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Abstract:  

 Type II diabetes is one of the most researched metabolic diseases due to its increasing 

prevalence in society. It is characterized by insulin resistance and β-cell failure. Studies suggest 

levels of proteins such as O-GlcNAc Transferase (OGT) and proteins related to autophagy 

impact insulin resistance. OGT is a post-translational protein modification enzyme that adds O-

GlcNAc to proteins to regulate cellular mechanisms and ensure homeostasis. Mice with a 

decrease in β-cell OGT expression demonstrated impaired insulin secretion and a loss of β-cell 

mass. Autophagy is a cellular process that breaks down dysfunctional cellular matter. It has been 

implicated in playing a protective role to prevent insulin resistance by reducing oxidative stress 

however it has also been proposed that an excess in autophagy leads to cell death. This study 

aimed to provide a deeper understanding into the relationship between OGT and autophagy 

within β-cells by using both an in vivo model and an in vitro model. βOGT-/+ mice were 

compared to βOGT-/+; ULK-/+ mice with regards to glucose tolerance, plasma insulin levels, 

and β-cell mass. Min6 and Ins1 cell lines were treated with STO and PUGNAc to observe the 

effects of inhibiting OGT and OGA respectively. The results from these experiments suggested 

that a reduction in autophagy in addition to decreased β-cell OGT expression encouraged a trend 

towards better glucose control and increased insulin secretion but these changes were not the 

result of a change in β-cell mass. Also, an increase in O-GlcNAcylation correlated with an 

increase in expression of Beclin-1, an autophagy promoting protein, however, these findings are 

not conclusive due to the lack of experimental replicates. 
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Introduction: 

 Type II diabetes is one of the fastest growing diseases in the world. In 2001 a group of 

researchers predicted that the disease would affect 29 million people by the year 2050, however, 

just five years after they needed to update their prediction to be 48.3 million (Boyle, PhD, et. al, 

2001)(Narayan, MD, et. al, 2006). This dramatic increase in prevalence, specifically in the 

United States, is due to the combination of many factors including the aging of the population, 

the rate of changes in demographic information including sex and race, and the changes in 

lifestyle that lead to a larger population of obese and overweight people (Boyle, PHD, et. al, 

2001). The disease puts great strain on the economy due to the high cost of care for diabetics. 

The United States reported spending $245 billion in response to the loss of work and medical 

costs in 2012 (National Center for Chronic Disease Prevention and Health Promotion, 2014). 

Diabetes complications can result in amputation, vision loss, decreased kidney function, stroke, 

and heart disease. Together, these problems prescribe a premature death for diabetics. These 

statistics show just how important research into the prevention and treatment of diabetes is to the 

longevity of the human race.  

 Insulin Resistance and β-cell Compensation: 

The development of type II diabetes begins with increased insulin resistance and the 

resulting compensation of insulin producing β-cells. Insulin resistance is the inability of target 

cells to respond to insulin binding to its receptor. This prevents GLUT-4 transports from being 

inserted into the membrane to allow transport of glucose into the cell resulting in higher blood 

glucose levels. β-cells will compensate for hyperglycemia by secreting more insulin and 

increasing their proliferation rate (Alejandro et. al, 2015) (Chang-Chen, Mullur, & Bernal-
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Mizrachi, 2008). The result is a state of hyperinsulinemia and a higher β-cell mass within the 

pancreas. The combination of the higher levels of insulin and greater β-cell mass sufficiently 

manages the initial hyperglycemia and insulin resistance. 

There are many causes of hyperglycemia and insulin resistance, but one of the well 

known risk factors is obesity. Body weight has been suggested to be indirectly proportional to 

insulin sensitivity (Freidenberg et al 1988)(Kelly et al, 1993). This relationship is partially due to 

visceral fat having diabetogenic characteristics because it produces cytokines that induce insulin 

insensitivity and β-cell compensation (Hardy, Czech, Corvera, 2012)(Wilcox, 2005). The 

increase in function of β-cells during compensation increases cellular stress, specifically 

oxidative stress and endoplasmic reticulum (ER) stress that may lead to future β-cell death. 

Many experiments use a mouse model placed under high fat diet conditions to study the 

physiology behind diet-induced obesity. These mice also express early hyperinsulinemia which 

develops into hyperglycemia, primarily due to beta cell loss.  

Sources of β-cell Stress: 

Oxidative stress is the build up of reactive oxidative species (ROS) that are produced by 

mitochondria. There is increased demand on mitochondria as there are more nutrients to process 

under obesity and high glucose environments. The increase in nutrients creates a need for more 

ATP for the highly-active β-cells to properly compensate. When mitochondria are working 

harder, they produce ROS at an increased rate (Murphy, 2009). Normally, cells combat an 

increase in ROS by activating transcription factors to increase antioxidant gene expression 

(Temple, Perrone, & Dawes, 2005). β-cells, however, have low basal levels of the antioxidant 
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enzyme defense mechanisms and poor repair systems for oxidative DNA damage making them 

highly susceptible to oxidative stress (Alejandro et. al, 2015)(Modak et. al, 2009).  

ER stress is caused by a surplus of misfolded proteins. β-cells are at an increased risk of a 

buildup of proteins because proinsulin has a high rate of misfolding; nearly 20% of all 

synthesized proinsulin fails to reach its final conformation (Sun, Cui, He, Chen, Arvan, & Liu, 

2015). Therefore, when a β-cell is stressed under obesity and there is an increased rate of 

proinsulin production, there will be more inoperative proteins and ER stress will increase.  β-

cells are also very sensitive to ER stress, so to manage excess stress there is the unfolded protein 

response (UPR) system to aide in the removal of misfolded proteins (Schröder & Kaufman, 

2005). However, this system has a threshold for the amount of improperly folded proteins it can 

accommodate and when this maximum is reached, it switches from a pro-survival mechanism to 

inducing apoptosis (Alejandro et. al, 2015). The combination of an increase in oxidative and ER 

stress can result in β-cell failure. β-cell failure decreases insulin secretion and eventually leads to 

apoptosis and a loss of β-cell mass (Matvenyenko & Butler, 2008). The decreased insulin levels 

fail to meet the body’s need, resulting in the disease state of type II diabetes.  

Susceptibility to Metabolic Dysfunction:  

As previously stated, obesity is a known risk factor for diabetes, however not all people 

who are obese develop the disease. Research has shown that genetics also contributes to one’s 

susceptibility. Studies using mice models with decreased expression of genes such as pancreatic 

duodenal homeobox 1 (Pdx1) and Neurogenin 3 (Neurog3) produce pancreata that have reduced 

β-cell mass, are improperly formed, or that are absent altogether (Kim, 2008)(Gradwhol, 2000) 

(Cano, Soria, Martín , & Rojas, 2014). These findings support the role that genetics has in the 
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development of diabetes, but this role is rather small as the known variants only account for 10% 

of the risk (Alejandro et. al, 2015). This means there are a lot of factors that have yet to be 

understood. Two potential sources that significantly influence oxidative and ER stress and 

therefore, may impact the development of type II diabetes, are O-GlcNAcylation and autophagy. 

 Autophagy is a cellular response mechanism that breaks down and recycles old or 

improperly folded proteins, intracellular pathogens, or damaged organelles. It has been 

implicated as a pro-survival mechanism by reducing ROS levels and therefore decreasing 

oxidative stress (Gonzalez et. al, 2011) (Sarparanta, García-Macia, & Singh, 2016). The 

complete process utilizes 32 proteins to form an autophagosome, that envelops cellular cargo 

marked for degradation, and then fuses to a lysosome to complete the breakdown of material 

(Figure 1). An important protein in regulating this process is ULK (Wong, Puente, Ganley, & 

Jiang, 2013). It is a complex of proteins that is activated via stress signals and a nutrient sensor 

molecule, mammalian target of rapamycin (mTOR), inhibits it (Mizushima, 2010) (Laplante & 

Sabatini, 2012). Other notable proteins are Atg3 and Atg7 which aid in the initiation process of 

autophagy, Beclin-1 that aids in the genesis of the phagophore, and LC3B which aids in the 

spherical formation of the autophagosome (Glick, Barth & Macleod, 2010). Studies have shown 

that deleting Atg7 in β-cells resulted in a decrease in β-cell mass, suggesting that proper 

functioning of autophagy is crucial to maintain cellular homeostasis (Jung & Lee, 2010). 

However, there are other studies that suggest there could be cross-talk between autophagy and 

apoptosis where an increase in autophagy may also induce β-cell death (Chen et al, 2011)(Wang 

et. al, 2012). This implicates that the relationship between autophagy and β-cell mass is not fully 

understood. 
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Figure 1: Diagram of Autophagy and the many proteins that work together to carry out the 
complex process. A black arrow suggests an induction whereas a red line suggests inhibition. 

(Cicchini, Karantza, & Xia, 2015) 

 

O-GlcNAcylation is a post-translational modification of proteins, catalyzed by OGT. 

OGT is an X-linked enzyme, highly expressed in β-cells that adds adds N-acetylglucosamine(O-

GlcNAc), an uncharged acetylated hexosamine sugar, to over 4,000 potential target proteins 

(Alejnadro et. al, 2015)(Bond & Hanover, 2017). O-GlcNAcase (OGA) reverses the effect of 

OGT, and is a susceptibility locus for type II diabetes (Forsythe, et al., 2006). The process begins 

with the hexosamine biosynthetic pathway (HBP) where glucose enters and is transformed into 

UDP-GlucNAc which serves as the substrate for OGT. O-GlcNAcylation has been shown to 

regulate many cellular processes such as transcription, translation, proteosomal degradation, and 

apoptosis in response to the cell’s nutrient environment (Issad, Masson & Pagesy, 2010). These 

processes influence transcription factors crucial to the synthesis of insulin, the expression of 
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antioxidants and the UPR system (Akimoto, et al., 2007). Studies suggest that a loss of β-cell O-

GlcNAcylation leads to an increase in ER stress, down-regulation of many pro-survival proteins, 

and a subsequent decrease in β-cell mass (Alejandro 2015). This provides evidence that OGT 

levels play a role in the development of type II diabetes.  

 

Figure 2: Visual depiction of how the HBP and O-GlcNAcylation process works. 
Glucose enters the HBP and is converted to UDP GlcNAc which then serves as the substrate for 

OGT. OGT adds O-GlcNAc to proteins, and OGA removes O-GlcNAc as part of a reversible 
reaction. 

OGT and Autophagy: 

There are multiple studies using different models that supply evidence that levels of OGT 

effect autophagy rates. Experiments using Drosophila with OGT inhibited via RNAi 

demonstrated that with a decreased expression of OGT, there is an increase in autophagy by 

influencing the Akt and dFOXO pathways (Park et. al, 2015).  Similar findings were shown in 

Caenorhabditis elegans, modified with a mutant form of the OGT allele that decreases O-
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GlcNAcylations, and diabetic cardiomyocytes modified to block glucose from the HBP to inhibit 

OGT (Guo, et al., 2014).  In both models, the manipulation of OGT resulted in an increase in 

autophagic flux. Lastly, an experiment using Neuro2A cells treated with azaserine, an inhibitor 

of an enzyme in the HBP pathway resulting in reduced O-GlcNAcylation, yielded cells with an 

increase in autophagy as well (Kumar, Singh, Parihar, Dwivedi, Lakhotia, & Ganesh, 2014). 

Altogether, these studies provide strong evidence of OGT levels demonstrating an inverse 

relationship with the rate of autophagy, however, this relationship has not yet been studied in β-

cells.  

In order to investigate the relationship between OGT and autophagy in regulating β-cell 

physiology, we used two approaches. In the first we used a mouse model with specific 

manipulations of OGT and ULK within insulin positive cells using rat insulin promoter CRE 

recombinase (RIP-Cre) in order to observe the in vivo effects of OGT on autophagy. Two groups 

of female mice were bred; βOGT-/+ and βOGT-/+; ULK-/+. In females, one X-chromosome is 

randomly silenced and turned into a Barr body and as OGT is an X-linked gene, a heterozygous 

deletion of the gene results in β-cells that are either OGT positive or OGT negative. This is 

combined in one of the two groups with a β-cell specific ULK heterozygous deletion where all 

β-cells have half of the normal expression of ULK. Both groups were fed a high fat diet to 

induce obesity and increase cellular stress. The animals’ intraperitoneal glucose tolerance tests 

(IPGTT), plasma insulin levels, and β-cell masses analyzed with immunoflorescent staining were 

compared to observe any changes and signs of β-cell compensation. In the second approach we 

used Min6 and Ins1 cells, mouse and rat derived β-cell lines respectively, treated with OGT 

inducing and inhibiting drugs and observed if this caused a change in the expression of 

autophagy-related proteins via western blotting.  
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Hypothesis: 

1: A decrease in OGT leads to an increase in autophagy. An excess in autophagy has 

been correlated to a decrease in β-cell mass. Therefore, I hypothesize that by reducing autophagy 

in βOGT-/+ mice during high fat diet feeding, there will be an increase in β-cell mass, glucose 

tolerance, and insulin production. 

 2:  O-GlcNAcylation regulates autophagy in β-cells. Therefore, I hypothesize that 

decreasing O-GlcNAcylation in β-cell lines by inhibiting OGT with STO will result in an 

increase in expression of autophagy proteins (Beclin-1 and Atg3) and increasing O-

GlcNAcylation via treatment with PUGNAc to inhibit OGA will result in a decrease in 

expression of autophagy proteins.  

  

Methods: 

 Mouse Breeding: 

 Mice were bred with the genotype of βOGT -/+ and ULK -/+ and placed in high fat diet 

conditions. A systemic deletion of OGT is fatal, so a β-cell specific deletion was performed 

using the Cre recombinase driven by the RIPCre (Rat Insulin Promoter) which is specific to 

insulin positive cells (Herrera, 2000). To obtain mice with the genotype of βOGT -/+ a male Rip-

cre mouse was mated with a female OGT flox/flox. For the OGT-/+ ULK-/+ genotype, a male 

ULK flox/flox was bred with a female Rip-cre; OGT flox/+. This breeding method results in 
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mice with some OGT positive β-cells, and a heterozygous expression of ULK in all of the β-

cells. These mice were generated by the Jackson Laboratory.  

Sectioning: 

These animals were sacked and their pancreas harvested and fixed in formalin overnight. 

They were kept in 70% ethanol until they were embedded in wax. The tissue was sectioned to 

obtain five samples from five different regions of the tissue. Five slides worth of tissue were 

collected with two samples on each slide. Then, 200 µm of tissue were sectioned off before 

collecting another five slides. This method continued for five sections of the pancreas, resulting 

in 25 slides and a total of 50 samples from each pancreas. One slide from each section of each 

tissue was selected for β-cell mass analysis via immunoflorescent staining.  

Intraperitoneal Glucose Tolerance Test (IPGTT): 

At weeks 0, 3, 6, and 9 of the high fat diet, IPGTT was performed on the mice models. 

The mice were fasted overnight and weighed. The tip of the tail was cut off and the first drop of 

blood was discarded. The second drop was placed on the blood glucometer for baseline glucose 

level or t=0 and slight pressure was applied to the incision sight. Then a 0.5g/mL glucose 

solution was injected and the time was noted. Blood glucose was tested at t=30 minutes, t=60 

minutes, and t=120 minutes. The animal was placed in a cage with plenty of food and water 

available and monitored for abnormal behavior after testing (IMPReSS). 

Plasma Analysis: 

At week 3, plasma samples from the mice models were analyzed using an enzyme-linked 

immunosorbent assay (ELISA) kit. Antibodies were attached to a microplate then the plasma 
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samples were added. The solution was washed to remove unbound proteins before adding a 

horseradish peroxidase (HRP) conjugate for detection. Insulin levels and proinsulin level were 

measured by this method. From these meaurements, the proinsulin:insulin ratio was calculated 

(ThermoFisher Scientific).  

β-Cell Mass Analysis: 

 β-cell mass analysis began with staining the slides. The slides were deparaffinized 

through a series of washes; CitriSolv for five minutes, a new batch of the CitriSolv for ten 

minutes, 100% Ethanol for three minutes, 95% ethanol for three minutes and 75% Ethanol for 

three minutes. The slides were microwaved in an antigen retrieving solution (Citric Acid, 

Sodium Citrate, and water) for ten minutes at 95°C to bring forward the antigens to aid in 

attaching the antibodies. Next the samples were made permeable to allow antibodies to attach to 

the sample. The samples were outlined with a hydrophobic pen and soaked in PBS 1X-.01 Triton 

100 for twenty minutes in a humid chamber made. Subsequently solution of 3% GOAT serum 

(PBS 1X, .1% Tween) was added to the samples for 30 minutes.  

 Each sample was probed for glucagon, DAPI and insulin. Glucagon visualizes the α -cells 

of the pancreas, insulin shows the β-cells, and DAPI stains the nucleus of every cell in the 

pancreas. The primary antibodies were mixed at a ratio of 1:800µl of DAKO to antibody. 80µl of 

the mixtures was used per sample and the slides were incubated overnight in the -4°C 

refrigerator.  

 After incubation, the slides were washed three times in PBS 1X with .1% Tween for five 

minutes. The secondary antibodies were added at a ratio of 1:400µl of DAKO to mouse red or 

guinea pig green secondary antibody. The samples were incubated at 37°C for 90 minutes and 
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then washed twice more in PBS 1X with .1% Tween for five minutes. The slides were soaked in 

a concentrated DAPI solution that includes the rabbit blue secondary antibody for 2 minutes and 

washed again in PBS 1X with .1% Tween for five minutes. Coverslips were added with 

mounting media and sealed with nail polish on the corners. Slides were kept in the -4°C  

refrigerator until imaging. 

 The samples were imaged using the red, blue and green channels. Images of the whole 

tissue were captured in 5X magnification. One image from each pancreas was used to take 10X 

magnification images of the islets followed by some 20X images. By probing for glucagon, 

DAPI, and insulin, many key characteristics of the cell were visible and useful for analysis. 

Insulin signaled which cells are β-cells, DAPI signaled the nucleus of each cell, and glucagon 

designated the α-cells. The last two were specifically helpful in determining if there was a 

bihormonal cell. A bihormonal cell would have a single nucleus and produce both insulin and 

glucagon. 

 The 5X images of the samples were then analyzed using ImageJ software. The greyscale 

version of the green channel was used to calculate the β-cell area and the overall pancreas area. 

The ratio of these two values along with the pancreas and body weight of each mouse yields the 

β-cell mass as shown in Equation 1. This value was compared between all samples.  

𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑏𝑒𝑡𝑎 − 𝑐𝑒𝑙𝑙	𝑎𝑟𝑒𝑎
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑝𝑎𝑛𝑐𝑟𝑒𝑎𝑠	𝑎𝑟𝑒𝑎 𝑋	𝑝𝑎𝑛𝑐𝑟𝑒𝑎𝑠	𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑏𝑒𝑡𝑎 − 𝑐𝑒𝑙𝑙	𝑚𝑎𝑠𝑠 

Equation 1: Mathematical method to calculate β-cell mass. 
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Cell culture: 

Min6 cells were grown in Dubecco's modified Eagle's Medium (DMEM) with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. The cultures are grown at 37°C with 5% 

CO2 exposure. Ins1 cells were grown in RPMI 1640 media with 10% FBS, 1% 

penicillin/streptomycin, 10mM HEPES, .05 mM 2-mercaptoethanol and 1mM sodium pyruvate 

under the same conditions.  

Western blotting:  

Three separate blots were run during this experiment. The first two used Min6 cells, 

mouse derived β-cells, and the third used Ins1 cells, rat derived β-cells. For the first blot, the 

Min6 cells were treated with 0uM, 1uM, or 5uM of STO, an OGT inhibitor, for 24 hours. For the 

second blot, Min6 cells were treated with 0uM, 1uM, 10uM, 20uM, 50uM, and 100uM of 

PUGNAc which is an OGA inhibitor. One group of these cells were grown in high glucose 

(25mM) and another was grown in low glucose (5.6mM). Finally, the third blot used Ins1 cells 

treated with 0uM, 5uM, and 10uM STO. The Ins1 cell blots did not produce results, and they are 

not shown in this paper, however it is noted that both cell line types were used to ensure the data 

collected was consistent. Trypsin was used to pull cells off of the bottom of the plate and cells 

were collected and placed into microcentrifuge tubes. They were centrifuged at 1500rpm for five 

minutes to collect the cells in the bottom of the tube. The media was removed and the cells 

washed in PBS 1X and centrifuged for another five minutes. The wash was removed and the 

cells resuspended in a solution of 1X RIPA with phosphatase and protease inhibitors. Cells were 

snap frozen in liquid nitrogen and stored at -80°C until use.  
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 Lysis buffer was added so the solution is at least 60µl. The samples were sonicated under 

cold conditions with 1 second pulses at 10% amplitude three times to lyse open the cells. They 

were then centrifuged at 10,000rpm for 10 minutes to separate the cell debris from the protein. 

The supernatant was collected and the pellet discarded. For protein quantification, a ratio 1:50 of 

sample to water was used. A ratio of 1:50 of the BCA reagents A and B was used and 200µl of 

the reagent mixture and 10µl of the sample dilution were pipetted into the wells. The plate was 

read at 562nm.  

 The amount of each sample that should be loaded into the gel to have an equal quantity of 

protein in each well was calculated using the absorbance and known concentration of the 

standards. Each well in a given gel was loaded with the same amount of protein ranging from 30-

50µg depending on the original amount of protein in the sample. Laemmli buffer was added to 

weigh down the samples by increasing the density, aid in visualizing the movement of the 

proteins through the gel, and to make the proteins more negative by breaking disulfide bonds in 

the proteins.  

 The tubes were boiled at 96°C for 5 minutes before loading into the gel. A homemade 

12% acrylamide SDS gel was used. The gel was placed in the electrophoresis box and filled with 

cold running buffer. The gel was run at 120V for 2 hours. The gel was placed in the transfer 

cassette on top of a black sponge and filter paper and submerged under transfer buffer. An 

activated membrane was placed over the gel and another filter paper and sponge placed on top 

ensuring there were no air bubbles. The apparatus was placed in an electrophoresis chamber and 

transfer buffer added to the top of the box. The transfer was run at 100V for 2 hours. 
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 After the transfer was completed, the membrane was cut below the 50kDa band in order 

to probe for multiple proteins. The membrane was blocked with 5% milk in 1X TBS with 0.1% 

Tween for one hour. The primary antibody was prepared to at a ratio of 1:1,000 of antibody to 1x 

TBS with 0.1% Tween. The membranes were probed for Beclin-1 (60 kDa), Atg3 (40 kDa), 

Atg7 (78 kDa), LC3B (14 and 16 kDa), Actin (42 kDa), O-GlucNAc, and Vinculin (124 kDa). 

The primary antibody was added to the membrane and placed in a cold room rocker overnight.  

 The membrane was washed in 1X TBS with 0.1% Tween for 10 minutes three times. The 

secondary antibody that corresponded with the species of the primary antibody was prepared at a 

ratio of 1:10,000 of antibody to 5% milk with 1X TBS with 0.1% Tween. Typically, the Horse 

Radish Phosphatase secondary antibody was used to aid in imaging via however when probing 

for LC3, the LiCor antibody was used because that had previously produced higher quality 

images for that protein in the Alejandro lab. The membrane was incubated at room temperature 

with the secondary antibody one hour and then washed three more times in 1X TBS with 0.1% 

Tween.  

 To develop the membrane for Enhanced Chemiluminescence (ECL) imaging, the excess 

liquid from the membrane was blotted out on a Kim wipe. The ECL solutions of Peroxide and 

Luminol were mixed in a 1:1 ratio of 1ml each and poured evenly over the top of the membrane 

for 5 minutes. The membrane was imaged using ImageLab. A multichannel protocol was run 

with the first channel set to IR Dye 680 and the second as Chemi Hi Sensitivity with the time 

frame of 1 frame per second for 300 seconds. These images were analyzed using ImageJ by 

analyzing the intensity of the bands and correcting with a protein loading control. A protein 

loading control serves to measure the total amount of protein loaded into the gel (Novus 
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Biologicals , 2011). The raw intensity for each band was divided by the raw intensity of the 

protein loading control to arrive at the true expression of the probed protein. 

 To strip the membrane of the antibodies, the membrane was incubated in 5mL PLUS 

Western Blot Stripping Buffer at 37°C followed by another 10-20 minutes on the orbital shaker 

at room temperature. The membrane was subsequently washed with TBST 10 minutes, three 

times. The membrane was reblocked using 5% milk for 30 minutes before repeating the staining 

process using another set of antibodies.  

 Statistical Analysis:  

 Data from β-cell analysis and western blotting were analyzed with student t-tests at an α-

level of 0.05 on Microsoft excel. P-values less than 0.05 were deemed to be significant. Results 

from IPGTT and plasma analysis were analyzed using ANOVA two-way tests from GraphPad 

Prism 7. Again, n α-level of 0.05 was used and statistical significance is notated with an asterisk 

(*). Two asterisks denotes high statistical significance with a p-value less than .01.  

 

Results: 

 Intraperitoneal Glucose Tolerance Test:  

The ANOVA analysis of the Intraperitoneal Glucose Tolerance Test (IPGTT) resulted in 

no statistical difference; however, visual inspection of the data in Figure 3 suggests there is a 

trend that the βOGT-/+ ULK -/+ mice have better glucose tolerance over time. Initially, at week 

0 the βOGT-/+ mice demonstrate better glucose tolerance at 60 minutes, but by week 3 the 

βOGT-/+; ULK -/+ mice have a slight advantage. This improvement increases from week 6 to 



	 18	

week 9 where there is a greater separation between the two genotypes. During weeks 6 and 9 

there is also a decrease in the maximum glucose level at 30 minutes suggesting the βOGT -/+; 

ULK-/+ mice managed an uptake of glucose better than the βOGT -/+ mice.     

 

Figure 3: IPGTT data from the previous study that suggests βOGT -/+, ULK -/+ mice 
under high fat diet conditions have a better glucose tolerance that is pronounced over time.  

 

Plasma Analysis: 

 Analysis of the plasma from the two types of mice produced data that is statistically 

significant according to an ANOVA two-way test. There was a very significant difference (p-

value<0.01) in insulin plasma levels between genotypes from weeks 1 and 3 (Figure 4A). The 

comparison of proinsulin demonstrated that within the same genotype, there was a significant 

difference between week 0 and 3 but not between genotypes (Figure 4B). However, no 

significant difference was found in the ratio of proinsulin to insulin plasma levels (Figure 4C). 
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Analyzing the plasma between fasting and fed states suggested that there is a significant 

difference in the fed state of the mouse and the amount of insulin and proinsulin produced, but 

no difference in the ratio of the two molecules (Figure 5). The most significant finding from the 

plasma analysis was that there is an increase in insulin production in mice with a partial loss of 

ULK alongside a decrease in βOGT.   

 

Figure 4: Graphs of the plasma analysis between the two genotypes between week 0 and week 
3. A) Measured insulin levels compared to the average amount found in a wild type mouse. B) A 

comparison of the proinsulin levels to the average amount found in a wild type mouse. C) The 
ratio of proinsulin to insulin in the experimental models.  
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Figure 5: Graphs of the plasma analysis between the two genotypes subject to fasting and fed 
states during week 0. A) A comparison of the insulin levels to the average amount found in a 

wild type mouse. B) Measured proinsulin levels compared to the average amount found in a wild 
type mouse. C) The ratio of proinsulin to insulin in the experimental models.  

 

β-Cell Mass Analysis: 

Visual inspection of the 5X images of the tissue samples from the two types of mice 

showed few differences as shown in Figure 6. β-cell mass was calculated and reported in Figure 
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7. The βOGT-/+ mice had a mean of 0.76322 grams and the βOGT-/+; ULK-/+ mice had a mean 

of .8546 grams A student’s t-test resulted in a p-value of 0.75 deeming the difference between 

the means to be insignificant.  

  

Figure 6: Example 5X images from staining for β-cell analysis. The left is from a βOGT -/+ 
mouse and the right is from a βOGT -/+ ULK -/+ mouse. The blue is DAPI staining the nucleus 

of the cell. Green is insulin secreted by the β-cells, and red is glucagon staining the α-cells.  

 

 

Figure 7: Comparison of β-cell mass between βOGT-/+ and βOGT-/+; ULK-/+ mice.  
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 Western Blotting: 

 In the first blot, Min6 cells were treated with either 0uM, 1uM, or 5uM of STO, and two 

samples of each were ran to observe the effects that inhibiting OGT has on autophagy 

expression. This blot produced results for Atg3 which was corrected with actin (Figure 8A). The 

mean for control cells was 4.445, for samples treated with 1mM STO the mean was 1.938 and 

those treated with 5mM STO had a mean of 1.114. A student t-test resulted in a p-value of 0.285, 

which is not statistically significant. There was high scatter for the control values resulting in an 

unclear relationship between the pharmacological suppression of OGT and Atg3-mediated 

autophagy. One of the two samples of control cells that was ran in two wells produced bands that 

did not travel as far on the gel. This would mean they are proteins with higher molecular weights 

than the other bands for Atg3, suggesting they may be a different protein or have an additional 

modification by an impurity in the sample that prevented them from traveling down the 

membrane at the same rate as the other lanes. These control samples also had bands that were 

reduced in intensity for Actin. This suggests that this control sample did not have the same 

amount of protein loaded into the gel. The inconsistencies between the two sets of control values 

makes the data collected from this blot difficult to analyze. Performing this experiment again, 

ensuring the samples do not get contaminated, may produce results that better demonstrate the 

relationship between an inhibition of OGT and autophagy in Min6 cells.  

 Another western blot was ran using Min6 cells that were treated with PUGNAc to inhibit 

OGA to observe the effects that increasing protein O-GlcNAcylations has on autophagy. These 

cells were grown in both high and low glucose levels (25mM and 5.6mM respectively) and 

treated with varying levels of PUGNAc (0uM, 1uM, 10uM, 20uM, 50uM, and 100uM). This blot 

produced bands for both O-GlcNAc and Beclin-1 which were both corrected with Vinculin (as 
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shown in Figure 8B and C). With an n of 1 there are no two values that may be compared, 

however there are trends that can be observed.  

Probing for O-GlcNAc was a means of checking the efficacy of PUGNAc (Figure 8B). 

Since it is an OGA inhibitor, there should be an increase in protein O-GlcNAcylations with 

PUGNAc treatment. In low glucose conditions, there is a peak increase in O-GlcNAcylation at 

10uM of PUGNAc. Doses of 20uM and 50uM of PUGNAc also increased protein O-

GlcNAcylation when compared to the control, but not as much as the 10uM treatment. Under 

high glucose conditions there was a peak increase in O-GlcNAc expression with a 1uM dose of 

PUGNAc. Treatment of higher doses of the drug did not result in notable increases of O-

GlcNAcylations when compared to the control value. This suggests that the treatment with 

PUGNAc did successfully inhibit OGA.  

 The results from probing this blot with Beclin-1 showed similar findings to the O-

GlcNAc blot (Figure 8C). Under low glucose there is a peak Beclin-1 expression at 10uM 

concentration of PUGNAc. This increase never drops below the control value even with 

increased dosage of PUGNAc. There is an increase in expression of Beclin-1 at 1uM under high 

glucose conditions but increasing dosage again did not change autophagy when compared to the 

control values. 
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Figure 8: Western blot analysis data. A) Data from membrane of Min6 cells treated with 
either 5mM or 1mM of STO and probed for Atg3 and corrected with Actin. B and C) Data from 

membrane of Min6 cells treated with varying concentrations of PUGNAc and glucose and 
probing for O-GlcNAc and Beclin-1 correcting with Vinculin. Images of the membranes are on 
the right of the corresponding graph. The concentration of the drug treatment is above the image 

of the blot and the molecular weight of the bands is shown on the right side. 
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Discussion: 

 The goal of this experiment was to better understand the role of OGT and autophagy on 

β-cell physiology using two methods; in vivo and in vitro. Studies suggest that a decrease in 

OGT results in an increase in autophagy. Increases in autophagy can be excessive and lead to a 

decrease in β-cell mass. Therefore, I proposed that there would be a increase in β-cell mass, 

glucose tolerance, and insulin production in βOGT-/+; ULK-/+ mice under high fat diet when 

compared to βOGT-/+ under similar conditions. Second, studies show that a decrease in OGT 

results in an increase in autophagy. Therefore, I expected that by treating β-cell line cells with 

STO and PUGNAc that there would be an increase and decrease in autophagy-related proteins 

respectively. Interestingly, although mice with a loss in ULK showed some metabolic 

improvements, there was no significant change in β-cell mass and the western blot data did not 

support the hypothesis that an increase in O-GlcNAcylation would decrease expression of 

autophagy-related proteins.  

 In the first approach, IPGTT tests were performed on the two mouse models to observe if 

there is an improvement in glucose tolerance when there is a partial deletion of autophagy in β-

cells on top of reduced βOGT. The IPGTT data did not provide statistically significant results, 

however, there is a visual trend that suggests the βOGT-/+; ULK-/+ mice have an increased 

glucose tolerance in comparison to their βOGT-/+ counterparts. This trend becomes more 

apparent over time, as the mice with impaired autophagy expression initially had a slightly lower 

glucose tolerance at week 0, but then become much more able to handle an influx of glucose by 

week 9 than the βOGT -/+ mice. A similar improvement in glucose tolerance was seen in a study 

that compared Pdx1-/+ Min6 cells with Pdx1-/+; Beclin-1 -/+ cells. The cells with a decreased 
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expression of autophagy were able to secrete more insulin and lower blood glucose levels better 

than the cells with just a heterozygous deletion in Pdx1 (Chen, et al., 2011).  These findings 

support the initial hypothesis that the decrease in autophagy in a βOGT-/+ model would improve 

glucose tolerance during obesity compared to the OGT loss alone.  

 The observed improvement in the glucose tolerance of the βOGT-/+; ULK -/+ mice could 

be the result of β-cell compensation in the form of either an increase in insulin secretion or β-cell 

mass. Plasma samples were obtained from the mice and analyzed to compare the difference in 

insulin and proinsulin levels. There was a very significant statistical difference between the two 

genotypes between weeks 0 and 3 when there was improved glucose tolerance. This would 

suggest that there is either an increase in insulin production in the β-cells of the βOGT-/+; ULK-

/+ mice in high fat diet as a means of compensating for the increased cellular stress, or less of the 

insulin is degraded in the β-cell via autophagy therefore increasing the amount of functional 

insulin that is able to be secreted into the bloodstream. With regards to the proinsulin data, there 

is an increase in proinsulin as time goes on (between week 0 and week 3), however there is no 

notable difference between the two genotypes. The plasma insulin and proinsulin levels were 

also compared between a fasting state and during high fat diet feeding. There was a substantial 

increase in insulin and proinsulin production under high fat diet when compared to the fasting 

state. This is to be expected as the β-cells will be signaled to begin transcribing these proteins by 

an influx of glucose. Therefore, it is understandable that the ratio between the two molecules 

does not show a statistical difference because there is an equal rate of transition of proinsulin to 

insulin, there is just quantitatively more of each individual molecule.  
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 An increase in β-cell mass would also cause an improvement in glucose tolerance 

because there would be more β-cells able to produce insulin. To test if  this was occurring in the 

βOGT-/+; ULK-/+ mice the β-cell mass of the two mouse models was analyzed and compared. 

Contrary to the hypothesis, the results showed no statistical difference between the two 

genotypes. The control data had high scatter, therefore it would be useful to run this experiment 

with a higher n to provide a higher-powered experiment. It would also be beneficial to run a 

group of mice with similar genotypes but under a control diet to observe if there is a difference in 

the β-cell mass as a result of the diet. Additionally, it’s possible that a heterozygous deletion in 

ULK is insufficient to reduce autophagy. A heterozygous deletion of other autophagy-related 

proteins is sufficient to reduce the cellular process, however a study has proposed a method of 

autophagy that is ULK independent which would mean that a deletion of ULK would not 

adequately reduce autophagy altogether (H, Lindsten, Wu, Lu, & Thompson, 2011) (Eskelinen & 

Saftig, 2009). It would be beneficial to analyze the presence of autophagosomes or lysosomes in 

the two mice models to ensure there is a decrease in autophagy. Also, another mouse model 

either with a complete knock out of ULK or a deletion in some other autophagy-related proteins 

such as Beclin-1 or Atg4 might provide more conclusive results. Finally, it is possible that rather 

than an increase in the quantity of β-cells, the β-cells that are there are just more potent. An islet 

glucose-stimulated insulin secretion assay (in vitro GSIS) would be able to test this hypothesis. 

   In the second approach to elucidating a relationship between βOGT and autophagy, 

western blots were run with Min6 cells pharmaceutically treated to increase or decrease protein 

O-GlcNAcylation and then the expression of autophagy-related proteins was analyzed. The blot 

treated with STO produced high scatter for the control data, which resulted in an unclear 

relationship between the two cellular processes. However, with the removal of the two data 
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points that did not travel as far down the blot from the control values, there is be a trend towards 

higher Atg3 expression at 1mM STO with no effect at 5mM STO. Repeating this experiment 

with cells treated with 1mM STO compared to control cells would provide a clearer relationship 

between O-GlcNAcylation and autophagy. 

 The second western blot consisted of Min6 cells treated with PUGNAc to increase 

protein O-GlcNAcylations within the cells and observe the effect this has on autophagy levels. It 

was found that there was an increase in O-GlcNAcylation under low glucose conditions when the 

cells were treated with 10uM PUGNAc, and under high glucose with a 1uM dose. This suggests 

the PUGNAc treatment did work, but higher doses were not more effective. There is also an 

expected decrease in O-GlcNAcylations under low glucose conditions due to a lack of glucose to 

fuel the HBP that provides OGT with its substrate (Taylor, Geisler, Chamber, and McClain, 

2009). This is not observed when comparing the control values for both low and high glucose as 

they have an equal expression of O-GlcNAc. This suggests the differences between the low and 

high glucose values at each PUGNAc dose may not be the result of differing glucose. This 

subjects the data from this blot to questioning as to whether the experiment worked. Repeating 

this study but focusing the treatment of Min6 cells to the dose of PUGNAc that provided the 

maximum increase in O-GlcNAcylations (1uM for high glucose and 10uM for low glucose) and 

having a higher n may provide more convincing data.  

The results from probing with Beclin-1 were very similar to those of O-GlcNAc 

suggesting that as protein O-GlcNAcylations increase, there is also an increase in autophagy. 

This goes against the hypothesis that there would be a decrease in autophagy with an increase in 

O-GlcNAcylations. These results are consistent with one study that suggested that OGT has a 

role in the autophagy process by O-GlcNAcylation of Atg4B which was shown to up-regulate 
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autophagy in SH-SY5Y cells (Jo, et al., 2016) (Kovalevich & Langford, 2013). The results from 

this study also are consistent with the notion that in a state of high glucose there would be less 

expression of autophagy than in low glucose. This is due to the increase in cellular stress in a 

state of starvation that subsequently inhibits mTOR and activates the autophagy process. In this 

experiment, the trends are the same for O-GlcNAcylation and Beclin-1 suggesting there may be 

a correlation between an increase in O-GlcNAcylation and a subsequent increase in Beclin-1 in 

β-cells.  

LC3B is commonly used as a probe for autophagy due to its characteristic modification 

during the autophagy process. LC3B is converted from LC3B-I to LC3B-II as autophagy is 

induced. These two forms of LC3B have a different molecular weight meaning that they produce 

bands at two different locations on a western blot. LC3B probing on western blot can suggest if 

autophagy is occurring based on the presence of one or two bands at 14 or 16 kDa. If there are 

two present, then LC3B is undergoing processing and autophagy is occurring, but if there just 

one band appears then autophagy is not occurring. However, probing for LC3B did not show up 

on blots during this experiment. This could be due to an error in transfer time or development. If 

the gel was transferred for too short of a time, then there may not have been an adequate transfer 

of proteins to the membrane. If it was transferred for too long, then the proteins may have been 

pushed through the membrane. If time had allotted, another gel would have been run and the 

transfer time would have been adjusted to test this hypothesis. Specifically, for LC3B the time 

may have been reduced since it is a smaller protein and more likely to move through the SDS 

PAGE gel faster. If LC3B probing had worked and the results had correlated with the hypothesis 

two bands would have developed demonstrating an increase in autophagy during STO treatment, 

and expression would have been decreased for PUGNAc treatment. On the other hand, if the 
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results were to follow the findings suggested by the Beclin-1 probing performed in this 

experiment, there would have been a development of two bands suggesting high expression of 

autophagy with the PUGNAc treatment.   

The hypothesized effects of OGT on autophagy in β-cells were not observed, however, 

there may be experimental reasons behind these results. Treating the cells for 24 hours may not 

have been sufficient to cause the desired effect, or it may have been too long. An hour-by-hour 

study where cells are treated and then tested at hours 1, 2, 4, 8, 16, and 36 hours would be 

sufficient to identify the ideal amount of time the cells should be treated. A study using islet cells 

only treated the cells with PUGNAc for 12 hours before harvesting and another study using min6 

cells treated them for 16-18 hours (Fujimoto, et al., 2009) (Vanderford, Andrali, & Ozcan, 2007). 

Based on these studies, 24 hours may have been too long to observe the maximum effects of the 

treatment of the cells.  It is also possible that the point in time of the cell’s life when they were 

harvested was one of low autophagic flux. Autophagy is a dynamic process that is not always at 

consistent levels. When harvesting the cells, it is like pressing pause in whatever state they are 

in. We capture and analyze levels of proteins at that time, which is not always the same time for 

every cell. This can greatly vary the results. Lastly, many studies researching the effects of 

autophagy in Min6 cells use a method of serum starvation in which they limit the amount of 

nutrients available to the cells during growth either by removing the cells completely for a short 

period of time or decreasing the concentration of the serum throughout the whole growth process 

(Jiang, et al., 2014) (Wang, Crager, & Pugazhenthi, 2012). One such study observed the effects 

of growing Min6 cells low (0.1%) serum showed an increase in expression of autophagy proteins 

as opposed to cells grown in normal (10%) serum levels (Wang, Crager, and Pugazhenthi, 2012).  

This starvation model induces autophagy within just 15-30 minutes of starvation by increasing 
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intracellular stress due to the lack of nutrients (Eskelinen & Saftig, 2009). Perhaps a method of 

induced starvation would be beneficial in further studies as these methods have proven to be 

useful in other experiments.  

The cell lines used for this experiment may also cause some distortion of the results. 

Min6 cells are cultured with 25mM of glucose normally. This is much higher than the normal 

glucose level in humans of 3.9-7.8mM (David Spero BSN, 2016). Studies looking into the effect 

of glucose on autophagy showed that in yeast cells there is an increase in autophagy with a 

decrease in glucose (Moruno, Pérez-Jiménex, & Knecht, 2012). Therefore, these results may not 

accurately display what occurs in a normal human model. Similarly, it would be better to 

perform this study in a non-cancerous cell line because basal levels of OGT and autophagy are 

already increased in cancerous cell lines (Muniz de Queiroz, Carvalho, & Barbosa Dias, 2014) 

(Yang, Chee, Huang, & Sinicrope, 2011). Therefore, using either mouse islet cells or human 

cells would be ideal models for this experiment.  

 
Conclusion: 

 This experiment used βOGT-/+; ULK-/+ and βOGT-/+ mouse models in high fat diet and 

β-cell lines to better understand the role OGT and autophagy have on β-cell physiology. In the in 

vivo model, reducing β-cell autophagy on top of a  β-cell OGT loss encouraged a trend toward 

better glucose control and insulin secretion, but contrary to the hypothesis, this was not due to an 

increase in β-cell mass. Performing an in vitro GSIS on these models would provide insight into 

the possibility that the β-cells are more potent as opposed to more numerous. Further studies into 

this relationship between OGT and autophagy within in vivo models would include reducing the 

expression of another autophagy protein such as Beclin-1 or a full knock out of ULK followed 
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by analysis of present cellular lysosomes, as well as an increase in the number of test subjects to 

create higher powered results. It would also be beneficial to observe the effects of an ULK loss 

in an OGT normal animal on metabolism and β-cell O-GlcNAcylation. The in vitro experiment 

suggested that increase O-GlcNAcylation correlated to increased expression of Beclin-1, an 

autophagy promoting protein. This was contrary to the hypothesis that proposed that a decrease 

in O-GlcNAcylation would result in elevated autophagy levels.  A higher n for these experiments 

would validate these findings, as well as performing the studies in primary cells as opposed to 

cancerous cell-lines. Lastly, to induce autophagy a method of serum starving should be used. The 

results from this study prove to be inconclusive with regards to the overall interaction between 

OGT and autophagy in β-cells, but there is promise for future experiments. 
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