver E4orf1 not only to preadipocytes but 

to other types of cells such as adipocytes, myocytes and hepatocytes. 

 

 

 

 

 

 



Texas Tech University, Zahra Feizy, August 2018 

36 

CHAPTER 6 

LIMITATIONS AND STRENGTHS AND FUTURE STUDIES 

This was the first study to develop an effective system for cellular delivery of 

the anti-diabetic protein E4orf using nano-liposomes. The significance of this particular 

approach is that nano-liposomes are biocompatible and clinically approved method of 

drug delivery that can be used in human as well. It may also be possible to target the 

delivery of nano-liposomes by adding a ligand on the surface. 

There are some limitations in this study. This is an in-vitro study in which we 

focused on testing the nano-liposomes only in preadipocytes and no other cell types 

such as adipocytes, myocytes or hepatocytes which all play a key role in glucose 

homeostasis in the body (Capeau, Magre et al. 2005). Furthermore, no in-vivo study 

was performed to determine the effect of this delivery system in animal models such as 

mice to see if it can improve the glycemic control. 

One of the major limitations of this study, is that it is challenging to measure the 

concentration of protein in E4orf1 containing nanoparticles because of its lipid content 

which interferes to protein estimation. We developed a method using ELISA, but we 

got different values using GST protein or GST-E4orf1 as a reference standard. So, we 

need to develop a more specific and precise method to measure the encapsulat ion 

efficiency of our nano-liposomes. 

Another limitation is that prepared nano-liposomes are not stable for a long 

period of time. This means developing new batch of nano-liposomes for each new 

experiment and we could not keep or store them for several experiments.  Furthermore, 

we did not compare the glucose uptake and insulin signaling related results with another 

anti-diabetic drugs such as TZDs and we cannot conclude about the efficacy of E4orf1 

to that of other currently available drugs.  

Hence, future studies are needed to investigate the effect of this delivery system 

in other cell lines such as adipocytes, myocytes and hepatocytes and to detect the 

molecular signaling changes in insulin signaling pathway by measuring the expression 

of other proteins than Akt, such as GLUT 4 and Ras which are involved in distal insulin 

signaling pathway. Next, the fate of E4orf1 within the cells needs to be characterized. 
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And finally, to determine the effect of non-targeted and targeted nano-liposome-

mediated delivered E4orf1 in-vivo. 
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CHAPTER 7 

CONCLUSION 

This study provides evidence that nano-liposomes containing E4orf1 can be 

successfully generated to deliver E4orf1 protein to cells and to increases cellular glucose 

uptake. This offers a strong basis to determine the in vivo delivery of E4orf1 as a 

potential anti-diabetic agent for humans.   
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